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Abstract 

This thesis concentrates on understanding how individual nonspecific DNA–protein 

contacts are used in the excision mechanism of the human DNA repair enzyme, alkyladenine 

DNA glycosylase (AAG). Initially, studies focus on understanding the structure and 

magnitude of these fundamentally different DNA–protein stacking and T-shaped 

interactions to be applied to the active site of AAG. High-level ab initio techniques revealed 

fundamental knowledge about the structure and magnitude of these distinctly different Ɏ–Ɏ 

and Ɏ+–Ɏ contacts between (one or two) conjugated amino acid(s) and one nucleobase. 

Additionally, the mechanism used by AAG to excise (neutral and cationic) damaged 

nucleotides was investigated using a hybrid ONIOM approach. Reaction potential energy 

surfaces reveal that AAG prefers to excise both neutral and cationic substrates through a 

concerted mechanism, yet the nonspecific contacts present in the active site are only 

catalytic for the cleavage of the neutral substrates. 
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Chapter 1.� Introduction 

 

1.1.�General Overview 

Proteins are arguably the most fascinating and complex biomacromolecules. 

Structurally and functionally, these molecules are incredibly diverse and dynamic, which 

allows them to play major roles in almost all cellular processes.1 The structure of all 

proteins starts with at least one polymer chain of amino acids linked together through 

peptide bonds (Figure 1.1), which generally fold into very unique three-dimensional 

structures that are exquisitely suited to its intended function.2 Together, proteins perform 

many tasks, such as repelling invaders in cells, acting as delivery systems, as well as 

catalyzing biochemical reactions with extraordinary specificity and rates that synthetic 

chemical catalysts can only strive to achieve.1-2  

The structural integrity of deoxyribonucleic acid (DNA, Figure 1.2) relies on the 

intricate function of proteins.3 Indeed, an elaborate machinery comprised of proteins is 

responsible for producing two identical copies of the DNA helix in the replication process. 

For instance, at the outset, a DNA helicase unwinds the double helix to form a replication 

fork to allow DNA polymerase and clamp proteins to work together to read the parent-

template and synthesize the complementary strand.1-2 In addition, when alterations in the 

chemical structure of DNA occur, enzymes recognize sites of DNA damage and catalyze the 

repair of this molecule. Therefore, the exceptional chemical stability of DNA is ultimately 

governed by unique interfacial DNA–protein interactions, which help the enzyme recognize 

the specific DNA target, provide structural stability to the entire complex throughout the 

dynamic biochemical process, and then allow the DNA–protein complex to dissociate when 

the purpose is complete.3 Unfortunately, the individual contacts found in DNA–protein 

complexes are generally not well understood, and therefore the role that these noncovalent 
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interactions play in the overall biological function is also not fully appreciated.  

 

Figure 1.1. Structures of (a) a dipeptide composed of two amino acids (side chains indicated by R1 

and R2) linked through a peptide bond (bold), and (b) the side chains of the twenty amino acids. In 

the case of proline, the backbone is also included. 

This thesis concentrates on understanding how individual DNA–protein interactions 

are used to catalyze the repair of DNA alkylation, a very common type of DNA damage, in 

humans. The following sections will introduce alkylation damage, the general pathway used 

to repair this damage, and how computational chemistry techniques have been used 

throughout this thesis to describe interfacial DNA–protein interactions, as well as the 

excision mechanism of this DNA repair process. 

1.2.�DNA Damage 

Despite the stability of DNA, many spontaneous reactions can alter its chemical  
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Figure 1.2. Structures of the four natural DNA nucleic acids (2ƍ-deoxycytidine (dC, nucleoside form), 

2ƍ-deoxyadenosine (dA, nucleotide form), thymidine (dT), and 2ƍ-deoxyguanosine (dG)), as well as 

the atomic numbering for the deoxyribose, pyrimidine (dT, dC), and purine (dG, dA) rings. 

structure.4 Indeed, even slow reactions can cause a significant number of DNA damage 

lesions on biologically-relevant time scales due to the large size of the genome.5 Also, 

remarkably minor alterations in the structure of DNA can change the stability of the helix or 

the hydrogen-bonding potential of the nucleobases, which can eventually cause errors 

during DNA replication or transcription processes and thereby lead to mutations in the 

genome or cell function.  

There are copious mechanisms that alter the structure of DNA, where nucleobase 

modification is the most common type of DNA damage.4 Of these, the hydrolytic 

deamination of the exocyclic amino groups of cytosine, adenine and guanine is the most 

prevalent, which results in uracil, hypoxanthine, and xanthine, respectively (Figure 1.3).5 

Since the 4-amino group of cytosine is the most unstable of the nucleobases,4,6 formation of 

uracil is widespread and can induce a C:G to T:A point mutation if not repaired.4 In addition 

to deamination, a large number of other chemical reactions can alter the DNA nucleobases. 

One such reaction is DNA alkylation, which is the focus of this thesis and is described in the 

following section. 
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Figure 1.3. Natural and common damaged nucleobases found in DNA (abbreviations provided in 

parentheses). 

1.2.1.� DNA Alkylation 

Alkylation damage can be caused by organic or inorganic chemical agents or by 

enzymes that promote natural methylation, such as members of the S-adenosylmethionine 

(SAM)-dependent methyltransferase family.7-10 In addition, alkylating agents have been 

exploited as cytotoxic drugs in cancer therapies, where the doses of these agents far exceed 

those that humans are exposed to from other sources.11 These extracellularly generated and 

endogenously produced electrophiles give rise to a number of alkylation products due to 
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the abundance of nucleophilic sites on the DNA nucleobases.7,10 For example, alkyl groups of 

varying size may attach to numerous sites, where the methylated versions are shown in 

Figure 1.3. The type of damaged lesion that results ultimately depends on the alkylating 

agent, as well as the form of the DNA strand being modified. For instance, 1-methyladenine 

(1MeA) is a common alkylation product when single-stranded DNA (ssDNA) is exposed to a 

methylating agent, yet it occurs much less frequently within double stranded DNA (dsDNA) 

since the N1 site of adenine is shielded through hydrogen-bonding interactions with 

thymine.7,10,12 

The most chemically vulnerable site for alkylation damage in dsDNA is the N7 site of 

guanine since it has the highest negative electrostatic potential among all the nucleobases.10 

When dsDNA is exposed to a common SN2 methylating agent, methyl methanesulfonate 

(MMS, Figure 1.4a), 83% of the methylation occurs at N7 of G.12 Similarly, when dsDNA is 

exposed to SN1 methylating agents (such as N-methyl-N-nitrosourea, MNU, Figure 1.4b), 

67% of the methylation occurs at N7.12 7MeG has been detected in human DNA at the level 

of a few lesions per 107 nucleobases,13 yet this lesion is not cytotoxic.10 Instead, methylation 

at the N7 site of guanine destabilizes the glycosidic bond connecting N9 of this base to C1ƍ of 

the sugar moiety,14 and therefore rapid spontaneous depurination occurs. The resulting 

abasic site can lead to mutations if not repaired before replication.10 

 

Figure 1.4. Structures of common alkylating agents (a) methyl methanesulfonate (MMS), (b) N-

methyl-N-nitrosourea (MNU), (c) S-adenosylmethionine (SAM), (d) 2,3-epoxy-4-hydroxynonalal, and 

(e) chloroacetaldehyde. 

Following the N7 site of guanine, N3 of adenine is the next most susceptible site to 
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alkylation damage.12 3-methyladenine (3MeA) can be formed in dsDNA by exposure to 

methylating agents like MMS and MNU, or non-enzymatically by intracellular SAM (Figure 

1.4c).10 3MeA is estimated to be generated more than 600 times per cell per day;15 however, 

it has been found to exhibit only cytotoxic properties.10 Indeed, the methyl group sterically 

interferes with the polymerase replication enzyme and thereby stops DNA replication.16 

Therefore it is essential for 3MeA to be repaired, and DNA repair enzymes have evolved to 

remove this damaged lesion through the base excision repair (BER) pathway. 

The above examples, as well as those shown in Figure 1.3, illustrate the vast array of 

alkylation damage that results from alkyl groups attaching to one nucleobase site. However, 

DNA alklylation lesions that attach to two nucleobase sites,10 like 1,N6-��������������ȋɂ�Ȍ 

and 1,N2-��������������ȋɂ
), also occur (Figure 1.3). These damaged bases are unique in 

structure, and can arise from either endogenous or �����������������Ǥ�	��� ��������ǡ�ɂ���� 

produced under normal conditions in humans when adenine reacts with products of 

unsaturated lipid peroxidation, such as 2,3-epoxy-4-hydroxynonalal (Figure 1.4d).17-20 

Recently, toxicological concerns have also been raised about ɂ� since it is also formed when 

adenine reacts with the common industrial agent vinyl chloride and its metabolites, such as 

chloroacetaldehyde (Figure 1.4e).10,21 This lesion is believed to be mutagenic since it has 

been observed to pair with both G and C, resulting in an A C or A G mutation if not 

repaired.10 Despite their different effects, both ɂ� and 3MeA are repaired in humans 

through the BER pathway, as discussed in the following section. 

1.3.�Base Excision Repair (BER) 

Nonbulky damage to the nucleobases within DNA is commonly repaired through the 

BER pathway (Figure 1.5).5 Indeed, BER is generally considered as the main “housekeeping” 

pathway for the repair of lesions that occur as part of normal metabolism.22 In regards to 

DNA alkylation lesions, the primary repair pathway is BER;23 however, some alkylated 
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nucleobases, like O4MeT and O6MeG (Figure 1.3), are repaired through the direct reversal 

pathway used by the O6-methyltransferase enzymes.24 These direct pathways are often 

called suicide reactions because the stoichiometric transfer of the alkyl group to the active-

site cysteine cannot be reversed to regenerate the active protein, thereby killing the 

enzyme.5,25-27 However, the BER pathway is preferred over direct repair for most alkylation 

lesions.5 

The first step of the BER pathway involves the DNA glycosylases, which are the largest 

class of DNA repair enzymes that scan the genome in search of damaged bases.5 Once a 

damaged base is identified, these enzymes initiate the BER pathway by flipping the 

damaged nucleotide into the active site and cleaving the N-glycosidic bond to release the 

damaged base.28-31 In humans, twelve DNA glycosylases have been identified, where each 

enzyme is responsible for excising different lesions.22,28-32 In some cases, however, there is 

more than one glycosylase responsible for identifying the same damaged base. DNA 

glycosylases are commonly classified as monofunctional or bifunctional according to the 

reactions they catalyze. The monofunctional glycosylases use water as the nucleophile to 

attack C1ƍ of the sugar moiety and result in an AP (apurinic/apyrimidinic) site. The 

bifunctional glycosylase/AP lyase enzymes commonly use an active site amine (such as 

lysine or proline) to form a Schiff base intermediate covalently bound to the enzyme, and 

then cleave the phosphodiester bond of the damaged nucleotide at the 3ƍ position (Ⱦ-

elimination) and in some cases also the 5ƍ ���������ȋȾ,Ɂ-elimination, Figure 1.5). Both the AP 

site and the nicked DNA intermediates are potentially mutagenic lesions at this stage of the 

repair pathway since DNA replication could result in misincorporation. Therefore, it is 

essential that these DNA intermediates be further processed by the rest of the BER  
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Figure 1.5. Biochemical pathways used in the base excision repair (BER) process. If a base lesion (X) 

is recognized by a monofunctional DNA glycosylase (left), then subsequent actions of an AP 

endonuclease, 5ƍ-deoxyribosephosphate lyase (dRP lyase), DNA polymerase and DNA ligase are 

required. If a bifunctional DNA glycosylase with Ⱦ-������������ȋ������Ȍ������������������ȋ�����Ⱦ,Ɂ-

elimination, right), then a 3ƍ-phosphodiesterase (3ƍ-phosphatase) is needed before the DNA 

polymerase and DNA ligase. 

enzymes. Indeed, how this pathway proceeds depends on the type of glycosylase used for 

the repair; however, the mechanism must consist of a DNA polymerase ȋ����� ��� ���Ⱦ) 
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adding the replacement nucleotide into the DNA strand, and a DNA ligase completing the 

process by closing the nick in the backbone. In the case of the monofunctional glycosylases, 

an AP endonuclease and an AP lyase are needed before polymerase recognition (Figure 1.5). 

In the case of the bifunctional (Ⱦ- ���ȾǡɁ-elimination) glycosylases, a 3ƍ-phosphodiesterase 

or 3ƍ-phosphatase is needed before polymerase recognition, respectively (Figure 1.5). 

Eleven of the twelve human DNA glycosylases can be divided into one of three families 

that are conserved through evolution.22 Indeed, the largest family share a helix-hairpin-helix 

(HhH) motif as a defining feature, while the other families share common substrates 

(uracil/thymine-specific glycosylases) or similar mechanistic features (bifunctional 

glycosylase/AP lyase). However, the human DNA glycosylase that is responsible for 

removing DNA alkylation damage, (monofunctional) alkyladenine DNA glycosylase (AAG), is 

an outlier and does not belong to any of these families. AAG is a very unique glycosylase in 

that it processes structurally diverse lesions, yet its mechanism-of-action is still poorly 

understood. The following subsections will illustrate what is known about this perplexing 

repair enzyme, and the questions that still remain to be answered about this unusual 

glycosylase. 

1.4.�Human Alkyladenine DNA Glycosylase (AAG) 

Alkyladenine DNA glycosylase (also sometimes referred to as N-methylpurine DNA 

glycosylase, EC# 3.2.2.21) is a 33 kDa monomeric protein with 298 amino acid residues.4 

This enzyme was first recognized to remove 3-methyladenine (3MeA), resulting in the name 

3-methyladenine DNA glycosylase.33 However, AAG has since been found to have broad 

substrate specificity and has been reported to remove many different damaged bases.34-44 

Specifically, AAG is the only known human glycosylase to excise 1,N6-�������������� ȋɂ�Ȍ 

and hypoxanthine (Hx). It is also widely accepted that this glycosylase removes 3MeA and 

7MeG from dsDNA. Biochemists have proposed that AAG might have evolved as a 
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hypoxanthine DNA glycosylase due to its large excision preference for Hx.40 However, it 

should be noted that AAG is the most inefficient of the DNA glycosylases,28 where this 

enzyme has been shown to enhance the glycosidic bond cleavage rate of the non-enzymatic 

reaction by 103–107,40 as compared to the 1010–1026 rate enhancements reported for other 

DNA glycosylases.45 This low catalytic power has been proposed to reflect the fine balance 

between efficiently excising a variety of damaged bases and keeping the cleavage of natural 

bases at an acceptably low level.40 

Studies focusing on understanding how this glycosylase functions in nature determined 

that AAG initially binds to the DNA helix and diffuses along the strand through a processive 

search for DNA damage (Figure 1.6).46-48 Once a damaged lesion is found, two distinct steps 

must occur: (1) the nucleotide-flipping step that alters the conformation of the DNA strand 

to flip the damaged nucleotide into the active site; and (2) the chemical step that cleaves the 

glycosidic bond with a water nucleophile, which may occur in a stepwise or concerted 

manner. Additionally, once AAG releases the damaged base, the DNA helix is allowed to 

return to its natural configuration. Next, AAG dissociates from the AP site, which has been 

shown to be enhanced when an AP endonuclease (AP endonuclease 1 (APE1) in humans) is 

present to induce this dissociation,49 leaving AAG to continue a processive search along the 

strand for more damaged nucleobases. 

 

Figure 1.6. Alkyladenine DNA glycosylases (AAG) complete mechanism-of-action. 
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Due to the broad substrate specificity unique to AAG, many studies have attempted to 

determine if the lesions recognized and excised by this enzyme share common structural 

features.34-44 It should be noted that these studies have investigated both the full length 

protein and a truncated version of AAG, which is missing the 80 N-terminal amino acids 

(commonly referred to as ο80AAG) and is easier to purify. These studies have shown that 

the glycosidic-bond cleavage activity of this truncated version is nearly identical to the full 

length protein, with the exception of U, which is only excised by the full length protein.44 

Therefore, it is generally accepted that the first 80 amino acids do not contribute to the 

chemical step of this enzyme,49 yet are important for the processive search along the DNA 

strand.46 Thus, experimental studies almost exclusively focus on the truncated protein.  

AAG has been found to bind to a wide variety of DNA substrates with different affinities 

(Figure 1.7).44 Interestingly, AAG preferentially binds with similar affinity to 3,N4-

���������������ȋɂ�Ȍ�����ɂ�Ǥ��������ǡ����������������ɂC, the lesion is not excised by AAG, but 

instead inhibits glycosylase activity by creating a stable AAG–DNA complex that stalls 

replication.50 Indeed, only the substrates shown in bold in Figure 1.7 are found to be 

excised, and it is generally accepted that AAG excises the most common lesions with the 

following efficienciesǣ����ε�ɂ�ε�͵���ε���
Ǥ The insignificant rate enhancement that AAG 

exhibits for the natural bases A and G, as well as 2-aminopurine (2AP), generally leads to 

these bases being ignored from the excision list.40 Although a similar function is expected 

for the Escherichia coli form of this enzyme, 3-methyladenine DNA glycosylase II (AlkA), 

AAG is actually quite different since AlkA is known to excise both of the natural purines.28 In 

addition, AlkA can remove some damaged pyrimidines like 3-methylcytosine (3MeC),51 

while AAG has little to no activity for most pyrimidines. Also, the structural forms of these 

two enzymes are very different, and they are therefore expected to employ very different 

reaction mechanisms.52 
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Figure 1.7. Alphabetical listing of the structures and abbreviations for DNA substrates identified in 

binding studies to be recognized by AAG, where damaged bases in bold indicate glycosidic-bond 

cleavage activity. 

It is believed that the different efficiencies for excision of a variety of damaged lesions 

are influenced by the nucleotide-flipping step more for AAG than any other DNA 

glycosylase.39,41,47,53-54 This nucleotide-flipping step has been shown to be highly-dependent 

on the local environment of the damaged lesion, where the identity of the opposing base, as 

well as the flanking bases in the dsDNA sequence, can have large effects on the excision 

rate.39,41,47,53-54 Therefore, interplay between the nucleotide-flipping step and the hydrolysis 

of the glycosidic bond is reflected in the measured excision rates of the various nucleobases. 
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To complicate matters further, recent work has shown that the rate at which ��
�������ɂ� 

into its active site is very fast, and therefore the chemical step is the rate-determining step 

for this substrate.47 However, it has been proposed that the nucleotide-flipping step is 

highly unfavourable for Hx,47,54 meaning that the previously measured excision rates for this 

substrate are highly dependent on this step, and perhaps only provide a lower bound for the 

chemical step for this substrate. The involvement of the nucleotide-flipping step for other 

substrates is currently unknown. Therefore, future studies need to explicitly investigate 

these two glycosylase steps for all substrates excised by AAG. The next section will discuss 

the significant information obtained from the crystal structure of AAG, and how mutational 

analysis has provided important clues about the central residues involved in the excision 

mechanism of this DNA repair enzyme. 

1.4.1.� AAG Crystal Structure and Mutational Analysis  

The first crystal structure of AAG, published in 1998, provided a large amount of 

information about the mechanism-of-action of this DNA glycosylase.55 This crystal structure 

(Protein Data Bank (PDB) entry 1BNK, 2.7 Å resolution) is the ȟ80AAG enzyme complexed 

to DNA containing a transition state mimic (pyrrolidine abasic nucleotide (pyr, Figure 1.8), 

which is electrostatically similar to the rate-limiting oxacarbenium ion transition state of 

most DNA glycosylases).56 In 2000, three crystal structures (PDB entry 1F6O, 2.4 Å 

resolution; PDB entry 1EWN, 2.1 Å resolution; PDB entry 1F4R, 2.4 Å resolution) were 

reported for ȟ80AAG.57 1F60 is similar to the original crystal structure, with the wild-type 

protein bound to pyr. 1EWN reveals the ȟ80AAG protein containing the E125Q mutation 

������ ��� ɂA-containing DNA with an intact N-glycosidic bond. Interestingly, the 1F4R 

structure of the wild-type ȟ80AAG complexed ����� ɂA-containing DNA also has an intact 

glycosidic bond. This perplexing structure exhibits only a 0.4 Å rmsd from the pyr bound 

crystal structure (1F60). Later experiments showed that the catalytic activity of AAG is 
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significantly inhibited in the presence of divalent metal ions, including Zn2+, Ca2+, Cd2+, Ni2+, 

and most importantly, Mn2+ that was present in the crystallization buffer.58-59 However, 

since no Mn2+ ions were present in this crystal structure,57 the mechanism for metal 

inhibition remained puzzling. Most recently, a crystal structure was reported (PDB entry 

3QI5, 2.2 Å resolution, EC# 3.2.2.21) that shows ȟ80��
� ������ ��� ɂC-containing DNA,60 

which is a known inhibitor. From all of these structures, a proposal for how AAG catalyzes 

the glycosidic-bond cleavage mechanism of a range of alkylation lesions has been 

developed.  

 

Figure 1.8. Electrostatic similarity between (a) the proposed transition structure of AAG, and (b) the 

pyrrolidine abasic site analog (pyr). 

By examining the active site of the wild-����������ͳʹͷ��ȟͺ0AAG structures bound to 

ɂA-containing DNA, it can be seen that there are minimal changes in the active site amino 

acids, with the exception of changes in the hydrogen-bonding interactions with residue 125 

due to electrostatic changes in the mutant.57 Therefore, the remaining discussion will 

concentrate on the structure of the wild-����� ɂ�� ������ ��������e, unless otherwise 

indicated. However, it should be noted that these observations are derived from static 

crystal structures, and there is no structure of AAG bound to a cationic nucleobase since the 

half-life of these lesions is much shorter than the duration of crystal structure 

experiments.28 Therefore, it is possible that structures containing bound cationic substrates 

are quite different from structures that are currently available. Indeed, even shifts in the 

orientations of the amino acid side chains observed in the crystal structures of AAG/ɂA- or 
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ɂC-containing DNA complexes illustrate these potential structural changes upon binding of 

cationic substrates.57,60 

The first major observation from the crystal structures is that AAG bends the DNA 

strand away from the protein by about 20° (Figure 1.9), and the width of the minor groove 

increases by more than 2 Å. This is consistent with distortions caused by other DNA 

glycosylases, which are believed to be necessary for the nucleotide-flipping step.57,61-63 The 

side chain of Tyr162 inserts into the minor groove of DNA when the flipped nucleotide is 

found in the active site of the protein. Indeed, Y162A mutations show very little glycosylase 

activity due to this important stabilizing interaction during this step of enzyme catalysis.57 

Interestingly, there is no observed interaction between AAG and the opposing base in DNA, 

which indicates that the dependence on the opposing base-sequence observed for this 

enzyme happens prior to formation of the flipped-out nucleotide complex.57  

 

Figure 1.9. Crystal structure of the ȟͺͲ��
ȀɂA-DNA complex (PDB entry: 1F4R) showing the 

conformational change of DNA upon ���������ɂ��ȋ��������������Ȍ������������������������ AAG. 

In the active site, there is one water molecule that is very close to C1ƍ of the flipped-out 



16 

 

ɂ������������.57 It has been proposed that the position of this water molecule suggests a 

m���� ���������������������� ���� ������
����������� ������������ ɂ�.28 This water has been 

found to donate a hydrogen bond to Glu125 and to the carbonyl oxygen of Val262, while 

accepting a hydrogen bond from Arg182 (Figure 1.10). Tyr127 donates a hydrogen bond to 

Glu125, which is suspected to be important for stabilizing the substrate binding pocket.57 

Glu125 was proposed to act as the general base in the chemical step of enzyme catalysis,55 

where E125Q and E125A mutations completely eliminate detectable glycosylase activity.64 

The E125C mutation was also shown to decrease AAG activity for the ɂ�� ���� ��
 

substrates by up to 4000 fold.64 This experimental evidence has led to the wide acceptance 

that Glu125 is the general base responsible for activating the water nucleophile. 

The 5ƍ-phosphate of the ɂA nucleotide accepts a hydrogen bond from both His136 and 

Tyr159.57 Mutational analysis of H136A noted a decrease in glycosylase activity by 16 and 

160 fold for the ɂ��������
� ����������ǡ���������������� ���� His136 is important in the 

mechanism, but not essential.64 In addition, the backbone nitrogen of His136 is found to 

donate a hydrogen ����������������������ɂ�ǡ������ has been proposed to be an important 

interaction for discriminating against the natural base adenine through unfavourable 

electrostatic interactions with the N6 amino group.57 Additionally, Asn169 is located near 

N2 of ɂ������������������������������������������������������������������������������������� 

the natural base guanine through steric hindrance with the N2 amino group.57 Indeed, 

removing this steric clash in the N169A mutant65-66 was found to increase the rate of 

excision for G mispairs over the wild-type protein.65 

Interestingly, Tyr127 forms a Ɏ–Ɏ (face-to-face) stacking interaction on one side of the 

ɂ������ǡ while two (edge-to-face) T-shaped interactions occur ���������������������ɂ� with  
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Figure 1.10. Important active site residues identified for AAG through crystal structure analysis, 

where (a) displays the important hydrogen-bonding interactions in the ȟͺͲ��
ȀɂA-DNA complex 

(PDB entry 1F4R), and (b) also indicates the important Ɏ–Ɏ �������������������������ɂ������������ 

(bold) and the protein residues (plain). 

His136 and Tyr159 (Figure 1.10).57 Recent work has mutated each tyrosine residue to 

tryptophan,64 and found that the barrier heights for ��������� ���� ����������� ����� ��� ɂ� 

increase from 90.7 kJ mol–1 for the wild-type protein to 94.0 and 92.8 kJ mol–1 for Y127W 

and Y159W, respectively.67 It is quite unique that AAG relies so heavily on these nonspecific 
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Ɏ–Ɏ contacts, and indeed it is only found for this human DNA glycosylase. However, the role 

of these amino acids in this chemical mechanism is not well understood. It has been 

suggested that residues with the potential for Ɏ–Ɏ����������������������������������������
��� 

accommodate broad substrate specificity.55,57 However, it has also been proposed that these 

interactions do not provide enough stability for this catalytic process and cannot account 

for the discrimination in binding of the various excised substrates.28 Furthermore, it has 

been suggested that these residues could be anticatalytic by preferentially binding to the 

more electron deficient nucleobase lesions, which would help draw the substrate into the 

active site, but would not drive the reaction forward.28 Therefore, it is clear that more 

mechanistic studies need to be done to confirm or dismiss these hypotheses and to help 

identify the role of the Ɏ-systems of these amino acids in the active site. 

1.4.2.� Further Studies of the Proposed Mechanism for the Chemical Step  

In 2003, it was proposed that AAG uses acid-base catalysis for the excision of damaged 

purines.64 ������������ǡ���������������������������������������������������������������ǡ�ɂ�ǡ���� 

7MeG were determined to address whether the same catalytic groups are required for the 

reaction with positively charged and neutral substrates. While the neutral substrates 

indicate the involvement of two essential groups, 7MeG was found to only require one.64 

This study suggests that AAG uses a general base for the excision of all substrates, yet it 

activates neutral lesions by protonating the nucleobase leaving group. Since it is more 

difficult to protonate the pyrimidines, these results provide a rationale for why AAG 

removes damaged purines but excludes pyrimidines.68-69 Furthermore, the non-enzymatic 

(dissociative) excision of the natural purines,70 as well as the MutY DNA glycosylase, which 

excises natural adenine mispaired with the damaged lesion 8-oxoguanine,28-29,71 involves 

protonation at N7 to achieve glycosidic-bond cleavage.  

This same study also used mutations in an attempt to identify the amino acid acting as 
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the general acid in the neutral lesion excision mechanism.64 However, after mutating all 

potential active site residues identified in the crystal structures, the general acid involved in 

the hydrolysis of neutral substrates could not be identified. Although it is possible that large 

structural rearrangements could occur in this protein that reorient another amino acid 

residue to fill this role,64 crystal structures of various substrates determined that AAG 

generally has a consistent structure that does not drastically change upon binding.57 

Furthermore, the most recent crystal structure of active ȟ80AAG bound to ɂC-containing 

DNA shows no new amino acid residues that could be acting as the general acid.60 

Additionally, molecular dynamics simulations examining the binding preferences of ɂ����� 

EA substrates,72 as well as recent Monte Carlo simulations of AAG/Hx-containing and 

AAG/A-containing DNA complexes,73 indicate that the conformation of AAG is not largely 

influenced by adduct binding. Therefore, it was suggested that this enzyme has access to 

multiple pathways for proton transfer that therefore cannot be determined through single 

point mutations.64 However, examination of the ȟ80AAG-�ͳʹͷ�ȀɂA-containing DNA crystal 

structure57 reveals a water chain between C1ƍ ����������������������ɂ����������������������� 

general acid in the mechanism of the neutral substrates (Figure 1.11). Indeed, the location 

��� �����������������������������ɂ�� ��� ��� ȟ80AAG-E125Q crystal structure was recently 

proposed in the literature60 to potentially act as the general acid for the excision of neutral 

substrates by AAG.  

C����������������������������������������������������������������������ɂA74 and Hx75 to 

determine if these lesions are cleaved with or without the general acid. These calculations 

reveal that glycosidic bonds of �������ɂ���������������������������������� purines, which 

suggests that they are naturally better leaving groups than A or G in their neutral form. It  
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Figure 1.11. ����ȟͺͲ��G-�ͳʹͷ���������������������������������ɂA-containing DNA indicating the 

water molecules (spheres) present near the substrate in the active site. 

was also shown that protonation of �������ɂ� at N7 is energetically less favourable due to 

their lower proton affinity compared with the natural bases. This suggests that AAG may 

cleave these neutral alkylation lesions without this protonation step to provide further 

discrimination against the natural purines (A and G). Therefore, Lee and coworkers74-75 

proposed that AAG does not require a general acid to cleave the glycosidic bond of neutral 

substrates excised by this enzyme.  

The above discussion indicates that the excision mechanism of AAG is still perplexing 

and controversial. Indeed, there are many unanswered questions related to AAG which 

include: How does AAG discriminate against the neutral bases yet excise a wide variety of 

structurally diverse damaged lesions? Are neutral lesions protonated prior to glycosidic-

bond cleavage? Is the chemical step of AAG stepwise or concerted? Does the mechanism for 

the chemical step depend on the charge of the damaged lesion? What is the role of the 

amino acids with conjugated Ɏ-rings in the active site? Do these amino acids retain the same 

Ɏ–Ɏ conformation as the reaction proceeds? Do these Ɏ–Ɏ interactions affect the catalytic 
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power of the enzyme? Undeniably, there is still a lot of research needed to gain a full 

appreciation of this DNA repair enzyme.  

To date, no computational studies have directly examined the hydrolysis mechanism of 

AAG, despite the fact that computational techniques can yield an atomistic understanding of 

how this reaction proceeds. Indeed, computational methodologies have taken an 

increasingly important role in studying enzymatic mechanisms due to their capacity to 

characterize both the structure and energy of short-lived intermediates and transition 

states, which can be very challenging to study experimentally.76 Additionally, computational 

chemistry has the capability of examining the roles of the amino acids with conjugated  

Ɏ-rings throughout the DNA repair reaction, which is of great interest since an 

understanding of how Ɏ–Ɏ interactions contribute to this biological process is generally 

lacking.77 Nevertheless, there are difficulties associated with accurately and efficiently 

modeling enzymatic environments and active site Ɏ–Ɏ contacts. Computational approaches 

to overcome these issues will be the topic of the following section. 

1.5.�Computational Challenges and Approaches for Modeling Noncovalent 

Interactions in Enzymatic Systems 

Despite the power of current computational facilities, molecular modeling of big 

(thousands of atoms) enzymatic systems remains a challenge to computational chemists.78 

The use of classical mechanics within molecular mechanics (MM) force fields are popular in 

structural studies of large and complex organic and biomolecular systems.79-80 However, 

these methods are unable to describe the changes in the electronic structure of a system 

undergoing a chemical reaction. Indeed, processes involving bond-breaking and bond 

formation require the use of quantum mechanics (QM) for proper treatment. These 

methods can be very computationally demanding, and therefore smaller system sizes of 

tens to several hundreds of atoms must be employed.  
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A promising computational approach for the study of enzymes involves hybrid 

techniques,78,81-83 which combine two or more methods and/or levels of theory. These 

methodologies allow for an accurate quantum mechanical description of the chemistry in a 

localized (high-level) region (such as an active site), while describing the rest of the protein 

with a less accurate (faster) computational method (low-level region).78 These schemes can 

be applied in a variety of ways. The QM/MM methodology, which combines a quantum 

mechanical technique with a molecular mechanics method, is the most common class of 

hybrid approaches.78,83 ONIOM (our Own N-layer Integrated molecular Orbital molecular 

Mechanics) is another promising hybrid technique that is also used to study enzymatic 

systems.81-82 This is perhaps a more general scheme due to its ability to combine any 

number of molecular orbital, as well as molecular mechanics, methods.81-82 

Most recent QM/MM and ONIOM studies of enzymatic systems use density functional 

theory (DFT) to describe the quantum mechanical region due to its greater efficiency 

compared with popular wavefunction-based approaches.80 Although the great success of 

DFT cannot be ignored, some of its drawbacks have attracted much attention in recent 

years.84 Specifically, most of the common density functionals are incapable of accurately 

describing dispersion interactions.84 Indeed, the attractive dispersion interaction, which is 

commonly described as the interaction between instantaneous dipole moments within 

electron distributions of two atoms or molecules, plays a very important role in many areas 

of chemistry.85 It was historically believed that dispersion energy is a small contributor to 

the overall stabilization of complexes;85 however, it has been shown more recently that this 

energetic contribution between two systems with delocalized electrons is substantial.86 This 

finding has cast new light on the nature of the stabilization of biomacromolecules such as 

DNA and proteins,77,85 and it has become evident that dispersion plays a much wider role in 

biology. Indeed, the difficulties associated with modeling dispersion interactions represents 
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one of the key problems of computational science today.87  

Therefore, in order to computationally examine enzymatic reactions that highly depend 

on dispersion interactions, as well as the role of various interfacial noncovalent interactions 

in the active site, computational chemists are faced with a very unique problem. One way to 

address the problem is to simplify the model by truncating the biomacromolecular system 

into smaller representative components which can be examined using high-level 

computational techniques to accurately describe these interactions.87 Despite the fact that 

this ignores the enzymatic environment, a proper description of the dispersion interactions 

can be obtained, ultimately leading to a better understanding of these systems of interest. 

Indeed, much progress has been made in the study of interaction energies between Ɏ-ring 

systems using highly-accurate ab initio methods that recover a very large portion of the 

electron correlation and use large basis sets.85 Since such highly demanding techniques 

need to be used for the most accurate descriptions, the size of the system must be as small 

as possible. 

It is therefore not surprising that the first complex to be investigated was the simplest 

system of two interacting Ɏ-rings, the benzene dimer.85 Indeed, this dimer has become the 

prototypical Ɏ–Ɏ� �������������������ǡ� ��������������� ��� ��������������������������������� 

effects. However, initial investigations determined that this relatively simple system has a 

vastly elaborate potential energy surface (PES), which is extremely flat with very small 

energy barriers between the local minima (which is characteristic of all noncovalent 

complexes).85 This further complicates the methods used to determine the geometry of this 

twenty-four atom system. Indeed, various global minima of the benzene dimer (Figure 1.12) 

have been proposed (see, for example, references 88–102). The maximum dispersion 

interaction occurs in the sandwich structure (S, Figure 1.12), which was originally proposed 

through experiments to be the global minimum.88-89 However, more recent experimental 
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work suggested the global minimum is a T-shaped structure (T and TT, Figure 1.12).90 

Advances in computational resources have allowed for the most accurate computations on 

this dimer (coupled cluster (CC) calculations (specifically, CCSD(T)) at large basis sets (aug-

cc-pVQZ), which were further extrapolated to an infinite basis set (complete basis set (CBS) 

limit)).101 These calculations have determined that the T-shaped structure with C2v 

symmetry (T, Figure 1.12) corresponds to a transition state connecting the T-shaped (TT, 

Figure 1.12) and the parallel displaced (PD, Figure 1.12) minima, which are isoenergetic. 

Very recent efforts are still being devoted to understanding the differences between these 

stacked and T-shaped complexes since crystal structures of Ɏ-systems generally prefer 

parallel-displaced over T-shaped orientations.85,102-103 Therefore, it has been suggested that 

perhaps a dynamic average structure must replace the current description of the benzene 

dimer.102 

 

Figure 1.12. Structures of the benzene dimer in T-shaped (TT (Cs symmetry), and T (C2v)) and 

stacked (sandwich (S (D6h)) and parallel-displaced (PD (C2h))) orientations. 

In the area of noncovalent interactions between biomacromolecules, Hobza and 

coworkers have made a substantial contribution primarily by studying the interactions 

between the DNA nucleobases. Their work over the last two decades has examined the two 

qualitatively different interactions of the DNA helix: hydrogen-bonding and Ɏ–Ɏ� �������� 
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interactions (see, for example, references 87, and 104–121). Despite the fact that there is an 

abundance of nucleic-acid structures available in the PDB and Nucleic Acids Database 

(NDB), this group chose to examine the nature of binding between nucleobase dimers, and 

therefore studies of the preferred structures of these systems were performed in the gas 

phase.85 They believe that examination of the potential energy surface for these dimers is of 

key importance for understanding the fundamentals of these interaction energies. 

Therefore, their work initially concentrated on scanning the potential energy surface 

between fixed nucleobase monomers through high-level ab initio single-point 

calculations,104-105,112,114 which were subsequently used as starting points in full 

optimizations of these stacked dimers.108-109,114 Their approach allows for the relative 

structure and magnitude of these different noncovalent complexes to be examined. 

Recent work from the Hobza group has concentrated on developing databases of 

highly-accurate structures and interaction energies for a variety of noncovalent dimer 

complexes at the CCSD(T)/CBS level of theory.87,112,116 In 2006, Hobza and coworkers 

published their most commonly-used test set (called the smaller training set (S22)), which 

has seven hydrogen-bonded, eight dispersion-dominated, and seven other dimer complexes 

that range in size from the water dimer to the adenine–thymine stacked dimer.87 Their 

original intention for this work was to expand the benchmark data available to help 

theoretical developers estimate the accuracy of new computational approaches for 

determining the interaction energies in noncovalent systems. Indeed, within the last few 

years, theoretical techniques have been undergoing constant development to improve the 

description of noncovalent interactions. In fact, through testing against the S22 training set, 

a few new computational methods have shown promising performance for biologically-

oriented applications (see, for example, references 122–130). 

It has been recently mentioned that the S22 test set is quite small, and the density 
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functional performance for these specific interactions does not necessarily correlate with 

good functional performance for other applications.131-133 Indeed, very recent efforts have 

been devoted to expanding this test set.133-134 However, these test sets still have a very small 

percentage of Ɏ–Ɏ� ������������ǡ� ���� ������������� �����������ǡ� ����� �ave left out a very 

important group of biologically-relevant interactions, specifically the Ɏ–Ɏ interactions 

between DNA and proteins. In fact, the Ɏ–Ɏ� ������������������������������������� have 

not been thoroughly studied in the literature. Undeniably, before the undertaking of this 

thesis, very little ab initio computations had been completed on the Ɏ–Ɏ� ������������ 

between DNA and protein components.135-136 The Hu group searched the PDB for structures 

that contained adenine to understand how binding proteins recognize this nucleobase.135 In 

total, 66 amino acids with conjugated Ɏ-rings (Phe, Tyr, and Trp) were located within 5.6 Å 

of the adenine base in 44 structures. They further investigated the Ɏ–Ɏ���������������������� 

of nine complexes of adenine with amino acids containing conjugated Ɏ-ring found in 

crystal structures (six with Phe, two with Tyr, and one with Trp) using MP2/6-311+G(d). 

These calculations reveal that the interactions depend on the intermolecular distance, 

orientation, and extent of Ɏ–Ɏ� �������ǡ� ������ ���� ���������� �������� ���������� ����������� 

was found to be –26.6 kJ mol–1 (adenine–phenylalanine complex modeled as the adenine–

toluene heterodimer). In 2005, the Rooman group examined adenine–histidine contacts 

within the PDB, where six of the 14 complexes were found to correspond to T-shaped 

orientations.136 The (gas-phase) average MP2/6-31G(2d(0.8,0.2)) interaction energies 

between A and His observed in these crystal structures is 15 kJ mol–1. Furthermore, the 

strongest stacking interaction is 21 kJ mol–1, which was determined to be stabilized by 

significant dispersion interactions. 

While this thesis was in progress, the unique scaffolding that the DNA nucleobases and 

amino acids with conjugated Ɏ-rings provide for studying hydrogen-bonding, stacking, and 
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T-shaped interactions has attracted more attention.137-140 In fact, significant contributions 

include the work of Cysewski, who studied the stacking interactions between the amino 

acids with conjugated Ɏ-rings and cytosine or uracil using MP2/aug-cc-pVDZ potential 

energy surface scans and full optimizations.138 Additionally, 26 crystal structures from the 

PDB were identified by the Tschumper group that involve stacking interactions between 

adenine and phenylalanine.137 The interaction energies of these 26 complexes (modeled as 

9-methyladenine toluene dimers) were investigated at the MP2 level and extrapolated to 

the CCSD(T)/CBS level of theory, and determined to range between –13.3 and –28.3 kJ  

mol–1. This study also optimized these complexes (MP2/DZP++), which resulted in only six 

unique structures with CCSD(T)/CBS binding strengths ranging from –24.8 to –29.5 kJ  

mol–1.  

Despite these contributions, many questions remain about the Ɏ–Ɏ� ������������ 

between DNA and protein components, such as: How strong are these contacts? How does 

the relative nucleobase–amino acid side-chain orientation affect the strength of these 

interactions? What is the interplay of the attractive forces which stabilize these complexes? 

Do the amino acids with conjugated Ɏ-rings play a role in DNA–protein complex stability 

and/or nucleobase recognition? Is there a simple way to predict the strength of these 

interactions in nucleobase–amino acid complexes observed in experimental crystal 

structures? Therefore, it is apparent that these interactions need to be studied at a 

fundamental level with very accurate computational techniques before large 

biomacromolecular complexes between DNA and repair proteins are examined.  

1.6.�Thesis Overview 

As outlined in the present chapter, the repair of DNA alkylation damage is of great 

interest, and provides a unique, challenging framework for a computational investigation. 

Indeed, many questions remain about the role played by the amino acids with conjugated  
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Ɏ-rings in the DNA–AAG complex, as well as the excision mechanism used to cleave the 

glycosidic bond of many different alkylation substrates.  

In order to understand how damaged DNA interacts with amino acids containing 

conjugated Ɏ-rings, an understanding of the natural DNA–protein interactions must first be 

obtained. Therefore, Chapter 2 begins by investigating the structure and magnitude of the 

stacked and T-shaped interactions between the amino acids with conjugated Ɏ-rings and 

the natural DNA nucleobases. The methodology developed in this chapter uses potential 

energy surface (PES) scans and ab initio (MP2/6-31G*(0.25)) techniques. Further 

extrapolations to the CCSD(T)/CBS level show that this approach accurately describes both 

stacked and T-shaped interactions while providing more than just optimal structures and 

magnitude estimates for these interactions. Indeed, this chapter illustrates how this work 

can be used to predict the magnitude of Ɏ–Ɏ interactions in the active sites of a variety of 

DNA–protein complexes. 

Using the methodology developed in Chapter 2, the next chapter examines the stacking 

and T-shaped interactions between the amino acids with conjugated Ɏ-rings and damaged 

�����������Ǥ��������� ɂ�ǡ� �������� ��� ��������� ͵���ǡ� ���� ��������� ��� ���� ȋ�������Ȍ� ������� 

base adenine to understand how damage, as well as charge, affects the structure and 

stabilization of Ɏ–Ɏ noncovalent interactions. This chapter also investigates the nature of 

the attractive forces present in Ɏ–Ɏ and Ɏ+–Ɏ interactions by dissecting interaction energies 

into their fundamental components (dispersion, electrostatics, etc). Chapter 4 examines 

how additional amino acids affect the Ɏ–Ɏ and Ɏ+–Ɏ dimer interactions, where systems with 

more than one amino acid are commonly observed in nature. 

Using the 148 nucleobase–amino acid CCSD(T)/CBS interaction energies determined in 

the preceding chapters as reference data, Chapter 5 tests the ability of various density 

functionals with double-zeta quality basis sets, as well as some semi-empirical and 
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molecular mechanics methods, to accurately describe noncovalent DNA–protein Ɏ–Ɏ and 

Ɏ+–Ɏ interactions. Once an appropriate method is determined, large-scale modeling of the 

AAG glycosidic-������������������������ ������������ ���� ����ɂ�ǡ�͵���ǡ����������������� 

(Chapter 6). This work provides evidence for how the chemical step used by AAG proceeds 

for neutral and cationic substrates, and helps determine the role of the amino acids with 

conjugated Ɏ-rings in the active site of this human DNA glycosylase.  

Finally, Chapter 7 summarizes how this thesis has contributed to the general 

understanding of DNA–protein noncovalent interactions, as well as the mechanism-of-

action of AAG. This chapter also describes future research avenues that will build upon the 

current work to help further describe noncovalent interactions and this unique DNA repair 

enzyme. 
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Chapter 2.� Modeling Ɏ–Ɏ� ��������� ���� T-shaped Interactions 

Between DNA/RNA Nucleobases and the Amino Acids with 

Conjugated Ɏ-Ringsa,b 

 

2.1.�Introduction 

As discussed in Chapter 1, before an understanding of how the amino acids with 

conjugated Ɏ-rings interact with damaged DNA nucleobases can occur, the preferred 

structures of the natural DNA/RNA–amino acid complexes must be examined. Indeed, these 

interactions also play an important role in many biological processes. In fact, a recent study 

searched 141 DNA–protein and 61 RNA–protein complexes found in the Protein Data Bank 

(PDB) and revealed that the four amino acids with conjugated Ɏ-rings appear in nucleic acid 

binding sites more frequently than expected.141 Indeed, 532 and 242 Ɏ–Ɏ nucleobase–amino 

acid contacts were identified in DNA and RNA containing structures, respectively.141 Since 

these complexes involve all amino acids with conjugated Ɏ-rings, it has been proposed that 

any side chain involving Ɏ-rings may play a role in binding nucleic acid bases.141 

Identifying a large number of nucleic acid–protein Ɏ–Ɏ interactions is indeed the first 

step for demonstrating the importance of these contacts in biological processes. As 

discussed in Section 1.5, computational modeling of Ɏ–Ɏ interactions can provide valuable 

insights into the structures and magnitudes of these interactions to further expand the 

understanding of these complexes. Unfortunately, few accurate ab initio calculations have 

been conducted on stacked or T-shaped orientations between nucleobases and amino acids 

with conjugated Ɏ-rings.135-138 Indeed, to the best of my knowledge, a full study of the 

                                                             
a Reprinted with permission from Rutledge, L. R.; Campbell-Verduyn, L. S.; Wetmore, S. D. Chem. 
Phys. Lett. 2007, 444, 167–175. Copyright 2007 Elsevier. 
b Reprinted with permission from Rutledge, L. R.; Durst, H. F.; Wetmore, S. D. J. Chem. Theory 
Comput. 2009, 5, 1400–1410. Copyright 2009 American Chemical Society. 
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heterodimers of the amino acids with conjugated Ɏ-rings and nucleobases in both stacked 

and T-shaped geometries has not yet been performed.  

This work presents the first systematic investigation of both stacked and T-shaped 

interactions between all amino acids with conjugated Ɏ-rings (histidine (His), phenylalanine 

(Phe), tyrosine (Tyr), tryptophan (Trp)) and natural nucleobases (adenine (A), cytosine (C), 

guanine (G), thymine (T), uracil (U)) at the highest levels of accuracy possible for these 

systems. Specifically, MP2/6-31G*(0.25) is used to scan the potential energy surface (PES) 

of the nucleobase–amino acid dimers. Subsequently, the dimer orientations that yield the 

strongest interactions were further examined at the CCSD(T)/CBS level. The unique 

methodology developed in this chapter for scanning the PES reveals more information than 

simply identifying the important minima on these dimer surfaces. For example, this study 

uncovers how geometrical changes in the relative orientations of stacked and T-shaped 

dimers dictate the strength of Ɏ–Ɏ contacts in a variety of orientations. These calculations 

also characterize the interactions that may not correspond to the global minimum, but may 

be important in biological systems due to natural dynamics or structural constraints of 

proteins or DNA. This methodology also reveals significant information about the 

magnitude of these biologically-relevant contacts by providing the most accurate 

comparison in the literature to date of the stacking and T-shaped interactions between all 

amino acids with conjugated Ɏ-rings and DNA and RNA nucleobases. 

2.2.�Computational Details 

As discussed in Section 1.5, the literature has indicated that Ɏ–Ɏ stacking and T-shaped 

interactions are sensitive to the level of theory and basis set implemented, where 

appropriate levels of theory for studying these interactions in biological systems have been 

identified.85,109 This thesis uses an approach similar to that of Hobza and Šponer to study the 

stacking interactions between DNA nucleobases.109,111,113,142 Specifically, monomers were 
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optimized in fixed planar (Cs) symmetry using MP2/6-31G(d). The nucleobase monomers 

were modeled by replacing the sugar-phosphate backbone with a hydrogen atom, while the 

protein backbone and Ⱦ-carbon of the amino acids was replaced by a hydrogen atom 

(Figure 2.1). Therefore, His was modeled as imidazole, Phe as benzene, Trp as indole and 

Tyr as phenol.  

 

Figure 2.1. Structures of (a) the amino acids with conjugated Ɏ-rings (histidine (His), phenylalanine 

(Phe), tyrosine (Tyr), and tryptophan (Trp)) and (b) the natural DNA and RNA nucleobases (adenine 

(A), cytosine (C), guanine (G), thymine (T) and uracil (U)) considered, where fragments highlighted 

in lighter text were replaced by a hydrogen atom in the present work. 

Since the potential energy surfaces of these heterodimers are very flat, gas-phase PES 

scans between monomers were performed using basis set superposition error (BSSE)-

corrected143 MP2 single-point calculations with the 6-31G*(0.25) basis set, which replaces 

the standard d-exponent for second-row atoms (0.8) with 0.25.108,110,112,135 Previous studies 

on aromatic stacked systems have concluded that MP2 calculations with significantly larger 

basis sets are not recommended due to an overestimation of the correlation energy.109 

MP2/6-31G*(0.25) has been previously justified for use in studying stacking interactions, 

and has been shown to produce the same trends as, and recover approximately 80% of, the 

CCSD(T) stacking energies for natural nucleobase dimers calculated at the complete basis 
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set (CBS) limit.105,107,114,116,144-145 This chapter will show an even better agreement between 

MP2 and CCSD(T) for nucleobase–amino acid stacking and T-shaped binding energies. 

During the potential energy surface scans, the relative orientations of the monomers were 

varied as a function of different variables as outlined in the following sections. 

2.2.1.� Stacking Interactions 

Nucleobase–amino acid dimers were initially stacked (face-to-face) with respect to 

their centers of mass. Initial relative orientations of the monomers were chosen such that 

the model glycosidic bond (N1–H for the pyrimidines and N9–H for the purines) and the 

model amino acid backbone (see Figure 2.1 for the location of the corresponding C–H bond) 

are parallel. Two relative orientations of the monomer molecular planes were considered. 

The first is obtained by stacking the amino acid and nucleobase in the orientation shown in 

Figure 2.1. The second orientation, which is denoted with a prime (ƍ) throughout this thesis, 

is obtained by flipping the molecular plane of the amino acid in Figure 2.1 prior to stacking 

with the nucleobase. From these initial structures, three geometric variables were altered 

(Figure 2.2a). First, the preferred vertical separation (R1) was determined by scanning 

between 3.0 and 3.8 Å by 0.1 Å increments. The preferred R1 was held fixed for the 

remaining calculations. The angle of rotation ( ) was then altered by rotating the amino 

acid every 30  in the right-hand sense about the axis that passes through the centers of 

mass and is perpendicular to the two molecular planes. Using the optimal R1 and  values, 

the horizontal displacement (R2) was considered. The amino acid was shifted in its 

molecular plane (relative to the nucleobase) across a grid. Specifically, the center of mass of 

the amino acid was shifted from the grid origin (0,0) (the nucleobase center of mass) by 

three displacement distances (0.5, 1.0 and 1.5 Å) along the X-axis (perpendicular to the 

glycosidic bond) and the Y-axis (parallel to the glycosidic bond), where a positive shift along 

the X axis corresponds to a shift towards the Watson–Crick bonding face, and a negative 
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shift along the Y axis corresponds to a shift towards the glycosidic bond. Initial calculations 

determined that tilting the amino acid generally weakens the interaction energy, and 

therefore this variable was not further examined. The structures which correspond to the 

strongest (most negative) MP2/6-31G*(0.25) stacking energies were used for higher-level 

calculations (discussed below in Section 2.2.3). 

 

Figure 2.2. The definition of the geometric variables considered and increments used in potential 

energy surface scans of (a) stacked and (b) T-shaped dimers (angle of ‘edge’ rotation (Ʌ), vertical 

separation (R1), angle of rotation (Ƚ), and horizontal displacement (R2)). 

2.2.2.� T-shaped Interactions 

To characterize a different part of the same potential energy surface examined in the 

nucleobase–amino acid stacking interactions, four geometric variables were considered in 

MP2/6-31G*(0.25) PES scans of T-shaped dimers (Figure 2.2b). First, the angles of ‘edge’ 

���������ȋɅȌ������������ǡ����������������������������ȋ������������Ȍ��������������������� 

center of mass of the Ɏ-system (monomer face). Figure 2.3 shows the amino acid and 

nucleobase edges considered. This nomenclature uses numbers to indicate the atom 

directed towards the center of mass of the Ɏ-system and letters to indicate a bridged 

structure involving more than one atom directed towards the Ɏ-system. For example, in 

dimers involving a PHE ����ǡ�Ʌαͳ�������������������������������PHE ring is directed at the 

������� �������� ��� ���� ����������ǡ������� Ʌα�� ���������� ��C–C bond of the benzene ring is 
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parallel to the nucleobase molecular plane.c In total, two different edges were considered 

for PHE,c 10 for HIS and TRP, 12 for TYR, 16 for A and G, 14 for C, and 12 for T and U. 

Therefore, 450 different monomer orientations were considered (i.e., 170 amino acid edge 

and 280 nucleobase edge interactions). It should be emphasized that in addition to 

identifying the strongest T-shaped interactions between each amino acid and natural 

nucleobase, this methodology also characterizes interactions that may not correspond to 

the global minimum, but may be important in biological systems due to natural dynamics or 

structural constraints of proteins or DNA. 

 

Figure 2.3. The definition of Ʌ for (a) amino acid edges and (b) nucleobase edges considered in 

potential energy surface scans of T-shaped nucleobase–amino acid dimers. 

The initial structures for dimers involving an amino acid edge were obtained by 

aligning the centers of mass of the amino acid and nucleobase and setting the molecular 

planes perpendicular. For dimers involving a nucleobase edge, when initial structures with 

aligned centers of mass are considered, the edge of interest is sometimes located off the 

amino acid Ɏ-system due to the smaller size of the amino acids. Therefore, when a 

                                                             
c Initial calculations were completed where the PHE edge was rotated about its center of mass 

every 5° to give five ������� �������� Ʌαͳ� ���� Ʌα�Ǥ� �������������������������� ���������� 

����� ������ ��� Ʌαͳ� ���� Ʌα�ǡ� ������������ǡ� ����� ������ ���� ��������� ����� �������� ���� ��� 

remaining dimers. 
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��������������������������������������������������������������ȋɅ�α�������ǡ�	����� 2.3b), 

the atom was placed directly on top of the center of mass of the amino acid in the initial 

���������Ǥ��������������ǡ����������������������������������������������������������������ȋɅ�α 

letter, Figure 2.3b), a dummy atom was placed at the midpoint between the atoms linked by 

the dotted lines in Figure 2.3b, and the dummy atom was aligned with the amino acid center 

of mass. In all T-�������������������ǡ�ȽαͲǏ���������������������������������������������� 

face in the XY plane, where the model glycosidic (nucleobase face) or peptide backbone 

(amino acid face) bond is parallel to the Y-axis, and the monomer edge in the YZ plane, 

where the molecular plane is parallel to the glycosidic (nucleobase face) or peptide 

backbone (amino acid face) bond. 

���������������ȋɅȌ�����������������ȽαͲǏ������������ǡ��������������������������������� 

(R1) was altered by 0.1 Å increments along the Z-axis. For dimers involving the amino acid 

edge, R1 is the distance between the center of mass of the two monomers. For the 

nucleobase edge dimers, R1 is the distance between the amino acid center of mass and the 

nucl������������ȋɅ�α�������Ȍ��������������������������������������������������������� 

���� ���� ������ ����� ������� ���� �������� ����� ȋɅ� α� ������ȌǤ� ����� ���� ���������� �������� 

separation was determined, R1 was held fixed in the remaining calculations. 

Next, the angle of rotation ( ) was altered by rotating the monomer edge in 30  

increments in the right-hand sense. For dimers involving the amino acid edge, the rotation 

axis passes through the centers of mass of both monomers. For the nucleobase edge dimers, 

the rotational axis passes through the center of mass of the amino acid and the nucleobase 

�����ȋɅ�α�������Ȍ����������������������������������������������������������������������� 

��������������������ȋɅ�α letter). 

Finally, the horizontal ‘edge’ displacement (R2) was considered. Due to the large 

number of calculations required to completely scan the monomer faces (81 calculations for 
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HIS face and up to 187 calculations for G face), only the strongest 124 edges (out of 450) 

that lead to the strongest interactions (most negative) after varying R1 ���� Ƚ� ���� ���� 

monomer pair were considered in R2 scans. To perform the R2 shift, the center of mass of 

the monomer face (in the XY plane) was defined as the origin (0,0). For all dimers, the Y-axis 

was defined to be parallel to the glycosidic (nucleobase face) or peptide backbone (amino 

acid face) bond, where a positive shift along the X axis corresponds to a shift towards the 

Watson–Crick bonding face, and a negative shift along the Y axis corresponds to a shift 

towards the glycosidic bond. The monomer edge was shifted by 0.5 Å along the X and Y axis, 

where single-point calculations were completed at each increment over the entire monomer 

face. Thus, despite the reduction in the number of edges considered for R2 scans, dimers 

involving an amino acid edge still required approximately 225 (PHE edge) to 900 (TRP 

edge) calculations per nucleobase–amino acid pair, while dimers involving a nucleobase 

edge required approximately 425 (PHE face) to 700 (TRP face) calculations per pair. 

2.2.3.� Higher-level ab initio Methods and Extrapolation Techniques 

To verify this computational approach, higher-level calculations were performed on all 

dimers yielding the strongest (most negative) interaction energies as identified from the 

MP2/6-31G*(0.25) potential energy surface scans. Specifically, all 35 stacked dimers, the 20 

strongest amino acid edge dimers, the 20 strongest nucleobase edge dimers that involved 

the model N–H glycosidic bond (relevant for nucleobases), and the 20 strongest nucleobase 

edge dimers that do not involve the model glycosidic bond (relevant for nucleotides and 

nucleosides) were considered. Since extrapolation techniques have been shown to 

accurately estimate the stacking interactions between the natural DNA nucleobases at the 

limit of large basis sets and high levels of correlation,112,115,146�a similar approach was used 

in the present study to approximate CCSD(T)/CBS results. Specifically, the Helgaker basis 

set extrapolation technique was used,147-148 which uses MP2/aug-cc-pVDZ and  



38 

 

MP2/aug-cc-pVTZ calculations to extrapolate to the MP2/CBS level (see Appendix A for 

further details).�This extrapolation technique has been used previously for many different 

systems and has been specifically shown to work well for T-shaped interactions in 

general,149-152�as well as stacking interactions between the DNA nucleobases.87,112,114,116,146,153 

Previous results for the hydrogen bonded and stacked DNA and RNA nucleobases showed 

that this extrapolation scheme was only improved by 2 kJ mol–1 when increased to the aug-

cc-pVTZ and aug-cc-pVQZ extrapolation,87 and MP2/aug-cc-pVQZ calculations were not 

feasible for the size and number of complexes examined in the present study. In addition, a 

ȟȋ����ȋ�)–MP2) correlation correction factor was evaluated using the 6-31G*(0.25) basis 

set, which was subsequently added to the MP2/CBS binding strengths to yield estimated 

CCSD(T)/CBS results. Previous work supports this extrapolation approach for the 

correlation effects, where the 6-31G*(0.25) basis set was determined to yield a satisfactory 

ȟȋ����ȋ�)–MP2) correction for the natural DNA nucleobases due to the basis set 

insensitivity of this correction.86,111,113,115,139,146 

All reported interaction energies include basis set superposition error (BSSE) 

corrections,143 and is evaluated as the difference between the (BSSE-corrected) energy of 

the complex and the sum of the monomer energies (supramolecular approach). All MP2 

calculations were performed using Gaussian 03,154 while CCSD(T) calculations were 

completed using MOLPRO.155 

2.3.�Results and Discussion 

2.3.1.� Dependence of Ɏ–Ɏ������������������������������������������s 

In contrast to optimization calculations, scanning the MP2/6-31G*(0.25) potential 

energy surface provides more information than simply the optimal stacked and T-shaped 

orientations. Specifically, these calculations also provide information on how adjusting the 

relative orientation of monomers in different ways affects the strength of each interaction. 
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Along with the minimum energy structures, this knowledge can be used to understand the 

relative strength of interactions between nucleobases and amino acid side chains in a 

variety of orientations. For example, the data from these calculations can be used to 

understand contacts observed in nature as demonstrated in Section 2.3.4, using Ɏ–Ɏ���A–

protein interactions found in the PDB. 

As a consequence of the large number of data points and dimers considered in this 

study, select examples will be discussed in this section to illustrate the major findings of the 

dependence of Ɏ–Ɏ interactions on structural characteristics. However, all MP2/6-

31G*(0.25) binding strengths for all dimers considered are provided in Appendix B, which 

allows the reader to gain a more complete understanding of any given dimer. Additionally, 

the overall strongest MP2/6-31G*(0.25) interaction energies after considering all variables 

are presented in Appendix C. 

A direct comparison of the R1 distances for all dimers is not meaningful since the 

definition of R1 changes depending on the type of dimer examined. Instead, the most 

important conclusion for R1 in both stacked and T-shaped geometries is that the interaction 

energies are not highly dependent upon changes in the vertical separation between the 

monomers (R1). Specifically, for all dimers examined in this study, the interaction energy 

changes by less than 1.3 kJ mol–1 when R1 deviates from the optimal vertical separation 

distance by 0.1 Å. Stacked dimers typically have a larger dependence on the vertical 

separation between monomers than T-shaped dimers, where this trend is generally 

independent of the monomers involved. 

The interaction energy generally has a much larger dependence on the relative angle of 

��������� ȋȽȌ� ����� ��� ���� ��������� ����������� ȋR1). Furthermore, the magnitude of this 

dependence is related to the type of interaction, as well as the monomers involved. In 

��������������ǡ�Ƚ���������������������������e–dipole interactions between monomers, where 
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the dipole moment vectors of the nucleobase and amino acid are aligned in opposing 

directions in preferred structures. This conclusion is illustrated in Figure 2.4, where the 

structures of the HIS stacked dimers are illustrated. In particular, there is a strong 

correlation between the relative orientation of monomers in dimers with the preferred 

angle of rotation as identified from the PES scans (Figure 2.4b) and the dimers built by 

aligning the dipole moment vectors in opposite directions (Figure 2.4a). The slight 

variations in the structures shown in Figure 2.4 may arise due to unfavourable steric 

interactions when the dipole moments are aligned in opposite directions. However, it is 

likely that the differences in the structures could arise due to the limitations in the scanning 

procedure, where smaller than 30° increments would yield even better agreement.  

 

Figure 2.4. MP2/6-31G(d) dipole moment vectors (magnitude (Debyes) included in parentheses) for 

HIS and the nucleobase monomers. Dimer structures were obtained from (a) aligning the dipole 

moment vectors of the monomers in opposing directions, and (b) potential energy surfaces scan 

calculations which determined the optimal angle of rotation (Ƚ). 

In addition, the magnitude of the dipole moments of the monomers largely governs the 

degree that the stacking ������������ ������� ��� ���������� ��� ȽǤ� 	��� ��������ǡ� ������ ��� 

(modeled as benzene) has no dipole moment, the stacking interaction energy has little to no 
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��������������ȽǤ��������ǡ���������������������dependence on the dipole–dipole alignment 

since it is the amino acid with the largest dipole moment (HIS (3.949 D) > TRP (1.926 D) > 

TYR (1.480 D)). Indeed, as shown in Figure 2.5a, ����Ƚ�������������������������� ������ 

from 10.3 kJ mol–1 for A (which has the smallest nucleobase dipole moment) to 21.8 kJ mol–1 

for C (which has the largest nucleobase dipole moment).  

 

Figure 2.5. Interaction energy as a function of Ƚ rotation for (a) HIS stacked dimers, (b) HIS edge T-

shaped dimers with the optimal Ʌ, (c) HIS face T-shaped dimers with optimal Ʌ, and (d) HIS face T-

shaped dimers for Ʌ with the weakest Ƚ dependence. In all graphs, dimers with adenine are large 

blue circles, cytosine are orange squares, guanine are small red circles, thymine are green triangles, 

and uracil are purple diamonds. 

In T-������� ������ǡ� ���� ���������� ��������� Ƚ� �������� ���� ������������ ����� ������ 

with the monomer face, where the preferred orientation arises when acid–base interactions 

or secondary intermolecular contacts are maximized. For example, in HIS edge interactions, 

acidic HIS protons align with basic nucleobase sites (see Figure 2.6a, where the preferred 
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alignment of secondary intermolecular contacts are indicated with dotted lines). Therefore, 

the relative strengths of the intermolecular contacts ������� ���� Ƚ� ����������Ǥ 

Furthermore, since these secondary intermolecular interactions in amino acid edge dimers 

are weaker than the dipole–dipole interactions in stack����������������ǡ�����Ƚ�������������� 

�������� ��� ������ ����� ����� ������Ǥ� 	��� �������ǡ� ���� Ƚ� ����������� ���� ������������ ���� 

dimers (Figure 2.5b) ranges from 5.1 (G) to 13.0 (C) kJ mol–1. 

 

Figure 2.6. T-shaped (R2αȋͲ Å, 0 Å)) dimers for (left to right) adenine, cytosine, guanine, thymine, 

and uracil with (a) HIS edge with optimal Ʌ, (b) HIS face with optimal Ʌ, and (c) HIS face for Ʌ with 

the weakest Ƚ dependence. 

���������������������������������ǡ�Ƚ������������������������������������������������� 

by the strength of secondary intermolecular hydrogen bonds. For example, Figures 2.6b and 

c illustrate how nucleobase edges prefer to align basic or acidic edge atoms with the acidic 

N–H or basic N atom of the HIS face, respectively. When the intermolecular bonds are 

strong, as found for nucleobase edges with the strongest interactions (see, for example, HIS 

face dimers in Figure 2.6bȌǡ� ���� Ƚ� ����������� ��� ����� ������ ȋ��� to 32.3 kJ mol–1 for HIS 
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dimers in Figure 2.5�ȌǤ��������ǡ�����Ƚ������������������������������������������������������� 

than that observed for stacked dimers. However, other dimers have much weaker 

intermolecular hydrogen bonds, and therefore a very small de������������ȽǤ�	����������ǡ 

the HIS face dimers in Figure 2.6c lead to a small (1.0 to 6.0 kJ mol–1Ȍ� ����������� ��� Ƚ 

(Figure 2.5d).  

In both stacked and T-shaped dimers, only small changes (less than 2.0 kJ mol–1 for 98 

of the 159 dimers considered) in the interaction energies are observed when one monomer 

is shifted in the molecular plane relative to the other (R2 scans) from (0 Å, 0 Å) to the 

preferred R2. Additionally, 104 of the 159 R2 scans reveal that the monomers prefer to be 

shifted by 1.0 Å or less. These relatively small energetic and geometrical effects indicate that 

optimal interaction energies are generally observed when the centers of mass of the 

nucleobase and amino acid are aligned (stacked and amino acid edge interactions) or when 

the nucleobase edge interacts with the amino acid center of mass. When R2 shifts strengthen 

stacked dimers, the preferred shift allows for more Ɏ-Ɏ������������Ȁ���������������������� 

between ring atoms. However, in T-shaped dimers, the preferred R2 moves the acidic 

and/or basic regions in the monomer edge closer to the corresponding basic and/or acidic 

sites in the monomer face to maximize electrostatic interactions. However, performing R2 

scans does not change the preferred Ʌ edge for any T-shaped dimer, justifying the decision 

to only consider R2 effects for select Ʌ for each complex.  

�����������������������ǡ��������������������������������������������������������ȋɅȌ 

were considered for T-shaped dimers. All T-shaped interactions examined in this study 

���������������������������������������������������������������ȋɅȌ�������������������he Ɏ-

system. This can be seen in Figure 2.7 for the adenine and histidine T-shaped dimers since 

���� ����������� �������� ������ ȋ����������� ��� ɅȌ� ��� ������� ����� ����������� ������� �� ���� 

ȋ����������� ��� ȽȌ. This large dependence is due to variations in the acidic and basic 
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properties of different monomer edges, where monomers with large dipole moments (and 

therefore a large variance in the acidic and basic properties of its edges) led to a larger 

����������� ��� ɅǤ� ���� ���������� ������������� ������ ����� ���� �������� ������ ����� ��� 

largest (Lewis) acidity are directed towards the Ɏ-system. For example, in nucleobase edge 

dimers, the strongest interactions generally involve the most acidic model (N–H) glycosidic 

bond of the nucleobases (Figure 2.6b). However, in the case of guanine, the strongest 

interaction occurs when two strongly acidic N1–H and N2–H bonds156� interact with the 

amino acid face (Ʌα�ǡ�	����� 2.3) rather than one strongly acidic bond156 ȋɅαͷǡ�	����� 2.3) 

or one strongly and one weakly acidic bond156 ȋɅαE, Figure 2.3). Similarly, in amino acid 

edge dimers, the acidic N–H bond of TRP is included in the p��������������ȋɅα�Ȍǡ��������� 

HIS edge dimers with A, G or C (Figure 4b), the optimal T-shaped interaction involves the 

acidic N–������� ȋɅα�ǡ�	������Ͷ�ȌǤ�������������������� ��� ������������������������������ǡ 

������������������������������ȋɅα�Ȍ������������ith the nucleobase Ɏ-system in the optimal 

T-shaped dimer (Figure 2.6a). This exception occurs since T and U have more positive  

Ɏ-systems, and therefore have a greater (Lewis) acidity, due to the two electron-

withdrawing carbonyl groups. Recent electron affinity data supports this statement since T 

and U have the largest electron affinities among all DNA and RNA nucleobases.157�However, 

�������������������������������������������������������������������ǡ�������
�ȋɅα�Ȍ��������� 

only 0.4 and 1.1 kJ mol–1 weaker to T and U, respe�������ǡ����������������ȋɅα�Ȍ�����.  

Another important conclusion about the geometries of T-shaped complexes is that, 

regardless of the nucleobase, a stronger interaction is generally observed for dimers with 

the monomer edge bridging the Ɏ-�������ȋɅ�α���tter) compared to edges involving a single 

����� ȋɅ�α� ������Ȍ� ���� ��� ���������������Ǥ� ��������� ������ �������� ��� ������������ ����� 

have also identified bridged structures to be the most stable T-shaped orientations,91 the  
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Figure 2.7. Interaction energy as a function of Ƚ for dimers between adenine and (a) HIS edge, and 

(b) HIS face for all edges (Ʌ) considered in this study. 

majority of recent studies on T-shaped complexes have only considered interactions that 

involve a particular atom directed at the Ɏ-system.136,150,158 In cases where bridged 

structures involving small molecules directed towards a Ɏ-ring are considered,159 only 

select combinations of molecules are examined and no systematic investigation has been 

done. Furthermore, studies of T-shaped interactions involving amino acids have not 

considered bridged structures.136 The results presented in this chapter clearly indicate that 

to identify global minima, and fully understand these interactions, the bridged structures 

must be examined. 

Since PES scans reveal how nucleobase–amino acid Ɏ–Ɏ contacts depend on several 

geometric variables, some general conclusions can be drawn about the nature of these 

attractive interactions. First, although stacking interactions are known to be highly 

dependent on dispersion,97,101 the stacking interactions examined in this study are also 

highly dependent on the electrostatic contribution. Specifically, results indicate that the 

strongest interactions occur when the nucleobase and amino acid dipole moment vectors 

are aligned in opposing directions, and the interaction energies vary by up to 24 kJ mol–1 

����� ������������ ��� �������� ȋ��� Ƚǡ� 	����� 2.5a) relative to the other. Additionally, this 

work finds that electrostatics play an even bigger role in T-shaped interactions compared 
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with stacking. For example, the binding strengths of T-shaped dimers vary by up to 56 kJ 

mol–1 ��� ��������� ���� ����� ȋɅǡ� 	����� 2.2) interacting with the Ɏ-system. Thus, these 

potential energy surface scans show that, although dispersion interactions are very 

important for the attractive nature of these interactions, electrostatics also play an essential 

role in determining the relative orientations of monomers. 

2.3.2.� Magnitude of the Strongest Interactions 

As previously mentioned, monomer orientations with the strongest interactions were 

further examined by extrapolating the corresponding interaction energies to the CCSD(T) 

level at the complete basis set (CBS) limit. All stacked dimers, the strongest amino acid edge 

dimers, the strongest nucleobase edge dimers that involve the model N–H glycosidic bond 

(relevant for nucleobases) and the strongest nucleobase edge dimers that do not involve the 

model glycosidic bond (relevant for nucleotides and nucleosides) were examined, where the 

MP2/6-31G*(0.25) and CCSD(T)/CBS interaction energies are reported in Table 2.1 and 

Table 2.2, and all of the interaction energies required to estimate the CCSD(T)/CBS binding 

strengths are included in Appendix D. 

Examination of Tables 2.1 and 2.2 reveals that MP2/6-31G*(0.25) interaction energies 

account for 80–110% of the CCSD(T)/CBS binding strengths in all nucleobase–amino acid 

dimers. Interestingly, the οȋ����ȋ�)–MP2) correction is repulsive for all interaction 

energies examined, while the ο(MP2/CBS–MP2/6-31G*(0.25)) correction is attractive 

(Appendix D). Therefore, the present MP2/6-31G*(0.25) interaction energies are very close 

to the CCSD(T)/CBS results due to the cancelation of errors between basis set 

incompleteness and the missing electron correlation effects. Nevertheless, the remarkable 

agreement between these methods verifies that MP2/6-31G*(0.25) very accurately 

describes the potential energy surfaces of nucleobase–amino acid dimers in both stacked  

 



47 

 

Table 2.1. MP2/6-31G*(0.25) and CCSD(T)/CBS stacked and T-shaped interaction energies  

(kJ mol–1) between the amino acids with conjugated Ɏ-rings and the natural purine nucleobases 

(adenine and guanine).[a] 

 Adenine Guanine 

 Ʌ MP2[b] CCSD(T)[c] Ʌ MP2[b] CCSD(T)[c] 

HIS stacked  –29.7 –29.8  –35.3 –37.8 

HISƍ stacked  –27.2 –27.8  –31.4 –32.7 

PHE stacked  –24.3 –23.3  –25.3 –25.3 

TYR stacked  –28.9 –28.4  –32.8 –35.2 

TYRƍ stacked  –30.7 –30.0  –33.4 –34.1 

TRP stacked  –32.0 –30.6  –42.4 –42.1 

TRPƍ stacked  –35.0 –33.5  –42.5 –43.1 

HIS edge B –22.5 –22.4 B –27.7 –27.2 

PHE edge A –14.1 –15.2 A –14.5 –16.0 

TYR edge A –21.9 –22.4 A –21.8 –21.8 

TRP edge A –23.2 –22.9 A –28.7 –28.9 

HIS face[d] 4 

(8) 

–33.6  

(–22.6) 

–33.3 

(–23.6) 

5 

(A) 

–26.7 

(–46.4) 

–26.7 

(–48.4) 

PHE face[d] 4 

(8) 

–25.6  

(–16.0) 

–26.4 

(–17.4) 

5 

(A) 

–23.7 

(–31.6) 

–24.3 

(–33.2) 

TYR face[d] 4 

(8) 

–27.8  

(–18.4) 

–28.3 

(–20.0) 

E 

(A) 

–24.6 

(–36.2) 

–24.9 

(–37.8) 

TRP face[d] 4 

(8) 

–34.8  

(–23.1) 

–34.8 

(–24.0) 

E 

(A) 

–32.5 

(–47.3) 

–32.4 

(–49.5) 
[a] See Figures 2.2 and 2.3 ���� ������������ ��� Ʌ� ���� ���� �dges considered in this study. [b] MP2/6-

31G*(0.25) interaction energies. [c] CCSD(T)/CBS interaction energies. [d] Nucleobase edge 

interactions involving the model glycosidic bond and not involving the glycosidic bond (in 

parentheses). 

and T-shaped orientations, and suggests that this method is correctly identifying the 

preferred orientations for these Ɏ–Ɏ contacts. This also suggests that the MP2/6-31G*(0.25) 

interaction energies reported in this work for all relative monomer orientations are reliable 

and can be used to characterize interactions observed in nature (to be discussed in a 

subsequent section). 

One of the most important findings in this study is the magnitude of these Ɏ–Ɏ 

interactions. At the most accurate level of theory used to date for nucleobase–amino acid 

with conjugated Ɏ-ring stacked and T-shaped dimers (CCSD(T)/CBS), stacking interaction 

energies range between –20 and –43 kJ mol–1, while the corresponding T-shaped 

interactions range between –12 and –50 kJ mol–1 at optimal monomer orientations. Thus,  
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Table 2.2. MP2/6-31G*(0.25) and CCSD(T)/CBS stacked and T-shaped interaction energies  

(kJ mol–1) between the amino acids with conjugated Ɏ-rings and the natural pyrimidine nucleobases 

(cytosine, thymine, and uracil).[a] 

 Cytosine Thymine Uracil 

 Ʌ MP2[b] CCSD(T)[c] Ʌ MP2[b] CCSD(T)[c] Ʌ MP2[b] CCSD(T)[c] 

HIS stacked  –26.9 –29.5  –25.0 –27.1  –23.6 –26.0 

HISƍ stacked  –26.0 –29.1  –26.8 –29.3  –26.4 –29.1 

PHE stacked  –18.4 –20.6  –22.4 –24.5  –20.1 –21.7 

TYR stacked  –24.2 –27.1  –26.1 –28.3  –25.2 –27.6 

TYRƍ stacked  –22.7 –25.0  –25.5 –27.5  –25.7 –27.7 

TRP stacked  –33.4 –35.4  –36.0 –37.8  –34.5 –36.8 

TRPƍ stacked  –32.9 –35.4  –36.4 –38.5  –34.0 –36.1 

HIS edge B –26.4 –27.5 C –19.1 –23.3 C –18.4 –22.8 

PHE edge A –12.1 –14.0 A –10.8 –12.3 A –9.7 –11.7 

TYR edge A –22.5 –23.7 A –15.7 –16.6 1 –14.9 –18.0 

TRP edge A –27.4 –28.8 A –20.9 –22.1 A –18.3 –19.2 

HIS face[d] 1 

(4) 

–33.6 

(–31.2) 

–36.1 

(–33.7) 

1 

(3) 

–34.2 

(–22.5) 

–34.2 

(–24.4) 

1 

(3) 

–34.7 

(–23.0) 

–36.9 

(–24.9) 

PHE face[d] 1 

(5) 

–22.5 

(–19.5) 

–25.4 

(–21.8) 

1 

(3) 

–24.7 

(–18.9) 

–22.2 

(–21.6) 

1 

(3) 

–25.3 

(–19.1) 

–27.6 

(–21.7) 

TYR face[d] 1 

(4) 

–26.7 

(–25.3) 

–29.1 

(–28.2) 

1 

(3) 

–27.6 

(–20.6) 

–29.4 

(–22.9) 

1 

(3) 

–27.8 

(–20.8) 

–29.7 

(–23.1) 

TRP face[d] 1 

(4) 

–34.5 

(–32.2) 

–36.6 

(–33.9) 

F 

(3) 

–37.0 

(–25.4) 

–37.9 

(–27.2) 

F 

(3) 

–36.7 

(–25.7) 

–37.7 

(–27.4) 
[a] See Figures 2.2 and 2.3 ���� ������������ ��� Ʌ� ���� ���� �dges considered in this study. [b] MP2/6-

31G*(0.25) interaction energies. [c] CCSD(T)/CBS interaction energies. [d] Nucleobase edge 

interactions involving the model glycosidic bond and not involving the glycosidic bond (in 

parentheses). 

both the stacking and T-shaped interactions approach the adenine–thymine Watson-Crick 

hydrogen-bond strength (–70 kJ mol–1) calculated at the same level of theory,87 which 

involves at least two strong hydrogen bonds. Additionally, the binding strengths for 

stacking and T-shaped interactions are very similar in magnitude for all nucleobases, where 

the amino acid edge interactions are slightly weaker than the nucleobase edge interactions. 

Indeed, the most favourable nucleobase edge interactions are as strong, if not stronger, than 

the corresponding stacking interactions in the same dimer. Therefore, stacking 

arrangements are not the only orientations that are significantly attractive, but rather T-

shaped interactions can also play stabilizing roles in nucleobase–amino acid complexes 

found in nature. 

Comparison of the largest interaction energy for each dimer reveals interesting 
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information about the trends in the binding energy with respect to the amino acid or 

nucleobase. Specifically, the strongest stacking interactions are found to increase as PHE << 

����γ�����δ����ǡ����������������������������������������e observed for HIS, TYR, and TRP. 

This trend is dictated by the relative dipole moments and sizes of the Ɏ-systems of the 

amino acids. The same trend is also found for amino acid edge and nucleobase edge T-

shaped interactions, which depend on the strength of secondary intermolecular contacts 

between the acidic and basic sites in the amino acid and the nucleobase. However, when the 

trend with respect to the nucleobase is considered, no clear affinity is observed. Due to the 

similar interaction strengths, it is difficult to determine if these contacts are selective 

enough to be used for recognition of specific nucleobases. However, these calculations do 

suggest that these interactions are most certainly important for providing stability of 

DNA/RNA–protein complexes.  

2.3.3.� Additional T-shaped Contacts that May Stabilize DNA/RNA–Protein 

Complexes 

As previously mentioned, the method used in this chapter to examine nucleobase–

amino acid T-shaped interactions reveals more information than simply the identity of 

edges that lead to the strongest interactions. Specifically, this study characterized the 

potential energy surfaces of all atom-directed and bridge-directed edges for these systems, 

where full results (Appendix B) show that many monomer edges lead to attractive 

interactions. For instance, a large number of C–H···Ɏ interactions have been characterized, 

which have been extensively studied computationally,150,158-163 where the present 

nucleobase–amino acid interactions are found to be up to –26 kJ mol–1. For example, in TRP 

edge dimers, the bridged edge involving two C–H···Ɏ interactions ( α�Ȍ���������ͲǤͺ�ȋ�Ȍ����Ǥͺ 

(A) kJ mol–1 weaker than the strongest interactions observed with a bridged edge involving 

a N–H and C–H bond ( α�ȌǤ�������������ǡ������������������s, interactions involving only one 
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C–H···Ɏ contact are up to –ͳͺǤͷ�ȋ�ǡ�ɅαͷȌ��� –ͳͺǤͻ�ȋ
ǡ�ɅαȌ�����l–1. 

This work also examined lone pair (lp)–Ɏ interactions for a variety of dimers, which 

have been studied computationally,152,161 and recently reviewed by Egli et al.164 In 

nucleobase edge dimers, lp–Ɏ interactions involving carbonyl oxygens were found to be 

unstable (i.e., no minimum was identified for U ( αʹ���� αͶȌ�������( αʹȌȌ������������� 

(i.e., less than –1 kJ mol–1 for G ( αͺȌ�������( αʹ���� αͶȌȌǤ��������ǡ����������������p–Ɏ 

interactions are as strong as –23 kJ mol–1. For example, all HIS edge dimers involving the 

lone pair N ( α͵Ȍ������������������������������ǡ������������������������������������������  

–8.2 to –15.2 kJ mol–1. Furthermore, the interactions with N7 of G ( αȌ������������� –13.8 

kJ mol–1, while contacts with N3 of C ( α͵Ȍ����������������������� –23.0 kJ mol–1. Therefore, 

these calculations suggest that even non-optimal contacts that might arise in nature can 

help stabilize DNA/RNA–protein complexes. 

2.3.4.� Quantifying Experimentally Observed Nucleobase–Amino Acid Ɏ–Ɏ 

Interactions 

It should be noted that the most favourable structures and interaction energies of 

nucleobase–amino acid dimers identified in the present study may not appear in nature, 

where additional effects, such as protein folding or other (steric) constraints, come into 

play. However, by carefully searching the potential energy surface of stacked and T-shaped 

dimers, these calculations have revealed how the interaction energies in these noncovalent 

complexes generally depend on different geometric variables. For example, due to the small 

dependence on the vertical separation between monomers (R1), deviations from the 

reported optimal R1 distances will have a small effect on the interaction energies. 

Conversely, large deviations from the ��������� ���������� ������ ��� ��������� ȋȽȌ� ������� 

stacked monomers will have significant effects on the interaction energy between 

monomers with large dipole moments. Alternatively, deviations from the ��������Ƚ� ����T-
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shaped dimers will affect the interaction energy in different ways and therefore the 

properties of the edge involved must be carefully considered. The present calculations also 

suggest that changes in the optimal horizontal displacement (R2) between monomers can 

weaken the (strongest) reported interaction energies, where the effect is dependent on the 

monomers involved, as well as the size and direction of the shift. 

In addition to the general conclusions mentioned above, the current results from these 

detailed potential energy surface scans can be used in a quantitative, predictive way. 

Specifically, in addition to the optimal interaction energies presented in Tables 2.1 and 2.2, 

the interaction energies calculated for a range of geometric variables are reported in 

Appendix B for all natural nucleobase–amino acid dimers. These results can be compared to 

any stacked or T-shaped contact found in nature, not just those corresponding to minima on 

the calculated surfaces. This complete data set will allow biochemists to accurately 

determine the relative magnitude of different DNA/RNA–protein contacts.  

To illustrate how this data can be used in conjunction with experimental structures to 

gain a better understanding of DNA protein interactions that appear in nature, the 

following subsections will discuss three crystal structures containing representative 

examples of nucleobase–amino acid stacking (Figure 2.8a), amino acid edge T-shaped 

(Figure 2.8b), and nucleobase edge T-shaped (Figure 2.8c) interactions. Appendix B will be 

used to estimate the interaction energy of each dimer, which will be compared to the 

interaction energy calculated using the exact crystal structure orientation (see Appendix E 

for details of how the interaction energies were calculated in crystal structure orientations). 

2.3.4.1.� Stacking Interaction between Guanine and Phenylalanine  

The crystal structure of HMG1 domain A bound to a cisplatin-modified DNA duplex  
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Figure 2.8. Examples of nucleobase–amino acid interactions observed in nature (a) G:PHE stacked 

(PDB entry: 1CKT with DG109 and F37 highlighted),165 (b) A:HIS edge T-shaped (PDB entry: 1B8A 

with ATP1500 and H1223 highlighted),166 and (c) C:TYR face T-shaped (PDB entry: 1P7H with DC11 

(chain B) and Y424 (chain M) highlighted).167 

contains a stacked orientation between guanine (DG109) and phenylalanine (F37).165 Table 

2.3 reports relevant geometric parameters measured from the crystal structure that define 

this stacking orientation (column "crystal"). These parameters can subsequently be 

compared to the closest corresponding point on the scanned potential energy surface 

(column "scan"). For example, in this crystal structure, the orientation between G and PHE 

is most closely described by the point on the calculated potential energy surface with a 

vertical separation (R1Ȍ� ��� ͵Ǥͷ� %ǡ� ��� ������ ��� ��������� ȋȽȌ� ��� ͵Ͳι� ���� �� ���������� 

displacement (R2) of (1.5 Å, 1.5 Å). PES calculations (Appendix B) reveal that an R2 shift of 

(1.5 Å, 1.5 Å) has a corresponding interaction energy of –22.9 kJ mol–1. However, this 

interaction was calculated for a (R1Ȍ� ��������� ����������� ��������� ��� ͵ǤͶ� %� ���� ȽαͲιǤ 

Nevertheless, corrections based on the PES scans can be added to this interaction energy. 

Specifically, the R1 scan for this dimer reveals that increasing the vertical separation from 
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3.4 to 3.5 Å weakens the interaction energy by 0.6 kJ mol–1Ǥ�������������ǡ����Ƚ��������n from 

0 to 30° weakens the interaction energy by 0.1 kJ mol–1. Therefore, the interaction between 

G and PHE in the crystal structure geometry of HMG1 domain A is estimated from the 

potential energy surface scans to be –22.2 kJ mol–1 (i.e., (–22.9 + 0.6 + 0.1) kJ mol–1). 

Interestingly, when optimized monomers are overlaid onto this crystal structure, the 

calculated interaction energy is also found to be –22.2 kJ mol–1. This is in astounding 

agreement with the estimate from the calculated potential energy surfaces, especially since 

additivity of the effects of different geometric variables has been assumed in this 

comparison. 

Table 2.3. Structural characteristics measured for three representative nucleobase–amino acid 

interactions observed in nature (crystal) and the closest corresponding point from potential energy 

surface scans (scan). 

 G:PHE stacked165 A:HIS edge166 C:TYR face167 

 crystal scan crystal scan crystal scan 

Angle (°) 4.44[a] 0 88.90[a] 90 82.72[a] 90 

Vertical separation distance  

(R1, Å) 

3.51[b] 3.5 4.48[b] 4.5 4.02[c] 3.0[d] 

Angle of rotation  

( , °) 

18.8[e] 30 67.8[e] 60 ( α͵Ȍǡ  
300 ( αͳ) 

66.3[e] 60, 300 

Horizontal Shift distance  

(R2, Å and (Å,Å)) 

~2.2[f] (1.5, 1.5) ~3.1[f] (0.5, 2.5) ~2.7[f] (2.5, 0) 

[a] Angle measured between molecular planes formed by ring atoms of nucleobase and amino acid. 

[b] Vertical separation measured between the molecular planes (stacked orientation), or the center 

of the ring (monomer edge) and monomer face molecular plane (T-shaped orientations). [c] Vertical 

separation measured between C5 of C and molecular plane of TYR. [d] The R1 distance from potential 

energy surface scans measured between the midpoint of the H4–�ͷ�����������ȋɅα�Ȍ������������������ 
mass of TYR, which has the closest corresponding vertical separation measured between C5 of C and 

the center of the TYR ring. [e] The dihedral angle measured between the glycosidic bond and the 

peptide backbone bond of the amino acid (stacked orientation), the glycosidic bond and C1ƍ plane 

and the molecular plane of the amino acid (amino acid edge), or the peptide backbone bond plane of 

the amino acid and the molecular plane of the nucleobase (nucleobase edge). [f] The distance 

estimated between the centers of monomer rings in two dimensions. 

2.3.4.2.� Amino Acid Edge Interaction between Histidine and Adenine 

In the crystal structure of aspartyl-tRNA synthetase, the edge of HIS (H1223) interacts 

with the face of adenine (ATP1500).166 Since protein crystal structures do not show the 

positions of hydrogen atoms, it is not clear whether the histidine N atom or N–H bond is 
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��������� �������� �Ǥ� ���������ǡ� ����� ���� ����� ������������� ȋɅα͵� ���� Ʌαͳǡ� 	������ ʹȌ� ��� 

considered, where Table 2.3 outlines the geometric information obtained from the crystal 

structure and identifies the closest corresponding point on the potential energy surface 

scan for each histidine orientation (R1αͶǤͷ�%ǡ�R2αȋͲǤͷ�%ǡ� ʹǤͷ�%Ȍǡ� ����ȽαͲι� ȋɅα͵Ȍ� ��� ͵ͲͲι 

ȋɅαͳȌǡ���� Appendix B). 

���������������������������������������������������������ȋɅα͵Ȍǡ����������������������� 

is calculated to be –6.2 kJ mol–1 ��������Ƚ�������ȋ0 ) closest to that in the crystal structure, 

R1αͶǤͶ�%�����R2αȋͲ�%ǡ�Ͳ�%ȌǤ�������������� ������������ ��� ���������������������������������ǡ 

the potential energy surface scans reveal that the binding strength is weakened by 8.1 kJ 

mol–1 when HIS is shifted across the face of A from (0 Å, 0 Å) to (0.5 Å, 2.5 Å), and weakened 

by 0.1 kJ mol–1 when the vertical separation is increased to 4.5 Å. These additive effects 

result in a weakly (+2 kJ mol–1Ȍ� ���������� ������������ ���� ���� Ʌα͵� ���� ȋ����Ȍǣ� �� ȋ����Ȍ 

interaction, while crystal structure overlay calculations determine this interaction to be 

only slightly more favourable (–2.1 kJ mol–1).  

When the N–H bond of histidine is directed towards A ( αͳǡ� 	������ͳȌǡ the potential 

energy surface scan determines the interaction energy to be –17.3 kJ mol–1 for the angle of 

��������� ȋȽα͵Ͳ0 ) and vertical separation distance (R1αͶǤͷ� %Ȍ� ��������� ��� ���� ������� 

structure. Although this interaction energy was calculated for R2αȋͲ�%ǡ�Ͳ�%Ȍǡ��������������� 

the correct horizontal displacement yields an interaction energy  of –9.2 kJ mol–1. In 

comparison, the crystal structure overlay calculations determine this interaction to be –10.0 

kJ mol–1. This example again provides strong evidence that the calculated potential energy 

surfaces accurately describe the interaction energies in a range of nucleobase–amino acid 

dimers. 

2.3.4.3.� Nucleobase Edge Interaction between Cytosine and Tyrosine  

The crystal structure of NFAT1 bound to the HIV-1 LTR kB element reveals the edge of 
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C (DC11 (chain B)) interacting with the face of TYR (Y424 (chain M).167 Due to an 

uncertainty in the orientation of the hydroxyl hydrogen of TYR, both possible (in-plane) 

orientations were considered, namely OH directed towards and away from C (Figure 2.8c). 

The nucleobase edge interaction in the crystal structure with the hydroxyl group directed 

������������ȋɅα�Ȍ���������������������ȽαͲιǡ��������������������������������������������� 

–18.8 kJ mol–1 for R1αʹǤ� %� ���� R2αȋͲ� %ǡ� Ͳ� %Ȍ� (Appendix B). When a ( 10 kJ mol–1) 

correction for the horizontal shift and a (3.2 kJ mol–1) correction for the vertical separation 

are taken into account, the interaction energy is predicted to be –5.6 kJ mol–1, which is very 

consistent with the interaction energy calculated from a crystal structure overlay (–4.7 kJ 

mol–1ȌǤ��������������ǡ������������������������������������������������������ȋɅα�ǡ�Ƚα͵Ͳ0 ), 

the interaction energy is estimated to be –3.5 kJ mol–1 (i.e., –ͳǤ�ȋȽα͵Ͳ0 , R1αʹǤ�%ǡ�R2αȋͲ�%ǡ 

0 Å)) + 3.2 (R1 correction) + 10.0 kJ mol–1 (R2 correction)), while the overlay calculation 

determines an interaction energy of –5.5 kJ mol–1.Therefore, predictions using the data set 

generated from the present potential energy surface scans are very similar to those 

determined from crystal structure overlay calculations. 

In summary, this section illustrates how the data reported in Appendix B can help 

predict the stabilizing and functional role of nucleobase–amino acid Ɏ–Ɏ interactions in a 

variety of biological structures. The results presented in this chapter can therefore be used 

in the future by biochemists in a similar fashion to accurately estimate the magnitude of 

these interactions in DNA/RNA–protein active sites identified in experimental structures. 

Thus, this data complements experimental structural data and helps reveal the potential 

importance of Ɏ–Ɏ contacts in a variety of DNA/RNA–protein systems. 

2.4.�Conclusions 

This is the first extensive study of both stacking and T-shaped interactions between all 

amino acids with conjugated Ɏ-rings and natural nucleobases. The present work used a 
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unique methodology for identifying important contacts on the potential energy surface, 

which provides an understanding of how a variety of geometric criteria determine the 

strength of these contacts. The interaction energies were generally found to have a small 

dependence on the vertical separation between the monomers, while the dependence on 

the angle of rotation, as well as horizontal displacement, was found to be much greater. 

Additionally, stacked complexes prefer to have monomer dipole moment vectors aligned in 

opposing directions, while preferred T-shaped orientations direct the most (Lewis) acidic 

edge of one monomer towards the Ɏ-system of the second monomer.  

The present ab initio calculations reveal that the strongest possible Ɏ–Ɏ interaction for 

each nucleobase–amino acid combination is very large. Indeed, at the highest level of theory 

possible for these systems, both stacking and T-shaped interactions are found to be very 

close in magnitude to biologically-relevant hydrogen bonds. Additionally, T-shaped 

interactions are as strong, if not stronger, than the corresponding stacking interactions. 

Most importantly, not only has the current work fully characterized structures with the 

strongest interactions, but a wide variety of other nucleobase–amino acid interactions have 

been examined, including C–H···Ɏ, N–H···Ɏ, and lp–Ɏ interactions, where this work reveals 

that these contacts are also very favourable.   

Based on these calculations, most Ɏ–Ɏ nucleobase–amino acid interactions are very 

stabilizing and can play important roles in biological processes and therefore cannot be 

ignored. However, a large difference between the binding strengths with the natural bases 

for any given amino acid is not found. Therefore, it is difficult to determine whether these 

interactions play a role in selective nucleobase recognition. Nevertheless, due to the large 

magnitude of their Ɏ-interactions, the amino acids with conjugated Ɏ-rings can take 

advantage of their Ɏ-clouds to add to the stability of DNA/RNA–protein complexes already 

provided by hydrogen-bonding interactions with these or other protein side chains.  
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High accuracy results (CCSD(T)/CBS) indicate that the MP2/6-31G*(0.25) binding 

strengths provided in Appendix B are very accurate for all 485 dimers investigated in this 

chapter. Therefore, MP2 can provide reliable estimates of the magnitude of interactions 

present in a variety of experimental DNA/RNA–protein crystal structures of low polarity.77 

Indeed, this chapter has demonstrated how this additional, detailed data set can be used to 

estimate dimer interaction energies for contacts found in the PDB, where the estimates 

shown in Section 2.3.4 are very close to interaction energies calculated using exact crystal 

structure orientations. Thus, the present work can be used by biochemists to accurately 

approximate the magnitude and potential importance of Ɏ-interactions in DNA/RNA–

protein actives sites identified in experiments.  
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Chapter 3.� The Effects of Nucleobase Alkylation on DNA–Protein 

Stacking and T-shaped Interactionsa,b 

 

3.1.�Introduction 

As mentioned in Chapter 1, many questions remain about the roles played by the amino 

acids with conjugated Ɏ-rings in the active site of AAG. Indeed, the Ɏ–Ɏ interactions 

between damaged DNA and protein components have not been well characterized in the 

literature, and the influence of a cationic charge on the structure and magnitude of these 

interactions is even less understood. Therefore, the present chapter examines the structure 

and magnitude of the stacking and T-shaped interactions between 1,N6-��������������ȋɂ�ǡ 

Figure 3.1) or 3-methyladenine (3MeA, Figure 3.1) and the amino acids with conjugated  

Ɏ-rings. The neutral and cationic Ɏ–Ɏ �����������������������ɂ������͵���ǡ�������������ǡ����� 

be determined using the methodology developed and discussed in Chapter 2, which will 

allow for comparison between these results and those found previously for the (neutral) 

natural base adenine. Additionally, this chapter expands upon the fundamental knowledge 

of (neutral and cationic) noncovalent interactions, where most investigations of cationic  

Ɏ-systems have not distinguished these contacts from Ɏ–Ɏ or cation(metallic)–Ɏ 

contacts,136,152 with the exception of one study that classified these systems as a different 

type of noncovalent interaction altogether.168 This work will contribute to the 

understanding of how alkylation damage, as well as charge, alters the preferred structure 

and stabilization of these Ɏ–Ɏ complexes. Additionally, the calculations presented in this 

                                                             
a Reprinted with permission from Rutledge, L. R.; Wetmore, S. D. J. Chem. Theory Comput. 2008, 
4, 1768–1780. Copyright 2008 American Chemical Society. 
b ���������� ����� ����������� ����� ��������ǡ� �Ǥ� �ǤǢ� ���Ă��������ǡ� �ǤǢ� �������ǡ� �Ǥ� �Ǥ In 
preparation. 
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chapter can be used to provide insights into how these interactions are involved in the 

recognition and repair mechanisms used by AAG. 

 

Figure 3.1. Structure of an oligonucleotide containing the natural nucleotide adenine (A) and the 

corresponding DNA alkylation lesions 1,N6-��������������ȋɂ�Ȍ�����3-methyladenine (3MeA). Atomic 

numbering for the nucleobases and the sugar moiety are provided in gray. 

3.2.�Computational Details 

In order to accurately compare the DNA–protein interactions of the natural and 

alkylated nucleobases, the methodology presented in Chapter 2 will be used to examine the 

stacking and T-������������������������������������������������ɂ�����͵���Ǥ�������������ǡ 

Cs ����������ɂ������͵������������������������ȋ	������͵ǤʹȌ�������������������� MP2/6-

31G(d), while the amino acid monomers were obtained from the previous chapter. Initial 

relative orientations of the monomers were generated in a similar manner to those 

described for the natural nucleobase–amino acid dimers (stacked and T-shaped discussed 

in Sections 2.2.1 and 2.2.2, respectively). In particular, monomers were stacked (face-to-

face) with respect to their centers of mass, where two molecular faces were considered for 

HIS, TYR, and TRP dimers. The first molecular plane is defined by stacking the amino acid 
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and nucleobase in the orientation shown in Figure 3.2 and the second (denoted as ƍ) is 

obtained by flipping the amino acid relative to Figure 3.2 prior to stacking with the 

nucleobase. Amino acid edge and nucleobase edge dimers were constructed by directing the 

monomer edges towards the Ɏ-system of the monomer face as defined in Figure 3.2. Once 

these initial stacked and T-shaped dimer structures were defined, gas-phase BSSE-

corrected MP2/6-31G*(0.25) potential energy surface scans were then completed by 

altering three geometric variables (Figure 2.2); vertical separation (R1), angle of rotation 

(Ƚ), and horizontal displacement (R2) as described in Sections 2.2.1 and 2.2.2. The R2 

variable was considered for all stacked dimers, yet was only considered for the edges (up to 

8) that lead to the strongest T-shaped interactions after varying R1 and Ƚ for each monomer 

pair. 

 

Figure 3.2. The definition of Ʌ for (a) amino acid edges and (b) nucleobase edges considered in 

potential energy surface scans. 

The MP2 binding strengths for the orientations with the strongest (most negative) 

interactions as identified in potential energy surface scans were extrapolated to the 

CCSD(T) level at the complete basis set (CBS) limit as described in Section 2.2.3 and 

Appendix A. In particular, all stacked dimers, the strongest amino acid edge dimers, the 
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strongest nucleobase edge dimers that involve the model N–H glycosidic bond (relevant for 

nucleobases) and the strongest nucleobase edge dimers that do not involve the model 

glycosidic bond (relevant for nucleotides and nucleosides) were considered through these 

high-level calculations. 

All reported interaction energies include basis set superposition error corrections.143 

MP2 and CCSD(T) calculations were performed with Gaussian03154 and MolPro,155 

respectively. 

3.3.�Results and Discussion 

One of the driving forces of the present study is to address unanswered questions 

regarding the structure and magnitude of the Ɏ–Ɏ interactions between the amino acids 

with conjugated Ɏ-rings and natural versus (neutral and cationic) damaged nucleobases. 

The approach for scanning the potential energy surface as a function of geometric variables 

allows for an understanding of how the interaction energy depends on the relative 

monomer orientation. Therefore the following section begins by discussing how the 

structural dependencies of the damaged nucleobase–amino acid dimers compare to those 

discussed for the natural nucleobase complexes (Section 2.3.1). Additionally, the geometry 

of the preferred T-shaped dimers with adenine, 1,N6-ethenoadenine and 3-methyladenine 

will be discussed and compared, and important structural characteristics that maximize T-

shaped interaction energies will be summarized. Next, the dependence of the stacking and 

T-shaped interaction energies on nucleobase alkylation and charge will be highlighted, 

where results from the MP2/6-31G*(0.25) scans will be further validated using 

CCSD(T)/CBS calculations. 

3.3.1.� Dependence of Optimal Structures on Nucleobase Alkylation 

The following discussion concentrates on select examples to illustrate the major 
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findings from the potential energy surface scans for each monomer pair. Data tables in 

Appendix C summarize the optimal MP2/6-31G*(0.25) interaction energies after 

consideration of each variable, where the overall strongest interaction energies for each 

dimer after considering all variables are provided in Table 3.1. 

Table 3.1. MP2/6-31G*(0.25) and CCSD(T)/CBS stacked and T-shaped interaction energies  

(kJ mol–1) between the amino acids with conjugated Ɏ-rings and adenine, 1,N6-ethenoadenine or  

3-methyladenine.[a] 

 Adenine 1,N6-ethenoadenine 3-methyladenine 

 Ʌ MP2[b] CCSD(T)[c] Ʌ MP2[b] CCSD(T)[c] Ʌ MP2[b] CCSD(T)[c] 

HIS stacked  –29.7 –29.8  –37.4 –37.3  –51.7 –48.4 

HISƍ stacked  –27.2 –27.8  –36.5 –35.9  –52.7 –49.3 

PHE stacked  –24.3 –23.3  –31.3 –28.8  –48.6 –44.2 

TYR stacked  –28.9 –28.4  –38.0 –36.2  –53.9 –49.6 

TYRƍ stacked  –30.7 –30.0  –36.4 –34.7  –55.0 –50.9 

TRP stacked  –32.0 –30.6  –47.5 –43.7  –71.5 –65.5 

TRPƍ stacked  –35.0 –33.5  –49.2 –45.1  –69.7 –64.2 

HIS edge B –22.5 –22.4 B –29.0 –28.4 3 –61.6 –61.6 

PHE edge A –14.1 –15.2 A –16.2 –17.0 A –16.8 –17.8 

TYR edge A –21.9 –22.4 A –25.9 –26.6 F –33.9 –35.2 

TRP edge A –23.2 –22.9 A –31.7 –31.2 E –28.0 –28.2 

HIS face[d] 4 

(8) 

–33.6  

(–22.6) 

–33.3 

(–23.6) 

4 

(2) 

–31.7 

(–21.6) 

–31.2 

(–23.5) 

4 

(B) 

–64.5 

(–43.1) 

–65.1 

(–43.5) 

PHE face[d] 4 

(8) 

–25.6  

(–16.0) 

–26.4 

(–17.4) 

4 

(2) 

–26.3 

(–17.5) 

–26.6 

(–18.6) 

D 

(G) 

–46.4 

(–37.2) 

–45.6 

(–35.4) 

TYR face[d] 4 

(8) 

–27.8  

(–18.4) 

–28.3 

(–20.0) 

4 

(2) 

–27.4 

(–20.3) 

–27.4 

(–22.1) 

D 

(B) 

–54.1 

(–39.2) 

–52.9 

(–40.8) 

TRP face[d] 4 

(8) 

–34.8  

(–23.1) 

–34.8 

(–24.0) 

D 

(A) 

–34.8 

(–26.9) 

–34.1 

(–28.4) 

D 

(B) 

–72.0 

(–52.6) 

–70.1 

(–53.9) 
[a] See Figures 2.2 and 3.2 for definitions of Ʌ and the edges considered in this study. [b] MP2/6-

31G*(0.25) interaction energies. [c] CCSD(T)/CBS interaction energies. [d] Nucleobase edge 

interactions involving the model glycosidic bond and not involving the glycosidic bond (in 

parentheses). 

Similar to the results in Section 2.3.1, the stacking interactions between the damaged 

nucleobases and the amino acids with conjugated Ɏ-rings are largely dependent on the 

relative orientation of the monomers, where the angle of rotation was found to most 

significantly alter the stacking energy compared with the vertical and horizontal 

displacements. Specifically, the magnitude of the dipole moments of the monomers largely 

affects the degree that the stacking interaction is dependent on Ƚ, where HIS has the largest 

dependence since it has the largest dipole moment among the amino acids. Indeed, the Ƚ 
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dependencies for HIS dimers are 10.3 kJ mol–1 (A) < 21.3 kJ mol–1 ȋɂ�Ȍ� δ� ʹͶǤͷ kJ mol–1 

(3MeA), which is also the respective trend for nucleobase dipole moments (2.837 D (A) < 

͵ǤͲͳ� �� ȋɂ�Ȍ� δ� ͶǤͺͶ� �� ȋ͵���ȌȌǤ� ������������ǡ� ���� ���������� ��������� ������������ �� 

monomers aligns the dipole moment vectors of the nucleobase and amino acid in opposing 

directions, where the steric interactions between the monomers are minimized. Thus, 

stacking interactions are largely dependent on electrostatic interactions, which are strongly 

dictated by the dipole–dipole interactions between the Ɏ-systems. 

Similarly to stacked dimers, the interaction energies of T-shaped complexes are more 

strongly affected by the Ƚ variable when compared to the vertical and horizontal 

displacements. For example, complexes involving a HIS edge display an Ƚ dependence of up 

to 8.4 kJ mol–1 (Ʌα�Ȍ� �����ǡ�ʹͶǤ kJ mol–1 (ɅαC) f���ɂ�ǡ� ����ʹͲǤͲ kJ mol–1 (Ʌα�Ȍ� ����͵���Ǥ 

Similarly, when a neutral ��������������������������������ǡ�����������������������Ƚ����ʹͲ and 22 

kJ mol–1 ȋɅα8 and Ʌα�� ���� �� ���� ɂ�ǡ� �����������y), while the largest effect for a cationic 

3MeA edge is 29 kJ mol–1 ȋɅαͶ, Figure 3.3). Although the potential energy surface for 

��������� ������ Ƚ can be shallow for some monomer edges, the magnitude of this Ƚ 

dependence is due to the strength of secondary intramolecular interactions. Figure 3.3 

shows the orientations with the strongest interactions (after considering R1 ����ȽȌ�������� 

���������ǡ� ������ ���� ���������� ��������������� ������������� ����� ������� ���� �������� Ƚ 

alignment are highlighted with dotted lines.  

Although the T-shaped interaction energies are strongly affected by the angle of 

���������ȋȽȌǡ both neutral and cationic interaction energies have a larger dependence on Ʌ, 

as previously discussed for the dimers involving the natural nucleobase (Section 2.3.1).  
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Figure 3.3. T-shaped dimers involving adenine (top), 1,N6-ethenoadenine (middle), 3-methyladenine 

(bottom) and (a) HIS edge, (b) HIS face (nucleobase edge involving the model glycosidic bond) and 

(c) HIS face (nucleobase edge not involving model glycosidic bond). 

In fact, t����������������������������������������������������Ʌ���������������͵Ǥ͵�����ͷͷǤͷ�� 

mol–1 for each monomer. This large effect is partially due to variations in the acidic/basic 

properties of the monomer edges. For example, the acidic Ʌαͳ������������������������������ 

from the basic Ʌα͵�����ǡ������������������������ Ʌ dependence for both neutral and cationic 

HIS edge dimers.  

Intriguingly, the preferred T-shaped orientation depends on the charge of the 

interacting Ɏ-system. For neutral dimers with an amino acid edge interacting with the face 

of A ���ɂA, the most (Lewis) acidic edge of the amino acid prefers to be directed towards the 
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electron-rich Ɏ-system. For example, in the HIS edge complexes shown in Figure 3.3, the 

optimal structure directs the acidic N–H and the C–H bonds towards �����ɂ� ȋɅα�ȌǤ On the 

contrary, for cationic dimers with an amino acid edge interacting with the face of 3MeA, the 

most (Lewis) basic edge of the amino acid prefers to be directed towards the cationic 

nucleobase. The best example is the HIS complex, where directing the HIS lone pair towards 

������������������ȋɅα͵Ȍ��������������� strongest interaction energy (–61.6 kJ mol–1, Table 3.1). 

�������������ǡ����������������������������ȋɅαͳȌ��������������owards 3MeA, the interaction is 

extremely repulsive (+13.8 kJ mol–1). This is opposite to the trend discussed for ����� ɂA, 

������ ����Ʌαͳ�������� ����� ������ ��� �� ��������� ������������ (–18.4 kJ mol–1 (A) or –18.2 kJ 

mol–1 ȋɂ�)Ȍ� ����� ����Ʌα͵������� ����� (–8.8 kJ mol–1 (A) or 15.5 kJ mol–1 ȋɂ�)). Indeed, the 

optimal orientation for HIS edge interacting with these neutral Ɏ-systems ȋɅα�Ȍ����������� 

very weak interaction with 3-methyladenine (–0.3 kJ mol–1). Similarly, for the TYR edge, the 

����������������������������������������������������������������������͵����ȋɅα	Ȍǡ�������� 

acidic hydroxyl hydrogen directed towards A ��� ɂ� ȋɅα�ȌǤ� ������ �������� ����� ����� ��� 

cationic charge of the damaged nucleobase dictates the relative orientation of the amino 

acid and base, and therefore plays a large role in the nature of T-shaped interactions. 

Indeed, these results suggest that T-shaped interactions are highly dependent on 

electrostatic interactions, which is perhaps more pronounced in the cationic system.  

Due to the differences in charge, it is not surprising that the interaction energies for 

these nucleobases have a different dependence on the amino acid edge. Indeed, the 

strongest interactions for adenine and 1,N6-ethenoadenine face dimers increase as PHE < 

TYR < HIS < TRP, which is due to the relative dipole moments and size of the Ɏ-system of 

the various amino acids with conjugated Ɏ-rings, while the strengths of dimers involving 3-

methyladenine face increase as PHE < TRP < TYR < HIS, which is due to the increasing 

basicity of the amino acid. Since the favoured monomer orientation in nucleobase face 
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dimers depends on the relative acidity and basicity of the amino acid edge, a larger amino 

acid dipole moment causes a larger variation in the interaction energies as a function of Ʌ.  

For complexes involving amino acid faces, the optimal interaction occurs with the most 

acidic nucleobase ����ǡ� ���������� ���������������� ȋɅαͶ� (�ǡ� ɂ�ǡ����͵���) ����Ʌα�� (ɂ���� 

3MeA)), directed towards the electron-rich amino acid Ɏ-system. The present observations 

for 3-methyladenine edge dimers are consistent with previous research on the benzene 

(face)–pyridinium cation (edge) interactions,152 where the strongest T-shaped complex 

directs the N–H bond of pyridinium towards the Ɏ-system of benzene.�For the interactions 

that do not involve the glycosidic bond, the strongest binding occurs when one N–H bond of 

the �����������������ȋɅαͺȌ or two C–�����������ɂ��(Ʌαʹ�����Ȍ�����������������e amino acid 

Ɏ-system (Figure 3.3c)Ǥ�����������������������������͵����ȋɅα
Ȍ�������������������������� 

most stable complex, two C–�ȉȉȉɎ� ������������� ȋɅα�Ȍ� ������ ���� ����������������������� ��� 

remaining amino acid faces. Due to the similarity in the structures of �ǡ�ɂ�, and 3MeA edges, 

the optimal interactions for amino acid face dimers generally increase with the dipole 

moments, as well as the size of the Ɏ-system, of the amino acids with conjugated Ɏ-rings 

(PHE < TYR < HIS < TRP) in the strongest complexes. Collectively, these results suggest that 

electrostatics play a very important role in the structure of T-shaped complexes. 

3.3.2.� Effects of Nucleobase Alkylation on the Magnitude of T-shaped and 

Stacking Interactions  

To fully examine the magnitude of the nucleobase–amino acid interactions and further 

validate the use of MP2/6-31G*(0.25), the stacking and T-shaped interactions for structures 

with the strongest (most negative) interactions as found in the MP2/6-31G*(0.25) potential 

energy surface scans were estimated at the CCSD(T)/CBS limit. Table 3.1 displays the 

MP2/6-31G*(0.25) interaction energies and the CCSD(T)/CBS estimates. These high-level 

calculations show that CCSD(T)/CBS and MP2/6-31G*(0.25) results deviate by 0.5–6 kJ  
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mol–1 (up to 10%) for all stacked dimers and 0–2 kJ mol–1 (up to 9%) for all T-shaped 

dimers. Therefore, the MP2/6-31G*(0.25) calculations account for 92–110% of the 

CCSD(T)/CBS interaction energies. This is an even better agreement between MP2/6-

31G*(0.25) and CCSD(T)/CBS energies than previously reported in Section 2.3.2 (80–

110%), as well as those reported for the stacking interactions between the natural 

nucleobases (only 80% of the CCSD(T)/CBS stacking interaction is recovered at the MP2/6-

31G*(0.25) level).87,105,107,114,144 This expands upon the original justification for the use of 

MP2/6-31G*(0.25) potential energy surface scans as a balance between cost and accuracy. 

Nevertheless, CCSD(T)/CBS is found to strengthen T-shaped interactions (by up to 9%) and 

weaken stacking interactions (by up to 10%). These differences indicate that the strength of 

the stacking and T-shaped complexes are even more similar at the CCSD(T)/CBS level of 

theory compared with MP2/6-31G*(0.25). Therefore, in order to provide an accurate 

comparison for these systems, it is important to examine the T-shaped and stacking 

interactions of nucleobase–amino acid dimers at the CCSD(T)/CBS level, therefore only 

these CCSD(T) results will be discussed below.  

The calculated binding strengths for adenine dimers are found to range from –15 to  

–35 kJ mol–1Ǥ� ������ ������������� ��������� ��������� ����� ����������� ��� ����� ɂ�ǡ� ������ ��� 

interaction energies ranging between –17 to –46 kJ mol–1. In contrast, the interactions with 

(cationic) 3MeA are even larger (ranging from –18 to –71 kJ mol–1). This suggests that 

alkylation to generate a charged nucleobase has a more substantial effect on the preferred 

stacking and T-shaped interaction energies than neutral alkylation damage. 

Closer examination of these interaction energies indicate that any given stacked 

complex increases in strength by 15–Ͷ͵Ψ�������������������������������ɂ�ǡ����2–114% for 

3MeA. Additionally, amino acid edge complexes increase in interaction energy by 12–36% 

or 17–176% upon alkylation ���ɂ�����͵���ǡ������������y. Interestingly, these increases in 
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�������������ɂ���������������������������������� Ʌ edges as A, yet large structural changes 

occur when the Ɏ-system of 3MeA is involved. Indeed, the largest geometric effect is 

observed for the HIS edge (Ʌα͵Ȍ� ����������������� ��� Ɏ-system of 3MeA (–61.6 kJ mol–1, 

Table 3.1), where this geometry and interaction energy is consistent with a previously 

published pyridinium (edge)–benzene (face) interaction (–61.7 kJ mol–1 at the same level of 

theory).152�The magnitude of this HIS edge interaction is also consistent with the magnitude 

of similar lp–Ɏ interactions involving various cationic nucleobases calculated by Egli et al.164 

Intriguingly, T-������� ������������� ���������� ���� ����� ��� ɂ�� ����� ������ ��� �������� 

slightly (0.8–7%) from the corresponding natural (A) nucleobase edge interactions with 

HIS, TYR, and ���ǡ�����������������������������������������ɂ����������������������N–H bond. 

Although there is not a large change in the preferred nucleobase orientation upon alkylation 

to 3MeA, the cationic charge increases the acidity of the nucleobase bonds interacting with 

the amino acid face, which results in stronger nucleobase interaction energies. Indeed, the 

effect of alkylation in these 3MeA complexes corresponds to a 72–125% increase in 

interaction strength. In summary, ����������� ���ɂ�������������� ����������� increase (up to 

43%) or decrease (up to 7%) in the preferred Ɏ–Ɏ interactions found for the natural base, 

yet 3MeA has a much larger effect (up to 175%) on the adenine interactions.  

This study has been instrumental in understanding the energetic and geometric 

significance of adding a cationic charge to DNA–protein complexes. Indeed, Kim and 

coworkers investigated stacked and T-shaped Ɏ+–Ɏ interactions involving one cationic Ɏ-

system and benzene, and suggested that stacked Ɏ+–Ɏ complexes are a special type of 

noncovalent interaction that cannot be described as either a (neutral) Ɏ–Ɏ or 

cation(metal)–Ɏ interaction.168 However, it is uncertain whether this Ɏ+–Ɏ interaction 

classification is only relevant for stacked orientations, or whether it also becomes important 

in other noncovalent (T-shaped or hydrogen-bonded) systems that involve monomers other 
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than benzene. Therefore, the next section will examine the interplay of the attractive 

(electrostatic, dispersion, and induction) and repulsive (exchange repulsion) forces 

responsible for stabilizing these potentially different noncovalent complexes. 

3.3.3.� Fundamental Differences Between Noncovalent Interactions 

To gain further insights into whether Ɏ+–Ɏ contacts are indeed a unique type of 

noncovalent interaction, a detailed interaction energy analysis using DFT-symmetry-

adapted perturbation theory (DFT-SAPT) was completed on the strongest stacked and T-

shaped complexes between histidine and neutral adenine or cationic 3-methyladenine. 

These systems were chosen due to their strong geometric variable dependence, where A 

and 3MeA are structurally similar, but still provide insights into how a cationic charge on 

the Ɏ-system changes the interaction energy components in these different structural 

arrangements. Additionally, the corresponding hydrogen-bonded structures with histidine 

(Figure 3.4) are included for comparison to the stacked and T-shaped interactions (Figure 

3.3 top and bottom), which will indicate whether these two (nonspecific) types of 

interactions are distinct noncovalent contacts from each other, as well as from (specific) 

hydrogen-bonding interactions.  

DFT-SAPT calculations examine the competing forces present in DNA–protein systems 

by dissecting the total interaction energy (Eint) into physically meaningful components 

(electrostatic (Eelec), induction (Eind), dispersion (Edisp) and exchange repulsion (Eexch), Table 

3.2). This method has been shown to provide accurate information about the fundamental 

interactions present in a variety of biomolecular systems.117,119,169-175 Full computational 

details for these calculations, as well as the approach taken to study the hydrogen-bonded 

dimers, are reported in Appendix F. 

To examine the fundamental differences between a variety of noncovalent interactions,  
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Figure 3.4. MP2/6-31+G(d,p) structures (distances (Å) and angles (°, in parentheses)) and 

nomenclature for hydrogen-bonded systems involving histidine and (a) adenine or (b) 3-

methyladenine. 

Table 3.2. Intermolecular interaction energies (kJ mol–1) and percentages of energy components in 

histidine noncovalent complexes. 

 Complex Eint Eelec Eind Edisp Eexch Eattract
[a] %Eelec

[b] %Eind
[c] %Edisp

[d] 

A
d

e
n

in
e

 

HIS stacked –23.5 –22.3 –4.6 –33.2 73.5 –60.1 37.1 7.7 55.2 

HISƍ stacked –20.6 –20.6 –4.5 –34.7 89.7 –59.8 34.4 7.5 58.0 

HIS edge –19.2 –13.4 –4.3 –18.0 68.0 –35.7 37.5 12.0 50.4 

HIS face[e] –30.2 –26.5 –9.6 –15.3 36.6 –51.4 51.6 18.7 29.8 

 –20.7 –18.4 –5.5 –15.4 39.2 –39.3 46.8 14.0 39.2 

HIS(N1)[f] –34.0 –62.9 –22.4 –22.2 16.5 –107.5 58.5 20.8 20.7 

HIS(N9)[f] –52.4 –83.6 –33.7 –24.8 21.2 –142.1 58.8 23.7 17.5 

HIS(N6)[f] –35.7 –60.9 –21.3 –21.5 18.6 –103.7 58.7 20.5 20.7 

3
-m

e
th

y
la

d
e

n
in

e
 HIS stacked –39.9 –33.7 –10.5 –35.9 40.2 –80.1 42.1 13.1 44.8 

HISƍ stacked –41.1 –35.3 –10.1 –35.4 39.7 –80.8 43.7 12.5 43.8 

HIS edge –56.1 –51.4 –12.6 –19.9 27.8 –83.9 61.3 15.0 23.7 

HIS face[e] –58.7 –44.2 –18.7 –13.6 17.8 –76.5 57.8 24.4 17.8 

 –40.2 –30.2 –12.3 –14.9 17.2 –57.4 52.6 21.4 26.0 

HIS(N9)[f] –105.4 –136.5 –75.5 –28.5 135.1 –240.5 56.8 31.4 11.9 

HIS(N6)[f] –74.1 –106.1 –52.3 –24.1 108.4 –182.5 58.1 28.7 13.2 

HIS(C2)[f] –62.5 –73.2 –23.2 –18.3 52.2 –114.7 63.8 20.2 16.0 

[a] Eattract α� Eelec + Eind + Edisp. [b] %Eelec is Eelec/Eattract and represented as a percentage. [c] %Eind is 

Eind/Eattract and represented as a percentage. [d] %Edisp is Edisp/Eattract and represented as a percentage. 
[e] Nucleobase edge interactions involving the model glycosidic bond are reported first, followed by 

the nucleobase edge interaction that does not involve the glycosidic bond. [f] See Figure 3.4 for the 

structures and nomenclature of hydrogen-bonded complexes. 

the (percent) contribution of electrostatic, induction, and dispersion energies to the total 

(attractive) interaction energy were analyzed using an approach similar to that originally 

implemented by Kim and coworkers.168 Therefore, Table 3.2 reports the total attractive 



71 

 

interaction energy (Eattract) and the corresponding percentage contributions from each 

attractive force. It should be noted that the total interaction energy calculated with DFT-

SAPT underestimates the MP2/6-31G*(0.25) stabilization energy (Table 3.1) by 26–32% for 

stacked systems, but much closer agreement is observed for T-shaped complexes (7–17%). 

Nevertheless, general trends in the stabilization energies are still present at this level of 

theory, and therefore this analysis is not expected to be greatly affected by the interaction 

energy discrepancy.  

The examined stacking interactions exhibit very large dispersion energies 

corresponding to over 50% of the stabilization for neutral, and ~44% for cationic systems. 

This observation is consistent with investigations of the classically studied benzene dimer, 

as well as the general acceptance that (neutral) stacked complexes are largely dominated by 

dispersion interactions.98,101 However, in the Ɏ+–Ɏ stacked system, an almost equal 

percentage of stabilization is obtained from the electrostatic component, and there is a 

slightly larger induction dependence (13%) than observed for the neutral dimers (7%). 

Therefore, the present results are consistent with the trends observed by Kim and 

coworkers for benzene containing systems,168 suggesting that Ɏ–Ɏ� �������� ������������� 

for a variety of Ɏ-systems are dominated by dispersion, yet Ɏ+–Ɏ� ������� ����� ��� ���� 

dispersion and electrostatics.  

In T-shaped complexes, the neutral systems exhibit a stronger dependence on 

electrostatics (ranging from 38–52% of attractive forces), which leads to a slightly lower 

percentage of dispersion than observed for the stacked dimers. However, the dispersion 

component ranges from 30–50%, and therefore also plays a significant role in neutral T-

shaped complexes. When a cationic charge is present in the T-shaped system, the 

electrostatic contribution is dominant, being on average 57% of the attractive forces. 

Indeed, this leaves induction and dispersion to play an almost equal role, averaging 20% 
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and 22% of the overall attractive interaction energy, respectively. Therefore, it appears that 

both Ɏ–Ɏ and Ɏ+–Ɏ interactions, as well as stacked and T-shaped orientations, are governed 

by different attractive forces, and therefore are indeed very distinct classes of interactions. 

As proposed in Sections 3.3.1 and 3.3.2, this data indicates that cationic T-shaped 

complexes exhibit a much larger electrostatic dependence than the neutral dimers. 

Although speculations have been made that such T-shaped complexes are simply hydrogen-

bonding interactions,152 Table 3.2 shows that (cationic) hydrogen-bonding interactions 

form yet another distinct class of noncovalent interactions. In particular, these contacts 

exhibit much stronger induction dependencies than either the stacked or T-shaped dimers. 

Additionally, as a consequence of the large induction and electrostatic components, the 

dispersion contribution for hydrogen-bonded complexes is much smaller than observed for 

T-shaped interactions. Therefore, it is proposed that neutral and cationic noncovalent 

interactions between two Ɏ-systems are a separate class of interactions in T-shaped, 

stacked, or hydrogen-bonded orientations since they are fundamentally governed by 

different attractive forces.  

3.4.�Conclusions 

Stacking and T-shaped interactions between all amino acids with conjugated Ɏ-rings 

and 1,N6-ethenoadenine or 3-methyladenine were investigated to gain information about 

how neutral and cationic nucleobase alkylation affects the geometry and magnitude of 

preferred noncovalent complexes. Additionally, the present work expanded upon the 

understanding of these interactions by extrapolating the strongest interaction energies to 

the CCSD(T)/CBS level, where these results emphasize the importance of comparing these 

interactions at the highest level of theory possible. These calculations determined that the 

structure of stacked dimers are not largely affected by neutral or cationic alkylation 

damage, yet the structure of the preferred T-shaped interactions are highly dependent on 
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the charge of the system. Indeed, the strongest T-shaped interactions depend on the 

properties of the monomer face and monomer edge, where the most acidic edge is directed 

towards the (neutral) Ɏ-systems of �����ɂ� and the amino acids, while the most basic edge is 

directed towards (cationic) 3MeA. In fact, the interaction energy decomposition calculations 

presented in this chapter suggest that the Ɏ–Ɏ� ��������� ���� T-shaped interactions that 

occur in neutral or cationic systems are fundamentally different, where all three 

noncovalent interactions (stacking, T-shaped, and hydrogen-bonding) are governed by a 

distinct interplay of attractive forces. Indeed, this work proposes that chemists examining 

noncovalent interactions in many molecular environments (biological molecules, self-

assembly in materials chemistry, etc.) must view these interactions as distinct noncovalent 

contacts to obtain a full representation of these systems. 

It was found that the magnitude of these Ɏ–Ɏ interactions involving neutral 

nucleobases are up to –35 (A) or –46 kJ mol–1 ȋɂ�Ȍ, which is comparable to biologically-

relevant hydrogen bonds evaluated at the same high level of theory. However, the effect of 

��������������ɂ��������������������������������������ȋ������ΨȌ�������������ȋ������Ͷ͵ΨȌ���� 

Ɏ–Ɏ interaction energies of natural A, indicating that these interactions alone cannot 

provide a discriminatory recognition or binding step for neutral substrates of AAG. 

Remarkably, interactions involving cationic 3-methyladenine are found to be very strong 

(up to –70 kJ mol–1), which is much larger than the corresponding adenine interactions (up 

to 176% increase upon alkylation). Thus, the present work indicates that the charge of the 

Ɏ-system is the most important factor governing the preferred relative orientation of the 

amino acid and nucleobase. This provides clues about potential binding preferences of the 

cationic substrates within the active site of AAG.  

Despite the fact that this chapter provides significant insights into the fundamental 

forces governing noncovalent dimers, as well as their application to the DNA repair 
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mechanism used by AAG, the systems studied only involve one nucleobase interacting with 

one conjugated amino acid. Indeed, stacking and T-shaped interactions with multiple amino 

acids commonly occur in nature and it is currently unclear what implications additional 

amino acids might have on these noncovalent contacts. For instance, the differences 

between the Ɏ–Ɏ and Ɏ+–Ɏ stabilities observed in this chapter may diminish as the charge 

delocalizes over a larger system. Therefore, further studies must examine larger (trimer) 

complexes with both neutral and cationic Ɏ-systems, which is the subject of the next 

chapter. 
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Chapter 4.� Additivity of Ɏ–Ɏ� ���� Ɏ+–Ɏ Stacking and T-shaped 

Interactionsa 

 

4.1.�Introduction 

Chapters 2 and 3 have illustrated the importance of studying nucleobase–amino acid 

stacking and T-shaped dimers between the four amino acids with conjugated Ɏ-rings and 

natural or damaged nucleobases. However, more than one noncovalent interaction can 

simultaneously occur in nature. For example, in the human alkyladenine DNA glycosylase 

(AAG), multiple stacking and T-shaped interactions are exploited to bind substrates in the 

active site (Figure 1.10).57 Therefore, it is important to investigate how additional amino 

acids affect the Ɏ–Ɏ interactions in nucleobase–amino acid dimers. In fact, both the 

geometry and binding energy of a dimer may be affected by additional contacts. 

Alternatively, it is possible that the monomers in the trimer retain their preferred relative 

orientations in the dimer (geometric additivity) and the resulting interactions between 

monomers are of equal strength in the dimer and trimer (energetic additivity). 

Previous computational studies have examined the geometric and energetic additivity 

of a variety of noncovalent interactions (such as hydrogen-bonding, Ɏ–Ɏ���������ǡ�T-shaped, 

small molecule X–�ȉȉȉɎ�ȋ�α�ǡ��ǡ��ǡ��Ȍǡ������n–Ɏ�(involving a cationic point charge), and Ɏ+–Ɏ 

(involving a cationic Ɏ-system)) in biological and non-biological systems (for select studies 

see references 100, 106, 139, 168, and 176–195). For example, extensive studies have been 

conducted on the Ɏ–Ɏ��������������T-shaped interactions between benzene rings in trimers 

and tetramers.100,176,188 DNA nucleobase trimers have also been investigated to understand 

                                                             
a Reprinted with permission from Rutledge, L. R.; Churchill, C. D. M.; Wetmore, S. D. J. Phys. Chem. 
B 2010, 114, 3355–3367. Copyright 2010 American Chemical Society. 
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the additivity of stacking and hydrogen-bonding interactions.106,181-182,187 A recent study 

investigated the additivity of Ɏ–Ɏ stacking and Na+–Ɏ interactions in trimers composed of 

uracil, phenylalanine and sodium ions.139 Furthermore, a large number of calculations have 

been conducted by Frontera et al. that study the interplay between a wide range of 

noncovalent interactions involving various molecular systems.178,180,183-185,189-192 

Despite the significant number of complexes studied in the literature, very few groups 

have considered the geometry and binding strength of (edge-to-face) T-shaped interactions 

between Ɏ-ring systems in trimers.100,168,176,184-185,189,193 Additionally, complexes previously 

investigated involve symmetric molecules, which result in highly-symmetric  

trimers.98, 174,182-183,187,191 To the best of my knowledge, only one study considered T-shaped 

interactions between two Ɏ-systems in asymmetric (C1) trimers other than benzene.168 

Although the effects of hydrogen bonding a small molecule (H2O, Cl– or Br–) to a T-shaped 

interaction were considered in trimers,168 the additivity of T-shaped contacts with other Ɏ–

Ɏ contacts was not studied. Therefore, in order to truly understand the interplay between 

stacking and T-shaped interactions between two Ɏ-systems in biological complexes (such as 

those in the active site of AAG), trimers involving many relative arrangements of the 

nucleobases and the amino acids with conjugated Ɏ-rings must be investigated.  

To complement geometric and energetic information for trimers, some researchers 

have used Bader’s Quantum Theory of Atoms in Molecules (QTAIM)196-199 analysis. QTAIM 

has been widely used to characterize a large assortment of noncovalent interactions (for 

examples, see references 110, 139, 177–179, 183–185, 189, 191–193, and 200–220), and 

may be quite powerful for analyzing the cooperative effects of the interactions within 

trimers. However, QTAIM analyses for Ɏ–Ɏ and Ɏ+–Ɏ stacked and T-shaped systems are 

scarce in the literature, and few studies have examined systems with C1 symmetry and/or 

biologically-relevant molecules.139,188,204-206,209-211,220  
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This chapter investigates the geometries and binding strengths of amino acid–

nucleobase–amino acid trimers, which will be compared to the corresponding dimers 

previously studied.221 As a test case, this work concentrates on systems containing the 

natural nucleobase adenine (A) or the (cationic) damaged counterpart, 3-methyladenine 

(3MeA), and the amino acid histidine, in both the neutral (His) and protonated (His+) forms 

(Figure 4.1). These systems were chosen since Chapter 3 has shown the importance and 

distinct differences between Ɏ–Ɏ and Ɏ+–Ɏ interactions, which need to be further examined 

in larger trimer systems. Previous work in the Wetmore group has considered the stacking 

and T-shaped interactions between protonated histidine and the natural nucleobases221 

since histidine can be present in a neutral or protonated form under physiological 

conditions.136 Therefore, the systems studied will provide an additional avenue for 

investigating Ɏ+–Ɏ interactions within trimers by introducing the cationic charge in the 

central nucleobase (3MeA) or the terminal amino acid (His+).  

This chapter will provide information about the geometric and energetic additivity of 

Ɏ–Ɏ������������� Ɏ–Ɏ T-shaped interactions in asymmetric systems. It has been proposed 

that cation–Ɏ interactions strengthen in trimers and result in a greater than additive 

interaction energy.139,178,180,183,186,190,192 However, since Ɏ+–Ɏ����������ons are quite different 

from the typically examined cation–Ɏ� ������������ involving a cationic point charge, it is 

unclear how these different interactions will behave in trimers. Finally, this chapter will use 

QTAIM to analyze the interaction energies in nucleobase–amino acid dimers and trimers to 

help bridge the gap in the current QTAIM (trimers) literature.  

4.2.�Computational Details 

4.2.1.� Geometries of Dimers 

The optimal stacked and T-shaped orientations of nucleobase–amino acid dimers  
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Figure 4.1. Structure and atomic numbering of neutral and protonated histidine (His and His+, 

respectively) and the natural (adenine (A)) and damaged (3-methyladenine (3MeA)) nucleobases 

considered in this chapter. 

identified through MP2/6-31G*(0.25) potential energy surface scans in Chapters 2 and 3 for 

adenine and 3-methyladenine, respectively, as well as previous work for protonated 

histidine,221 were examined in the present study. Specifically, the strongest HIS and HISƍ 

stacked dimers, as well as the HIS edge T-shaped interactions (referred to as HIS(edge)) 

were considered. Due to the symmetry of protonated histidine, only one stacked dimer is 

possible (HIS+), and the HIS+ edge T-shaped dimers (HIS+(edge)) directs the acidic N–H 

bond towards the Ɏ-system of neutral adenine. This results in a total of eight stacked and T-

shaped dimer geometries for the present work.  

4.2.2.� Geometry of Trimers 

Trimers composed of one amino acid located directly above, and a second amino acid 

directly below the molecular plane of the nucleobase were investigated due to their greater 

relevance to the AAG active site. All combinations of stacked and T-shaped orientations 

were considered to yield three possible trimer arrangements: (1) stacked_stacked, (2) 

stacked_T-shaped, and (3) T-shaped_T-shaped. To distinguish between the geometries and 

molecules examined, each trimer is named according to its corresponding dimers. For 

example, in the HIS_A_HIS(edge) trimer, one histidine is stacked (HIS) with adenine, which 

is the central monomer, and another histidine is T-shaped (HIS(edge)) relative to adenine. 

Due to the choice in molecules and differences in their total charges, three types of trimers 

were considered: A and two neutral His (His:A:His), cationic 3MeA and two neutral His 

(His:3MeA:His), and A with one neutral His and one charged His+ (His:A:His+). In the case of 
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T-shaped trimers, only the optimal amino acid-edge previously identified for the dimers 

was considered.221 This combination of stacked (HIS, HISƍ or HIS+) or T-shaped (HIS(edge) 

or HIS+(edge)) orientations yields 18 trimers (six His:A:His, six His:3MeA:His, and six 

His:A:His+). It should be noted that because the nucleobases are fixed in planar Cs symmetry, 

the same trimer is obtained whether the interactions occur ‘above’ or ‘below’ the plane of 

the nucleobase. 

MP2/6-31G*(0.25) potential energy surface scans were performed for six 

representative trimers to determine how the preferred trimer geometry differs from the 

preferred dimer geometries. This choice in trimers will provide an understanding of the 

interplay between two Ɏ–Ɏ or two Ɏ+–Ɏ interactions, which are specific to the intended 

application (AAG repair). These trimers are expected to exhibit the largest geometrical 

changes (if any) from the relative dimers. Specifically, for the HIS_A_HIS, HIS_A_HIS(edge), 

HIS(edge)_A_HIS(edge), HISƍ_3MeA_HISƍ, HISƍ_3MeA_HIS(edge), and 

HIS(edge)_3MeA_HIS(edge) trimers, the monomers were first aligned according to their 

centers of mass. Next, an R1 scan (vertical separation, Figure 2.2) was performed for one 

amino acid in 0.1 Å increments. At each of these R1 values, a full R1 scan was completed for 

the second amino acid. Once the lowest energy structure was identified, the preferred R1 

distances were held constant and the preferred Ƚ values (angle of rotation, Figure 2.2) were 

determined. Specifically, for every 30° rotation of one amino acid, a full Ƚ scan was 

completed for the other amino acid, and vice versa. Once the best Ƚ values were determined 

for both amino acids, R2 scans (horizontal displacement, Figure 2.2) were performed 

simultaneously on the area surrounding the dimer global minima. This procedure resulted 

in over 950 points scanned for each trimer. 

4.2.3.� Interaction Energy of Trimers 

For each amino acid–nucleobase dimer and amino acid–nucleobase–amino acid trimer, 
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the MP2/6-͵ͳ
ȗȋͲǤʹͷȌ� ��������������������� ȋȟEdimer ����ȟEtrimer) were evaluated using the 

supramolecular approach.b To further evaluate the interplay of stacking and T-shaped 

interactions in trimers, two quantities denoted as Esyn (synergy energy) and Eadd (additivity 

energy) were calculated. The MP2/6-31G*(0.25) synergy energy (Esyn) is the difference 

�������� ���� ������� ������������ ������� ȋȟEtrimer(123)) and the two nucleobase–amino acid 

dimer interaction energies (ȟEdimer(12) and ȟEdimer(23)). The MP2/6-31G*(0.25) additivity 

energy (EaddȌ� ��� ��������������������������� ������� �������������������ȋȟEtrimer(123)) and the 

sum of all pairwise interaction energies (ȟEdimer(12), ȟEdimer(23) and ȟEdimer(13)). 

All trimer potential energy surface scans and interaction energy calculations were 

completed with Gaussian 03.154 To further investigate the synergy and additivity of these 

noncovalent interactions, MP2/6-31G*(0.25) electron densities for dimers and trimers were 

generated with Gaussian 09,222 and analyzed according to the quantum theory of atoms in 

molecules (QTAIM).196-198 Explicitly, AIMAll223 was used for electron density critical point 

analysis and the AIM2000224 program was used to generate molecular graphs. All reported 

interaction energies correspond to (BSSE-free) counterpoise-corrected143 MP2/6-

31G*(0.25). 

4.3.�Results and Discussion 

4.3.1.� Geometric Additivity in Trimers 

As mentioned in Section 4.2.2, it is important to determine whether the geometries of 

the nucleobase–amino acid dimers change upon inclusion of an additional amino acid in the 

trimer. To determine the preferred trimer geometries, six test cases were considered and 

potential energy surface scans of both amino acids in these trimers were completed 

                                                             
b For example, the interaction energy for a nucleobase–�����������������ȋȟEdimer(12)), or amino 

acid–nucleobase–������ ����� ������� ȋȟEtrimer(123)), is evaluated as: ȟEdimer(12)αE12–E1–E2 or 

ȟEtrimer(123)αE123-E1-E2-E3. E12 (E123) is the MP2/6-31G*(0.25) energy of the dimer (trimer) which 

includes a BSSE correction, where E1 and E3 are the amino acid monomer energies, and E2 is the 

nucleobase monomer energy. 
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simultaneously. For five of the six trimers (HIS_A_HIS, HIS_A_HIS(edge), 

HIS(edge)_A_HIS(edge), HISƍ_3MeA_HIS(edge), HIS(edge)_3MeA_HIS(edge)), all preferred R1 

and Ƚ values for the trimer match the optimal geometric parameters for the respective 

dimers previously determined (see Appendix G for the HIS_A_HIS(edge) example). 

Additionally, R2 scans were performed on points surrounding the dimer global minima and 

revealed that the trimer R2 minima occur at the same point on the potential energy surface 

as the corresponding dimer minima (Appendix G).  

In the case of HISƍ_3MeA_HISƍ, the optimal R1 and R2 values for the trimer matched 

those for the dimer (see Appendix G). However, the preferred Ƚ minimum for the histidine 

and 3-methyladenine dimer (ȽαͳͺͲιȌ�������������������ne stacked histidine in the trimer, 

but the other stacked histidine prefers ȽαͳͷͲιǤ� ������������ǡ� ���� ͵���̴��Sƍ dimer with 

ȽαͳͺͲι� (–52.3 kJ mol–1) is only 0.1 kJ mol–1 more stable than the structure with ȽαͳͷͲιǤ 

Since the preferred Ƚ for the trimer and dimer differ by only one (30°) increment, an 

additional Ƚ scan was performed on the HISƍ_3MeA_HISƍ trimer and 3MeA_HISƍ dimer using 

smaller (3°) increments. In both the dimer and trimer, the more refined search determined 

the minimum to occur at Ƚαͳͷι� ȋ���������
Ȍǡ������� ���������� ȋ������Ȍ����� Ƚαͳͷι� �� 

only 0.7 (1.2) kJ mol–1 more stable than the original minimum. Therefore, although the 

HISƍ_3MeA_HISƍ trimer is sensitive to the increments originally used in potential energy 

surface scans, the geometries are in fact additive.  

The present finding that the preferred trimer geometries match those for the 

corresponding dimers is consistent with previous work on the benzene (sandwich) 

trimer.176 Specifically, the intermolecular separation distance in the benzene trimer is 

increased by only 0.05 Å relative to the dimer, which results in a total energy change of only 

0.1 kJ mol–1. The present study reveals that this geometric additivity holds for both stacked 

and T-shaped interactions between two Ɏ-systems, as well as both Ɏ–Ɏ and Ɏ+–Ɏ 
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interactions. Thus, all trimers discussed in the remainder of this study were constructed 

using the geometric variables previously determined to yield the strongest (most negative) 

dimer interaction energies (Chapter 2 and 3, as well as reference 221). 

4.3.2.� Interaction Energy of Trimers 

The interaction energies computed for the 18 amino acid–nucleobase–amino acid 

trimers, as well as the corresponding dimers, are summarized in Table 4.1. An energetic 

dissection of each trimer energy into the dimer components, as well as the synergy (Esyn) 

and additivity (Eadd) energy are also included. To clarify these energetic components, the 

HIS_A_HIS(edge) trimer is illustrated in Figure 4.2. In this trimer, one histidine is stacked 

with A (HIS) and one histidine is T-shaped with A (HIS(edge)). The total counterpoise-

corrected binding energy for this three component system is –52.5 kJ mol–1 (Figure 4.2a). 

The nearest-neighbor nucleobase–amino acid dimers have interaction energies of –22.5 

(HIS(edge), Figure 4.2b) and –29.7 (HIS, Figure 4.2c) kJ mol–1, and therefore their sum is  

–52.2 kJ mol–1. By subtracting the sum of these nucleobase–amino acid dimer energies 

(ȟEdimer(12) + ȟEdimer(23), Table 4.1) from the total trimer interaction energy, the synergy 

energy is obtained (Esynα–0.3 kJ mol–1). Esyn provides valuable information regarding the 

interplay between two nucleobase–amino acid interactions, where the slightly negative 

value for the HIS_A_HIS(edge) trimer indicates that the total binding energy of the trimer is 

only marginally stronger than the sum of the two nearest-neighbour dimer interactions. 

Table 4.1 also reports the interaction energy between the two amino acids when the 

nucleobase is not present (ȟEdimer(13)). In the HIS_A_HIS(edge) trimer, the histidine–histidine 

interaction (Figure 4.2d) is slightly attractive (–0.4 kJ mol–1). The mutual influence of both 

nucleobase–amino acid interactions is evaluated by including this interaction energy 

(EaddαEsyn–ȟEdimer(13)). EaddαͲǤͳ kJ mol–1 indicates that the HIS_A_HIS(edge) trimer 

interaction can be predicted as a sum of the three pairwise binding energies, or that these 
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interactions are additive.  

Table 4.1. MP2/6-31G*(0.25) total dimer and trimer interaction energies, as well as synergy (Esyn) 

and additivity (Eadd) energies for the trimers (kJ mol–1). 

Complex ȟE[a] ȟEdimer(12)+  

ȟEdimer(23)
[b] 

Esyn
[c] ȟEdimer(13)

[d] ȟEdimer(12)+  

ȟEdimer(23)+  

ȟEdimer(13)
[e]  

Eadd
[f] 

A_HIS –29.7 — — — — — 

A_HISƍ –27.2 — — — — — 

A_HIS(edge) –22.5 — — — — — 

3MeA_HIS –51.7 — — — — — 

3MeA_HISƍ –52.7 — — — — — 

3MeA_HIS(edge) –61.6 — — — — — 

A_HIS+ –58.4 — — — — — 

A_HIS+(edge) –66.0 — — — — — 

HIS_A_HIS –58.7 –59.4 0.7 2.2 –57.2 –1.5 

HISƍ_A_HISƍ –53.6 –54.4 0.8 2.2 –52.2 –1.4 

HIS_A_HISƍ –56.5 –56.9 0.4 1.7 –55.2 –1.3 

HIS_A_HIS(edge) –52.5 –52.2 –0.3 –0.4 –52.6 0.1 

HISƍ_A_HIS(edge) –50.8 –49.7 –1.1 0.5 –49.2 –1.6 

HIS(edge)_A_HIS(edge) –41.5 –45.0 3.5 2.6 –42.4 0.9 

HIS_A_HIS+ –92.8 –88.1 –4.7 –2.6 –90.7 –2.1 

HISƍ_A_HIS+ –91.0 –85.6 –5.4 –3.2 –88.8 –2.2 

HIS(edge)_A_HIS+ –64.9 –80.9 16.0 11.4 –69.5 4.6 

HIS_A_HIS+(edge) –94.0 –95.7 1.7 3.2 –92.5 –1.5 

HISƍ_A_HIS+(edge) –94.5 –93.2 –1.3 1.2 –92.0 –2.5 

HIS(edge)_A_HIS+(edge) –71.4 –88.5 17.1 13.6 –74.9 3.5 

HIS_3MeA_HIS –101.0 –103.5 2.5 2.2 –101.3 0.3 

HISƍ_3MeA_HISƍ –102.6 –105.3 2.7 2.2 –103.1 0.5 

HIS_3MeA_HISƍ –102.2 –104.4 2.2 1.7 –102.7 0.5 

HIS_3MeA_HIS(edge) –109.6 –113.3 3.7 1.9 –111.4 1.8 

HISƍ_3MeA_HIS(edge) –110.1 –114.3 4.2 2.2 –112.1 2.0 

HIS(edge)_3MeA_HIS(edge) –115.4 –123.2 7.8 3.9 –119.3 3.9 
[a] ȟ�� ��� ���� ������������ ������� ��� ���� ������ ��� ������Ǥ [b] ȟEdimer(12)+ ȟEdimer(23) is the sum of the 

(nearest neighbor) nucleobase–amino acid dimer interaction energies. [c] The synergy energy 

(EsynαȟEtrimer(123)– ȟEdimer(12)– ȟEdimer(23)). [d] ȟEdimer(13) is the interaction energy of the amino acid–

amino acid dimer in the trimer geometry. [e] ȟEdimer(12)+ ȟEdimer(23)+ ȟEdimer(13) is the sum of all dimer 

interaction energies. [f] The additivity energy (EaddαȟEtrimer(123)– ȟEdimer(12)– ȟEdimer(23) – ȟEdimer(13)). 

Examination of Esyn (Table 4.1) indicates that trimers involving adenine as the central 

nucleobase (His:A:His and His:A:His+ complexes) are either strengthened (Esyn < 0) or 

weakened (Esyn > 0) when compared to the two corresponding nucleobase–amino acid 

dimers. However, the magnitude of Esyn is smallest for the neutral His:A:His trimers,  
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Figure 4.2. A representative example of the MP2/6-31G*(0.25) interaction energies (kJ mol–1, Table 

4.1) for the (a) HIS_A_HIS(edge) trimer, which contains two nearest-neighbour nucleobase–amino 

acid dimer interactions ((b) T-shaped adenine and histidine (HIS(edge)) and (c) stacked adenine and 

histidine (HIS)), as well as (d) one histidine–histidine interaction. 

suggesting that Ɏ–Ɏ interactions have different properties from Ɏ+–Ɏ interactions. For 

trimers containing 3MeA, Esyn is positive, which indicates that the trimer interaction energy 

is weaker than predicted from the sum of two nucleobase–amino acid dimers. In 3MeA 

trimers, any given dimer interaction weakens since the cationic charge located on the 

central monomer becomes delocalized over the entire complex upon trimer formation. 

These results are consistent with the work by Kim and coworkers,168 where weakening of 

Ɏ+–Ɏ interactions (methyl imidazolium–benzene) in H2O–Ɏ+–Ɏ trimers (water molecule 

hydrogen bonded to methyl imidazolium) was observed. Contrary to 3MeA trimers, the 

cationic charge in His:A:His+ trimers is localized at one end of the complex, which is similar 

to previously studied cation–Ɏ trimers involving cationic point charges (such as Li+ or 

Na+).139,178,180,183,186,190,192 These works report a significant strengthening of the cation–Ɏ 

interaction in the trimer compared to the dimers, which is contrary to the results for Ɏ+–Ɏ 

trimers involving His+ (Esyn > 0, Table 4.1). Therefore, these results again support the 

conclusions that Ɏ+–Ɏ interactions are a special type of Ɏ-interaction with features unique 
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from cation–Ɏ and Ɏ–Ɏ complexes, and should not be overlooked in studies of noncovalent 

interactions. 

In most trimers examined in this work, the magnitude of Esyn is small, which indicates 

that the sum of the two nearest-����������������������������ȋοEdimer(12)+ οEdimer(23)) gives an 

accurate estimate of the total trimer interaction energy. Specifically, the error is less than 

6%. However, there are four trimers (HIS(edge)_A_HIS(edge), HIS(edge)_3MeA_HIS(edge), 

HIS(edge)_A_HIS+(edge), and HIS(edge)_A_HIS+) that have large Esyn values (8, 6, 19, and 

20% errors, respectively). In these four systems, there is significant repulsion between the 

����������������ȋ���������οEdimer(13), Table 4.1). This repulsion arises since two acidic or two 

basic regions of the amino acids are directed towards one another in the trimers. This 

suggests that it is sometimes ��������������������������οEdimer(13) term.  

The magnitude of Eadd is small for all trimers (error is less than 7%), which reveals 

whether the trimer interactions can be estimated by the sum of the three pairwise 

interaction energies. Despite smaller additivity than synergy terms, Eadd values of up to 4.6 

kJ mol–1 are obtained. It is unknown whether these energies suggest that the trimers are 

nonadditive or whether they arise from errors in the computational method. For example, 

deviations could arise due to the large BSSE corrections for these Ɏ–Ɏ�����Ɏ+–Ɏ���������� 

at the level of theory implemented. Furthermore, the ���������������������������ȟEdimer(13) 

term in the absence of the nucleobase may overestimate the amino acid–amino acid dimer 

interaction. However, Eadd is less than 2 kJ mol–1 for most trimers. This fact, coupled with the 

geometric additivity discussed in the previous section, suggests that these interactions are 

additive. Regardless of the nature of the additivity, the current analysis does not provide 

information about the individual interactions in the trimers. Specifically, it is unclear 

whether the nucleobase–amino acid interactions are equivalent in dimer and trimer 

complexes, or whether the nucleobase–amino acid interactions are different in different 
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sized complexes, but sum to yield an overall additive interaction. Therefore, in hopes to gain 

a better understanding of the interplay between nucleobase–amino acid dimers, QTAIM will 

be used in the following section. 

4.3.3.� Quantum Theory of Atoms in Molecules (QTAIM) Analysis 

QTAIM can be very useful for analyzing closed-shell bonding interactions.196-198 

Topological analysis of the electron density was initially used to identify the presence of 

hydrogen-bonding interactions through a bond path connecting a hydrogen atom to a 

hydrogen acceptor (or electron donor).201 Furthermore, the maximum electron density on 

the interatomic surface between these two atoms (i.e. the bond critical point (BCP)) can be 

correlated to the hydrogen-bond strength,203 as well as the hydrogen-bond length,200 while 

the sum of the electron density at the hydrogen-bond critical points can be correlated with 

the stability of the complex (see for example, references 212, and 217). Therefore, it is not 

surprising that the vast majority of QTAIM literature on noncovalent interactions has 

studied hydrogen bonding. However, very few studies have applied QTAIM to stacking and 

T-shaped interactions.139,178,180,184-185,188-190,193,204-206,209-211,220  

In 2005, Zhikol et al. were the first to analyze stacking interactions with QTAIM.205 In 

this study, ten unique Ɏ–Ɏ stacked geometries of the benzene dimer with various degrees of 

symmetry were characterized. In all these systems, one to twelve intermolecular bond 

paths between the monomers were found. Intriguingly, all dimers were characterized by 

one, and only one, cage critical point (CCP) between the benzene rings, and it was suggested 

that the existence of a CCP correlates with the phenomenon of stacking. This work was also 

�������������������������������������������������������������ȋɏȋ�ȌȌ��������������� ɏ(r)) atʹ����(

the CCP yield a quantitative relationship with the relative dimer binding energies. 

Since 2005, a limited number of studies have investigated stacked or T-shaped systems 

with QTAIM, and each study has had a unique set of objectives. For example, the Mosquera 
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group compared the changes in the electron population of monomers and dimers to 

quantify charge transfer in the quinhydrone stacked dimer.211 In addition, the Frontera 

group examined CCP properties to study the interplay of stacking178,185 or T-shaped184,189 

interactions between two Ɏ-systems and other noncovalent (hydrogen-bonding, cation–Ɏ, 

anion–Ɏ or small molecule X–H···Ɏ) interactions. The systems investigated by the Frontera 

group had symmetry constraints, which result in only one CCP. In contrast, multiple CCPs 

are typically observed for systems with no symmetry.139,204,206,210-211,216,220 The detailed study 

by Matta et al.206 fully characterized the interactions in experimental DNA helices with a 

focus on identifying BCP properties between stacked base pairs, and did not examine the 

properties of the multiple CCPs in their complexes. Additionally, I am unaware of any 

studies that have investigated T-shaped interactions between two Ɏ-systems in C1 

symmetry, even though topological analysis of the electron density may provide an 

interesting way to confirm the presence of T-shaped interactions through the identification 

of distinguishing bond paths.  

In this work, the BCP and CCP properties of nucleobase–amino acid dimers will be 

characterized in both Ɏ–Ɏ stacked and Ɏ–Ɏ T-shaped orientations to relate these findings to 

previous work in the literature. Subsequently, all trimer complexes will be investigated, 

where the topology of the electron density will be discussed in the trimers to understand 

how they differ from the corresponding dimers. The end goal is to gain insight into whether 

individual nucleobase–amino acid interactions are equivalent or distinct in dimers and 

trimers. 

4.3.3.1.� Dimer Interactions 

The molecular graphs for all nucleobase–amino acid dimers considered in this study 

are shown in Figure 4.3, while the corresponding BCP properties used to characterize the  
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Figure 4.3. Molecular graphs and MP2/6-31G*(0.25) interaction energies (kJ mol–1) for (a) adenine 

and histidine stacked (HIS and HISƍ) and T-shaped (HIS(edge)) dimers, (b) 3-methyladenine and 

histidine stacked (HIS and HISƍ) and T-shaped (HIS(edge)) dimers, and (c) adenine and protonated 

histidine stacked (HIS+) and T-shaped (HIS+(edge)) dimers. 

intermolecular interactions are summarized in Table 4.2. This table also provides the 

distances between the two atoms involved in the bonding interaction (bond length, BL), as 

well as the corresponding bond path lengths (BPL), where their difference (BPL–BL) can be 

used to determine the curvature of a bond path. Large BPL–BL differences (up to 0.514 Å) 

suggest strain in the bonding interactions for some complexes. Although some of this strain  
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Table 4.2. Closed-shell bonding between nucleobase–amino acid stacked and T-shaped dimers.[a] 

 Bond[c] BL BPL BPL–

BL 

ɏ(r) 

(×103) 

 ɏ(r)ʹ

(×102) 

ɉ1 ɉ2 ɉ3 ˦ H(r) 

A_HIS[b]          

 N3–N1  3.385 3.408 0.023 6.177 1.865 –0.003 –0.002 0.023 0.677 0.000 

 C5–C5  3.321 3.381 0.060 7.258 2.042 –0.003 –0.003 0.026 0.217 0.001 

 N9–N3  3.318 3.340 0.022 6.453 1.958 –0.003 –0.002 0.025 0.523 0.000 

A_HISƍ[b]          

 N3–C4  3.424 3.938 0.514 6.540 1.916 –0.003 –0.001 0.023 1.576 0.001 

 C5–N1  3.367 3.458 0.091 6.282 1.980 –0.003 –0.001 0.024 1.267 0.001 

 N9–N3  3.359 3.383 0.024 5.903 1.895 –0.003 –0.001 0.023 2.013 0.000 

 N7–C2  3.362 3.403 0.041 6.071 1.938 –0.003 –0.001 0.023 1.392 0.001 

A_HIS(edge)[b]          

 N1–H1  2.739 2.780 0.041 6.207 2.269 –0.005 –0.003 0.031 0.492 0.001 

 N7–H2  2.714 2.919 0.205 7.263 2.573 –0.006 –0.002 0.034 1.759 0.001 

3MeA_HIS[b]          

 N3–N3  3.396 3.504 0.108 6.222 1.885 –0.003 –0.001 0.023 1.937 0.000 

 C5–C5  3.329 3.368 0.039 6.736 2.184 –0.002 –0.001 0.025 1.146 0.001 

 C4–C4  3.393 3.821 0.428 6.252 2.045 –0.002 –0.001 0.023 2.538 0.001 

3MeA_HISƍ[b]          

 N7–N1  3.343 3.368 0.025 6.341 1.920 –0.003 –0.002 0.024 0.767 0.000 

 C4–N3  3.322 3.362 0.040 6.146 2.200 –0.003 –0.002 0.025 7.789 0.001 

 C5–C5  3.384 3.678 0.294 6.848 1.909 –0.002 –0.002 0.023 0.218 0.001 

3MeA_HIS(edge)[b]         

 N3–N3  3.179 3.446 0.267 8.806 2.602 –0.006 –0.002 0.034 2.284 0.000 

 H3–N3  2.652 2.704 0.052 8.366 2.858 –0.007 –0.005 0.041 0.468 0.001 

A_HIS+[b]          

 N3–N1  3.323 3.396 0.073 6.714 2.083 –0.004 –0.001 0.025 18.171 0.000 

 C4–C5  3.216 3.284 0.068 7.808 2.560 –0.002 –0.002 0.030 0.144 0.001 

 C5–C5ƍ� 3.297 3.313 0.016 7.359 2.574 –0.001 –0.001 0.028 0.813 0.001 

 C5–N1ƍ� 3.294 3.467 0.173 7.195 2.249 –0.004 –0.001 0.027 7.860 0.001 

A_HIS+(edge)[b]          

 N1–H1  2.126 2.157 0.031 20.709 5.843 –0.022 –0.022 0.103 0.013 0.000 
[a] All values ȋ�����������������ɏȋ�Ȍǡ����������������� electron density (ʹɏ(r)), the curvatures of the 

electron density (ɉͳǡ�ɉʹǡ�����ɉ͵Ȍǡ�������������������y (ɂ), and the total electronic energy density (H(r)) 

are reported in atomic units (au), except for bond lengths (BL), bond path lengths (BPL), and their 

differences (BPL–BL), which are in angstroms (Å). [b] Stacked (HIS, HISƍ, or HIS+) and amino acid-edge 

T-shaped (HIS(edge) or HIS+(edge)) dimers. [c] Bond critical points are labelled with both atoms 

involved in bonding, where the first atom belongs to the nucleobase (A or 3MeA) and the second 

atom belongs to the amino acid (His or His+). See Figure 4.1 for numbering used in the present study. 

may be reduced through free optimizations, these results are consistent with previous 

work, where (for example) highly curved bond paths (BPL–BL ranges from 0.115 to 0.565 

Å) were reported for the quinhydrone stacked dimer.211 The positive values of both the 

Laplacian (ʹɏ(r)) and the total energy density (H(r), Table 4.2) confirm that all 

intermolecular bonding considered are of the closed-shell type. 
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4.3.3.1.1.� Stacked Dimers 

QTAIM analysis of the electron density of stacked nucleobase–amino acid dimers 

reveals three different types of intermolecular bond paths: N–N, C–C, and N–C. The N–N 

bond paths in nucleobase–amino acid dimers are very similar to those in DNA nucleobase 

complexes,206 where the average N–N bond properties are comparable to the present work 

ȋ��������������Ȍǣ����α͵ǤͶͺ�ȋ͵ǤͶͲͲȌ�%ǡ�ɏȋ�ȌαͲǤͲͲͷ�ȋͲǤͲͲȌ���ǡ���� ʹɏȋ�ȌαͲǤͲͳͷ�ȋͲǤͲͳͻȌ���Ǥ 

Similarly, the uracil–phenylalanine stacked dimer139 has C–C and C–N bond paths with very 

similar properties to those observed in the present study (C–C average properties (present 

�������������������Ȍǣ�ɏȋ�ȌαǤͻͶͻέͳ0–3 (7.044×10–3) au, and ʹɏȋ�ȌαʹǤͲͶ8×10–2 (2.219×10–

2) au; C–���������������������ȋ���������������������������Ȍǣ�ɏȋ�ȌαǤͶͻ2×10–3 (6.447×10–3) 

au, and ʹɏȋ�ȌαʹǤʹͺ1×10–2 (2.057×10–2) au). It should be noted that this work did not find 

any distinguishing differences in the bonding properties for Ɏ–Ɏ (A_HIS and A_HISƍ) and  

Ɏ+–Ɏ interactions (3MeA_HIS, 3MeA_HISƍ, and A_HIS+). 

It has been suggested by Matta et al.206 ��������������������������������ɏȋ�Ȍ����γͲǤͲͲ��� 

can be associated with a bond energy of ~1 kcal mol–1 (or ~4 kJ mol–1). The authors also 

suggest that the cumulative effect of several weak bonding interactions leads to non-

���������������������������������ǡ������������������������������������������ɏȋ�Ȍ�δ�ͲǤͲͳ���.206 

��� ���� �������� ����ǡ� ���� ���� ��������� ���������� ���� ����� �������� ȋγͲǤͲͲ6–0.008 au.) and 

therefore would be classified as weak bonding interactions. However, when the sum of the 

electron densities of all intermolecular BCPs is considered, the total BCP electron density is 

γͲǤͲͳ9–0.029 au. Using the electron density/bond energy relationship suggested by Matta 

et al.,206 a much weaker stabilization than identified through the interaction energy analysis 

(Table 4.1) is obtained. This suggests that it may not be possible to describe these systems 

by simply considering only pairwise contacts between atoms in different monomers.225 

Although the sum of the electron density at the hydrogen-bond critical points is 
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representative of the stability of a hydrogen-bonded complex,212,217 and has been previously 

observed for select stacked systems,210 a similar trend is not observed for the present 

stacked systems. This discrepancy may arise since these dimers have different numbers of 

intermolecular bond paths. It is intriguing that the average BCP electron density predicts 

that A_HISƍ ȋ�������� ɏȋ�ȌαǤͳͻ9×10–3 ��Ȍ� δ� �̴���� ȋ�������� ɏȋ�ȌαǤʹ9×10–3 au), and 

͵���̴����ȋ��������ɏȋ�ȌαǤͶͲ3×10–3 au) < 3MeA_HISƍ�ȋ��������ɏȋ�ȌαǤͶͶ5×10–3 au), which 

corresponds to the binding energy trends. Nevertheless, this correlation could be a 

coincidence since the trend in binding energies for all stacked dimers cannot be predicted 

from the average BCP electron densities.210 

As previously mentioned, it has been proposed that cage critical points can be used to 

identify stacking interactions.205 Indeed, one to three CCPs are identified in the present C1 

������������������������ǡ�������������������������ɏȋ�Ȍ���� ʹɏ(r) are reported in Table 

4.3. Although discussion of multiple CCPs is limited in the literature,188,204,211,220 close 

examination of published molecular graphs reveals more than one cage critical point in 

stacked systems of low symmetry.139,188,204,206,210-211,220 Since more than one CCP is present, it 

is difficult to relate complex stability to the cage critical point properties as previously 

proposed in the literature.205 However, the average CCP properties predict that A_HISƍ 

ȋ�������� ɏȋ�ȌαͶǤͳ6×10–3 ��Ȍ� δ� �̴���� ȋ�������� ɏȋ�ȌαǤͶ6×10–3 au), and 3MeA_HIS 

ȋ�������� ɏȋ�Ȍα͵Ǥͻ͵7×10–3 au) < 3MeA_HISƍ� ȋ�������� ɏȋ�ȌαͶǤͷͲ8×10–3 au), which again 

matches the trend in Table 4.1. Nevertheless, the trend in the binding energies across all 

stacked dimers cannot be predicted. Therefore, this work indicates that CCP properties have 

a weak correlation with binding strengths for C1 symmetric systems, which is consistent 

with results for the uracil–phenylalanine dimer.139 
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Table 4.3. Charge density (ɏȋ�), au) and Laplacian (ʹɏȋ�), au) at the cage critical points for 

nucleobase–amino acid dimers. 

Dimer[a] CCP Position[b] 

 

ɏȋ�Ȍ�ȋέͳ03) ʹɏ(r) (×102) 

A_HIS C4–C5  4.257 2.067 

 N7  5.034 2.025 

A_HISƍ C2  4.411 1.773 

 C4–C5  4.748 1.951 

 N7  4.688 1.980 

3MeA_HIS C2  3.937 1.722 

3MeA_HISƍ C2  4.355 1.680 

 C4–C5  4.588 2.024 

 N7  4.581 2.006 

A_HIS+ C2  4.704 2.071 
[a] Stacked (HIS, HISƍ, or HIS+) and amino acid-edge T-shaped (HIS(edge) or HIS+(edge)) dimer 

orientations. [b] Cage critical points lie in a plane between the nucleobase and amino acid and are 

labelled relative to the nucleobase atoms. See Figure 4.1 for atomic numbering and Figure 4.3 for 

molecular graphs. 

4.3.3.1.2.� T-shaped Dimers 

QTAIM analysis of Ɏ–Ɏ and Ɏ+–Ɏ T-shaped interactions reveals two types of 

intermolecular nucleobase–amino acid bond paths: N–N and N–H. The N–N bond path is 

only observed in the 3MeA_HIS(edge) dimer (Table 4.2 and Figure 4.3, bottom), where the 

basic N atom of histidine prefers to be in close contact with the (formally) positively 

charged N atom in 3-methyladenine. This dimer also has an N–H bond path connecting the 

basic N3 atom in histidine with the acidic H on the C3 methyl group in 3-methyladenine. In 

the other dimers, N–H bond paths are observed between acidic hydrogens in the monomer 

edge and the basic N atoms in adenine. The greater similarity is found for these bond paths 

and those for hydrogen-bonding compared to those for stacking interactions, confirming 

the larger electrostatic nature of these Ɏ–Ɏ T-shaped interactions.  

Closer examination of the electron density at the N–H bond critical points (Table 4.2) 

���������� ����� ������ ����� ������ ���� ����� ȋγͲǤͲͲ6–0.008 au for A_HIS(edge) and 

3MeA_HIS(edge)). In fact, these BCP electron densities are very similar to those observed 

for nucleobase–amino acid stacking interactions. Indeed, even the very strong A_HIS+(edge) 

interaction (–66.0 kJ mol–1), which has one N–H bond path with a BCP electron density of 
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0.021 au, has a weaker bond path compared to the cytosine and guanine Watson-Crick 

hydrogen-bonded dimer (average N–������ɏȋ�Ȍ����ͲǤͲ͵ͺ���Ȍ.206 As discussed in Chapter 3, 

these results also confirm that Ɏ–Ɏ T-shaped interactions have properties distinct from 

hydrogen-bonding interactions. 

Even though the present T-shaped systems have different numbers of intermolecular 

bond paths, their trend in stability can be predicted by considering the sum of the electron 

density at the intermolecular bond critical points. Interestingly, the binding energy trends 

are also predicted from the average BCP electron densities. However, it is difficult to know if 

these trends will hold when a greater number of T-shaped interactions are examined. 

Additionally, in attempts to compare T-shaped and stacked dimers, a clear trend in the 

relative stabilities can no longer be predicted.  

No cage critical points are found in the present T-shaped dimers. This is not consistent 

with previous work by the Frontera group that reported one CCP for (C2v or Cs) symmetric 

T-shaped systems.182,187 Due to the symmetry constraints imposed in the complexes studied 

by Frontera et al., it is not surprising that these systems have one cage critical point (CCP), 

which the authors then use to characterize the noncovalent interactions present in the 

system. However, this work indicates that low symmetry T-shaped dimers do not 

necessarily have cage critical points. Therefore, further investigations must be done to 

understand the topology of the electron density in the same T-shaped dimers between two 

Ɏ-systems with and without symmetry constraints. 

Although previous literature used the electron density distribution to examine the 

relative stability of stacked and T-shaped complexes,139,188,193,204-206,209-211 no clear trends are 

observed for these nucleobase–amino acid dimers. For example, neither the total electron 

density at intermolecular BCPs nor CCPs can accurately predict relative stacking strengths. 

Although some promise is seen when the average electron density at BCP or CCP is 
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considered, trends across stacked dimers containing different monomers are not correct. 

Since various Ɏ–Ɏ�����Ɏ+–Ɏ� ����������������� �������� ������������������������������ ��� ��� 

electron density to definitively provide stability trends, this chapter proposes that more 

work must be done to conclusively determine how systematic changes in the geometry and 

size of the complex alter QTAIM predictions of complex stability. Even though these results 

show there is potential for predicting the relative strength of T-shaped interactions, low 

symmetry T-shaped dimers have no CCPs, which contrasts previous literature.182,187 

Therefore, more work needs to be done to bridge the current gap in QTAIM analysis of T-

shaped interactions, where future studies should concentrate on how symmetry alters 

conclusions based on the electron density. 

4.3.3.2.� Trimer Interactions 

Since QTAIM properties have been used by many authors to examine the interplay 

between two noncovalent interactions in trimer complexes,139,178-179,183-185,188-189,191-192,194 18 

trimers were investigated in the present study, where Tables 4.4–4.6 summarize the values 

������������������������ȋɏȋ�ȌȌ������������������������������ ɏ(r)) computed atʹ�������������(

the bond critical points (stacked and T-shaped) and cage critical points (stacked only) 

between the nucleobase and amino acid monomers in amino acid–nucleobase–amino acid 

trimers. These tables also show the differences between the BCP and CCP properties for the 

trimer and the corresponding dimer (ȟɏ(r) and ȟ(ʹɏ(r))). 

In agreement with the geometric additivity discussed in Section 3.1, the molecular 

graphs for most trimers (Appendix G) are superpositions of those for the corresponding 

dimers (compare, for example, Figures 4.3 and 4.4). However, for six trimers, extensive 

searching within AIM2000,224 as well as AIMAll,223 was unable to identify critical points that 

were present in the dimers. For the HISƍ_A_HISƍ, HIS_A_HISƍ, HISƍ_A_HIS+, HISƍ_A_HIS(edge)  
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Table 4.4. Charge density ȋɏȋ�), au) and Laplacian (ʹɏȋ�), au) at the bond and cage critical points for 

His:A:His trimers, and their variation (ȟɏȋ�Ȍ�����ȟ(ʹɏȋr))) with respect to the dimers. 

Trimer Dimer[a] BCP or CCP[b] ɏȋ�)(×103) ʹɏ(r)(×102) ȟɏȋ�)(×103) ȟ(ʹɏ(r))(×102) 

HIS_A_HIS      

 HIS BCP N3–N1  6.165 1.826 –0.012 –0.039 

� � BCP C5–C5  7.274 2.057 0.016 0.015 

� � BCP N9–N3  6.391 1.918 –0.062 –0.040 

� � CCP C4–C5  4.358 2.075 0.101 0.008 

� � CCP N7 5.054 2.003 0.020 –0.022 

HISƍ_A_HISƍ       

 HISƍ BCP N3–C4  6.803 1.857 0.263 –0.059 

� � BCP C5–N1  6.450 2.041 0.168 0.061 

� � BCP N9–N3  6.247 1.896 0.344 0.001 

� � CCP C2  4.382 1.768 –0.029 –0.005 

� � CCP C4–C5  4.602 1.912 –0.146 –0.039 

� � CCP N7  4.702 1.917 0.014 –0.063 

HIS_A_HISƍ       

 HIS BCP N3–N1  6.186 1.828 0.009 –0.037 

  BCP C5–C5  7.276 2.056 0.018 0.014 

  BCP N9–N3  6.390 1.918 –0.063 –0.040 

  CCP C4–C5  4.357 2.077 0.100 0.010 

  CCP N7  5.054 2.000 0.020 –0.025 

 HISƍ BCP N3–C4  6.788 1.856 0.248 –0.060 

� � BCP C5–N1  6.496 2.043 0.214 0.063 

� � BCP N9–N3  6.246 1.897 0.343 0.002 

� � CCP C2  4.372 1.765 –0.039 –0.008 

� � CCP C4–C5  4.604 1.912 –0.144 –0.039 

� � CCP N7  4.704 1.919 0.016 –0.061 

HIS_A_HIS(edge)       

 HIS BCP N3–N1  6.132 1.828 –0.045 –0.037 

  BCP C5–C5  7.268 2.054 0.010 0.012 

  BCP N9–N3  6.317 1.918 –0.136 –0.040 

  CCP C4–C5  4.317 2.079 0.060 0.012 

  CCP N7  5.043 2.000 0.009 –0.025 

 HIS(edge) BCP N1–H1  5.889 2.201 –0.318 –0.068 

  BCP N7–H2  7.767 2.690 0.504 0.117 

HISƍ_A_HIS(edge)       

 HISƍ BCP N3–C4  6.758 1.858 0.218 –0.058 

� � BCP C5–N1  6.462 2.043 0.180 0.063 

� � BCP N9–N3  6.172 1.898 0.269 0.003 

� � CCP C2  4.355 1.767 –0.056 –0.006 

� � CCP C4–C5  4.590 1.912 –0.158 –0.039 

  CCP N7  4.691 1.907 0.003 –0.073 

 HIS(edge) BCP N1–H1  5.927 2.203 –0.280 –0.066 

  BCP N7–H2  7.736 2.691 0.473 0.118 

HIS(edge)_A_HIS(edge)      

 HIS(edge) BCP N1–H1  5.844 2.192 –0.363 –0.077 

  BCP N7–H2  7.691 2.688 0.428 0.115 
[a] Stacked (HIS, HISƍ) and amino acid-edge T-shaped (HIS(edge)) dimers within the trimers. [b] Bond 

critical points are labelled with both atoms involved in bonding, where the first atom belongs to the 

nucleobase (A) and the second atom belongs to the amino acid (His). Cage critical points lie in a plane 

between the nucleobase and amino acid and are labelled relative to the nucleobase atoms. See Figure 

4.1 for atomic numbering. 
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Table 4.5. Charge density ȋɏȋ�), au) and Laplacian (ʹɏȋ�), au) at the bond and cage critical points for 

His:3MeA:His trimers, and their variation (ȟɏȋ�Ȍ�����ȟ(ʹɏȋr))) with respect to the dimers. 

Trimer Dimer[a] BCP or CCP[b] ɏȋ�)(×103) ʹɏ(r)(×102) ȟɏȋ�)(×103) ȟ(ʹɏ(r))(×102) 

HIS_3MeA_HIS      

 HIS BCP N3–N3  6.344 1.912 0.122 0.027 

  BCP C5–C5  6.854 2.189 0.118 0.005 

  BCP C4–C4  6.459 2.139 0.207 0.094 

  CCP C2  3.811 1.717 –0.126 –0.005 

HISƍ_3MeA_HISƍ       

 HISƍ BCP N7–N1  6.378 1.918 0.037 –0.002 

  BCP C4–N3  6.196 2.186 0.050 –0.014 

  BCP C5–C5  6.869 1.904 0.021 –0.005 

  CCP C2  6.834 1.666 2.479 –0.014 

  CCP C4–C5  4.611 2.025 0.023 0.001 

  CCP N7  4.618 2.004 0.037 –0.002 

HIS_3MeA_HISƍ       

 HIS BCP N3–N3  6.349 1.909 0.127 0.024 

  BCP C5–C5 6.844 2.195 0.108 0.011 

  BCP C4–C4  6.454 2.140 0.202 0.095 

  CCP C2  3.827 1.716 –0.110 –0.006 

 HISƍ BCP N7–N1  6.406 1.916 0.065 –0.004 

  BCP C4–N3  6.206 2.184 0.060 –0.016 

  BCP C5–C5  6.871 1.902 0.023 –0.007 

  CCP C2  4.392 1.670 0.037 –0.010 

  CCP C4–C5  4.619 2.029 0.031 0.005 

  CCP N7  4.655 2.006 0.074 0.000 

HIS_3MeA_HIS(edge)      

 HIS BCP N3–N3  6.340 1.907 0.118 0.022 

  BCP C5–C5  6.821 2.208 0.085 0.024 

  BCP C4–C4  6.462 2.144 0.210 0.099 

  CCP C2  3.817 1.720 –0.120 –0.002 

 HIS(edge) BCP N3–N3  9.756 2.836 0.950 0.234 

  BCP H3–N3  8.219 2.794 –0.147 –0.064 

HISƍ_3MeA_HIS(edge)      

 HISƍ BCP N7–N1  6.340 1.923 –0.001 0.003 

  BCP C4–N3  6.203 2.194 0.057 –0.006 

  BCP C5–C5  6.866 1.911 0.018 0.002 

  CCP C2  4.391 1.675 0.036 –0.005 

  CCP C4–C5  4.608 2.025 0.020 0.001 

  CCP N7  4.600 2.005 0.019 –0.001 

 HIS(edge) BCP N3–N3  9.827 2.861 1.021 0.259 

  BCP H3–N3  8.297 2.821 –0.069 –0.037 

HIS(edge)_3MeA_HIS(edge)      

 HIS(edge) BCP N3–N3  9.857 2.853 1.051 0.251 

  BCP H3–N3  8.296 2.823 –0.070 –0.035 
[a] Stacked (HIS, HISƍ) and amino acid-edge T-shaped (HIS(edge)) dimers within the trimers. [b] Bond 

critical points are labelled with both atoms involved in bonding, where the first atom belongs to the 

nucleobase (A) and the second atom belongs to the amino acid (His). Cage critical points lie in a plane 

between the nucleobase and amino acid and are labelled relative to the nucleobase atoms. See Figure 

4.1 for atomic numbering. 
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Table 4.6. Charge density ȋɏȋ�), au) and Laplacian (ʹɏȋ�), au) at the bond and cage critical points for 

His:A:His+ trimers, and their variation (ȟɏȋ�Ȍ�����ȟ(ʹɏȋr))) with respect to the dimers. 

Trimer Dimer[a] BCP or CCP[b] ɏȋ�Ȍȋέͳ03) ʹɏ(r)(×102) ȟɏȋ�)(×103) ȟ(ʹɏ(r))(×102) 

HIS_A_HIS+      

 HIS BCP N3–N1  6.117 1.830 –0.060 –0.035 

  BCP C5–C5  7.308 2.040 0.050 –0.002 

  BCP N9–N3  6.263 1.902 –0.190 –0.056 

  CCP C4–C5  4.300 2.077 0.043 0.010 

  CCP N7  5.085 1.948 0.051 –0.077 

 HIS+ BCP C4–C5 7.854 2.560 0.046 0.000 

  BCP C5–C5ƍ� 7.412 2.544 0.053 –0.030 

  BCP C5–N1ƍ� 7.216 2.241 0.021 –0.008 

  CCP C2  4.751 2.059 0.047 –0.012 

HISƍ_A_HIS+       
 HISƍ BCP N3–C4  6.778 1.851 0.238 –0.065 

  BCP C5–N1  6.441 2.040 0.159 0.060 

  BCP N9–N3  6.164 1.883 0.261 –0.012 

  CCP C2  4.365 1.749 –0.046 –0.024 

  CCP C4–C5  4.541 1.907 –0.207 –0.044 

 HIS+ BCP C4–C5  7.850 2.561 0.042 0.001 

  BCP C5–C5ƍ� 7.389 2.553 0.030 –0.021 

  BCP C5–N1ƍ� 7.220 2.240 0.025 –0.009 

  CCP C2  4.767 2.061 0.063 –0.010 

HIS(edge)_A_HIS+       

 HIS(edge) BCP N1–H1  5.779 2.184 –0.428 –0.085 

  BCP N7–H2  7.642 2.680 0.379 0.107 

 HIS+ BCP N3–N1  6.696 2.082 –0.018 –0.001 

  BCP C4–C5  7.802 2.558 –0.006 –0.002 

  BCP C5–C5ƍ� 7.365 2.552 0.006 –0.022 

  BCP C5–N1ƍ� 7.161 2.246 –0.034 –0.003 

  CCP C2  4.717 2.061 0.013 –0.010 

HIS_A_HIS+(edge)      

 HIS BCP N3–N1  6.175 1.840 –0.002 –0.025 

  BCP C5–C5  7.332 2.029 0.074 –0.013 

  BCP N9–N3  6.226 1.896 –0.227 –0.062 

  CCP C4–C5  4.279 2.085 0.022 0.018 

  CCP N7  4.986 1.907 –0.048 –0.118 

 HIS+(edge) BCP N1–H1  19.707 5.585 –1.002 –0.258 

HISƍ_A_HIS+(edge)       

 HISƍ BCP N3–C4  6.777 1.852 0.237 –0.064 

  BCP C5–N1  6.491 2.036 0.209 0.056 

  BCP N9–N3  6.176 1.892 0.273 –0.003 

  CCP C2  4.343 1.759 –0.068 –0.014 

  CCP C4–C5  4.560 1.923 –0.188 –0.028 

  CCP N7  4.667 1.891 –0.021 –0.089 

 HIS+(edge) BCP N1–H1  20.507 5.760 –0.202 –0.083 

HIS(edge)_A_HIS+(edge)      

 HIS(edge) BCP N1–H1  5.538 2.118 –0.669 –0.151 

  BCP N7–H2  7.822 2.784 0.559 0.211 

 HIS+(edge) BCP N1–H1  20.665 5.915 –0.044 0.072 
[a] Stacked (HIS, HISƍ) and amino acid-edge T-shaped (HIS(edge)) dimers within the trimers. [b] Bond 

critical points are labelled with both atoms involved in bonding, where the first atom belongs to the 

nucleobase (A) and the second atom belongs to the amino acid (His). Cage critical points lie in a plane 
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between the nucleobase and amino acid and are labelled relative to the nucleobase atoms. See Figure 

4.1 for atomic numbering. 

 

Figure 4.4. Molecular graphs for the (a) HIS(edge)_A_HIS(edge) trimer where one histidine is T-

shaped (HIS(edge)) and the other histidine is T-shaped (HIS(edge)) relative to adenine, (b) 

HIS_3MeA_HISƍ trimer where one histidine is stacked (HIS) and the other histidine is flipped prior to 

stacking with 3-methyladenine (HISƍ), and (c) HIS(edge)_A_HIS+ trimer where histidine is T-shaped 

(HIS(edge)) and protonated histidine is stacked (HIS+) relative to adenine. 

and HISƍ_A_HIS+(edge) trimers, the bond path connecting N7 of adenine and C2 of histidine 

in the HISƍ_A interaction were not able to be characterized. Also, in the HIS_A_HIS+ and 

HISƍ_A_HIS+ trimer, the bond path connecting N3 of adenine and N1 of protonated histidine 

in the A_HIS+ interaction was not possible to characterize. In HISƍ_A_HIS+, the CCP near N7 

for the HISƍ_A interaction was also not characterized. Although the Poincaré-Hopf 

relationship196-198,c is satisfied for all trimers, this condition does not verify that critical 

points were not missed.196-198 Therefore, it is not clear whether missing critical points 

indicate changes in the electron densities between monomers in dimers and trimers, or 

whether this work was simply unsuccessful in finding critical points on very disperse 

                                                             
c The Poincaré-Hopf relationship states that the number of nuclear critical points – number of 

bond critical points + number of ring critical points – number of cage critical points must equal 1 

for an isolated system. 
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electron density surfaces.  

Examination of Tables 4.4–4.6 reveals inconsistencies in the present QTAIM analysis 

and the interaction energy decomposition (Table 4.1). For example, in the 

HIS(edge)_A_HIS(edge) trimer (Figure 4.4a), Esyn and Eadd suggest that the T-shaped 

interactions in the trimer are weaker than in the corresponding dimer. However, the BCP 

properties indicate that the electron density in the N1–H1 bond path is weaker and the  

N7–H2 bond path is stronger in the trimer, and the overall changes in the electron density 

(0.00013 au) suggest this trimer should exhibit stronger binding than predicted from the 

sum of the dimer interactions. Additionally, the calculated binding strengths suggest that 

the HIS_3MeA_HISƍ trimer (Figure 4.4b) is weaker than predicted by the dimer interaction 

energies (Table 4.1), while the overall magnitudes of the electron densities and Laplacian 

differences (Table 4.5) suggest a stronger trimer. However, both the BCP and CCP 

properties indicate that the 3MeA_HISƍ interaction is stronger in this trimer. BCP properties 

for 3MeA_HIS indicate a stronger stacking interaction in the trimer, while the CCP 

properties indicate a weaker stacking interaction. Similarly, the HIS(edge)_A_HIS+ trimer 

(Figure 4.4c) has a less than additive interaction energy (Table 4.1), but the overall 

magnitudes of the electron densities and Laplacian differences suggest a stronger trimer. 

Furthermore, QTAIM suggests that the HIS(edge)_A T-shaped interaction is weaker in the 

trimer, but the BCP properties suggest a weaker A_HIS+ stacking interaction in the trimer, 

while the CCP properties suggest a stronger interaction. Therefore, depending on the trimer 

considered, QTAIM results may or may not be in agreement with previous interaction 

energy decomposition and it is still unclear whether BCP or CCP properties of the dimers 

and trimers should be compared. 

For all trimers investigated, the magnitude of the difference between the dimer and 

trimer BCP and CCP properties is extremely small. It is still not clear if these differences are 
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too small to be conclusive within the errors of the computational methods 

implemented,193,220 or if real changes in stacked and T-shaped systems are simply too subtle 

to detect with certainty. Indeed, there is not a clear consensus in the literature if QTAIM 

results like those presented in this chapter are indicative of additive interactions.185,188,191,193 

This is partially a result of few investigations on Ɏ–Ɏ� ���� Ɏ+–Ɏ� ��������� ���� T-shaped 

interactions.139,178,180,184-185,188-190,193,204-206,209-211,220 Therefore, this work proposes that more 

studies are required to clarify how QTAIM can improve the understanding of whether these 

interactions change in dimer and trimer systems.  

It is apparent from the literature that QTAIM can provide powerful information about 

hydrogen-bonding interactions, which is likely due to the large electron density shared 

between two monomers with very specific atomic contacts. However, since the small 

electron densities are delocalized over the entire Ɏ-system in stacked and T-shaped 

complexes, several pairwise contacts are described by a QTAIM analysis. In reality, these  

Ɏ–Ɏ� �������� ���� ���������� ��� ��������� ����� ��������� ������� ��������� �������� ���� ��� 

monomers, and care should be taken when applying QTAIM analysis for these types of 

interactions.220,225 Therefore, additional studies should develop new methods that are 

sensitive to disperse electron densities, and able to identify and quantify Ɏ–Ɏ� ���� Ɏ+–Ɏ 

stacking and T-shaped interaction changes in dimers and trimers. 

4.4.�Conclusions 

Due to the potential importance of the interplay between noncovalent interactions in 

nature, this work investigated the geometric and energetic additivity in amino acid–

nucleobase–amino acid trimers containing adenine or its (cationic) damaged counterpart, 

3-methyladenine, and histidine, in both the neutral and protonated forms. For six test 

trimers, extensive scans of the PES reveal that both stacked and T-shaped interactions, as 

well as both Ɏ–Ɏ� ���� Ɏ+–Ɏ� ������������ǡ� �������� ���������� ����������Ǥ� ������������ǡ� �� 
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determine the energetic additivity, the synergy (Esyn) and the additivity (Eadd) energy were 

examined. Esyn reveals that the sum of the two nucleobase–amino acid interactions is a fairly 

good estimate of the total trimer interaction energy. However, an even better estimate of 

the trimer interaction energy is obtained when the interaction between the two amino acids 

ȋȟEdimer(13)) is also taken into account (Eadd). Additionally, Esyn and Eadd indicate that Ɏ+–Ɏ 

interactions are quite different from Ɏ–Ɏ�������������ǡ���������������������n–Ɏ������������� 

(involving a cationic point charge) typically examined in trimers. Therefore, the present 

results reemphasize the previous work of Kim and coworkers,168 which proposed that Ɏ+–Ɏ 

interactions are a unique type of noncovalent interaction.  

The generally small magnitude of Eadd ( < 2 kJ mol–1) suggests that these interactions 

are additive. Nevertheless, this interaction energy analysis does not reveal whether the 

nucleobase–amino acid interactions are equivalent in dimers and trimers, or whether the 

nucleobase–amino acid interactions differ in different sized complexes but sum to yield an 

overall additive interaction. Although QTAIM has shown promise for investigating the 

interplay of various interactions in trimers,139,178-179,183-185,188-189,191-194 conclusions from the 

current QTAIM analysis and interaction energy evaluation are inconsistent. Furthermore, 

the magnitude of the differences between the dimer and trimer BCP and CCP properties are 

extremely small and cannot be expected to give concrete descriptions of the changes (if any) 

between the dimers and trimers.191,218 Due to the limited number of stacking and T-shaped 

QTAIM investigations in the literature, this chapter proposes that more studies are required 

to clarify how QTAIM can improve the understanding of the differences between Ɏ–Ɏ���� 

Ɏ+–Ɏ� ������������� �������������� �������Ǥ�	����������ǡ� ��������������������� ���� ���������� 

indicates that there is no consensus on which QTAIM properties best describe these 

disperse interactions and should be analyzed to identify and predict the stability of Ɏ–Ɏ 

stacked and T-shaped interactions.139,188,193,204-206,209-211 Therefore, this chapter proposes 
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that more work needs to be done to determine how the geometry, symmetry, and system 

size alter the QTAIM properties. Finally, the small intermolecular electron densities in 

stacked and T-shaped systems are delocalized over the entire Ɏ-system, which makes it 

difficult to describe these interactions through specific atomic contacts between two 

monomers.225 Therefore, additional studies must strive to develop new methods that are 

sensitive enough to identify and quantify differences in Ɏ–Ɏ�����Ɏ+–Ɏ������������� T-shaped 

interactions in dimer and trimer systems. 

This chapter illustrates that the dimer interactions examined in Chapters 2 and 3 are 

pertinent for understanding the noncovalent interactions observed in larger DNA–protein 

complexes. Indeed, CCSD(T)/CBS calculations on nucleobase–amino acid dimers illustrated 

the importance of the fundamentally different Ɏ–Ɏ and Ɏ+–Ɏ interactions used by AAG. 

However, it must now be determined how these interactions contribute to the excision 

mechanism used by this unique DNA glycosylase, which is the focus of the remaining work 

presented in this thesis. 
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Chapter 5.� The Assessment of Density Functionals for DNA–Protein 

Stacking and T-shaped Interactionsa 

 

5.1.�Introduction 

The previous chapters in this thesis illustrate the importance of studying Ɏ–Ɏ 

interactions, where calculations have provided insights into how these interactions can be 

significant in both the recognition and binding steps of AAG. However, this thesis is 

ultimately focused on studying the glycosidic-bond cleavage mechanism facilitated by AAG, 

and the roles played by the amino acids with conjugated Ɏ-rings in this catalytic process. As 

discussed in Section 1.5, promising computational approaches for studying enzymes involve 

hybrid techniques (such as QM/MM or ONIOM). Most of the current QM/MM and ONIOM 

studies on enzymatic systems use density functional theory (DFT) to describe the quantum 

mechanical region due to its greater efficiency compared with popular wavefunction-based 

approaches (see, for example, references 226–240). The most common density functional 

used in hybrid methods is arguably B3LYP, which has been used for a wide variety of 

systems.227-228,231,233-235,237-241 Despite the good performance of B3LYP for a range of systems 

and properties, it generally underestimates barrier heights,242 and does not provide an 

accurate description of dispersion interactions. Consequently, this functional should not be 

used to describe high-level regions of enzymes that rely heavily on dispersion dominated 

interactions (such as Ɏ–Ɏ� ��������ǡ�X–�ȉȉȉɎ� ȋ�α�ǡ� �ǡ� �ǡ� �Ȍǡ lp–Ɏǡ� ���Ȁ��� ȋ���e-to-face) T-

shaped contacts). Therefore, until recently, studies on systems that include these types of 

noncovalent interactions were limited to ab initio electron correlation methods (such as 

                                                             
a Reprinted with permission from Rutledge, L. R.; Wetmore, S. D. Can. J. Chem. 2010, 88, 815–

830. Copyright 2010 Canadian Science Publishing or its licensors. 
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MP2), which are relatively computationally inefficient and therefore ultimately lead to the 

implementation of small model systems. 

Fortunately, recent work in the development of density functional techniques has 

concentrated on methods capable of describing dispersion interactions (see, for example, 

references 84, 123, 125, and 242–253). Indeed, a recent review discusses the description of 

dispersion interactions by density functional theory.84 Many approaches for including 

dispersion have emerged, and it is very important to test each functional for the specific 

systems of interest. As a result, an abundance of benchmarking studies have emerged in the 

literature (such as references 117, 119, 122, 124, 126–129, 132, and 254–267) where many 

use the high-level (CCSD(T)/CBS) data sets of Hobza and co-workers87 to determine the 

accuracy of new density functionals for noncovalent interactions (see references 122, 127–

129, 132, 258–259, and 263 for examples). Nevertheless, these test sets,87 as well as others 

(such as those examined in references 117, 119, 255–257, 260–261, and 264–265), do not 

include the DNA–protein interactions that are important for AAG. However, the Ɏ–Ɏ and  

Ɏ+–Ɏ stacking and T-shaped interactions examined in this thesis, as well as the protonated 

histidine–natural nucleobase calculations examined by the Wetmore group,221 present an 

excellent test set of high-level data to examine the performance of a variety of efficient 

methods for use in ONIOM or QM/MM calculations that are also capable of describing 

dispersion interactions.  

Therefore, the present chapter uses this large test set of DNA–protein interactions to 

investigate the performance of a number of density functional methods. The hope is to 

identify an efficient method and basis set combination that is currently readily available for 

describing the binding strengths and potential energy surfaces of Ɏ–Ɏ� ��������� ���� T-

shaped DNA–protein interactions. This study first reports an interaction energy analysis of 

a variety of density functionals in the current literature for the 129 nucleobase–amino acid 



105 

 

dimer interactions identified in this thesis and previously in the Wetmore group.221 This 

chapter also investigates how select density functional methods describe the potential 

energy surfaces of three representative stacked and three representative amino acid-edge 

T-shaped dimers. This work is imperative for understanding how current density 

functionals describe DNA–protein Ɏ–Ɏ� ������������� ��� ����� �������� ���� ���������� 

regions of the potential energy surfaces, which is rarely examined in the literature.119 It is 

also critical to understand how these methods describe both the energies and structures of 

Ɏ–Ɏ������������������������������������� the enzymatic reaction pathway of AAG. 

5.2.�Computational Details 

As discussed in Chapters 2 and 3, the strongest stacked and T-shaped interactions as 

identified from MP2/6-31G*(0.25) potential energy surface scans were examined in this 

study. Specifically, nucleobase–amino acid dimers involving: (1) the four amino acids with 

conjugated Ɏ-rings and the five natural nucleobases, (2) the (cationic) alkylated damaged 

nucleobase, 3-methyladenine (3MeA) and the amino acids with conjugated Ɏ-rings; and (3) 

the five natural nucleobases and protonated histidine (HIS+)221 were previously investigated 

at the CCSD(T)/CBS level of theory, and were used as a benchmark in this chapter. 

Particularly, the protonated histidine dimers examined by the Wetmore group221 were 

included in the present test set in order to balance the total number of Ɏ–Ɏ and Ɏ+–Ɏ 

interactions, which were previously discussed to be important due to their fundamentally 

different attractive forces. ������ǡ� ���� ���� ����� �������ǡ� ���� ������������� ���������� ɂ� 

(discussed in Chapter 3) were excluded in this work due to their similarity to the other Ɏ–Ɏ 

data. This leads to 47 stacked and 82 T-shaped orientations (29 amino acid-edge and 53 

nucleobase-edge dimers).  

In the present work, a variety of density functionals that were previously shown to be 

promising for noncovalent interactions were tested against the 129 nucleobase–amino acid 
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CCSD(T)/CBS dimer interaction energies. Specifically, MPWB1K,268 M05-2X,269 M06-L,270 

M06-2X,250 PBE-D,123 BLYP-D,123 TPSS-D,123 and B97-D123 were considered. For comparison, 

PBE, BLYP and TPSS were also considered without Grimme’s dispersion correction. 

Additionally, B3LYP was also included due to the popularity of this approach in QM/MM 

and ONIOM hybrid calculations on enzymatic systems.225-226,229,231-233,235-239 All functionals 

were tested with a variety of double-zeta Pople’s and Dunning’s basis sets (6-31G(d), 6-

31G(d,p), 6-31+G(d,p), cc-pVDZ, aug-cc-pVDZ).b Most benchmarking studies test the 

performance of these functionals using basis sets for which they were originally designed. 

However, since these basis sets are typically large (see, for example, references 117, 119, 

126, 132, 255, 260, 262, 264, and 266), this work focuses on those that are practical for 

enzymatic systems, where the intended application is full optimizations of enzyme-

catalyzed reactions using hybrid methods. 

To provide a greater understanding of the relative performance of the chosen DFT 

functionals, MP2 was also included for the 129 nucleobase–amino acid dimers. Due to the 

vast literature that has studied noncovalent complexes with MP2, the shortfalls of this 

method are well known, and therefore MP2 provides a good quality comparison for other 

methods. Additionally, the double-hybrid density functionals B2PLYP244 and 

mPW2PLYP127,246 were considered. Although Grimme’s dispersion correction was originally 

designed for other functionals,123 this empirical dispersion term has also been applied to 

these double-hybrid functionals125,244 to yield B2PLYP-D and mPW2PLYP-D. Although these 

methods are likely not practical for studying large enzymatic systems, these functionals will 

provide a worthy comparison to the other methods tested in this chapter due to their 

promise for reliably describing noncovalent Ɏ–Ɏ interactions.125,244 

                                                             
b PBE, BLYP, and TPSS calculations (with and without dispersion corrections) with the aug-cc-

pVDZ basis set did not converge after 120 microiterations in the SCF cycle using GAMESS. Owing 

to the computational efficiencies of these methods, which are currently out of reach for use in 

hybrid optimizations, no further attempts to obtain SCF convergence were made. 
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In addition to active-site contacts, noncovalent Ɏ–Ɏ� ������������� �������������������� 

described throughout the entire enzymatic model. Therefore, the performance of the 

AMBER molecular mechanics method was also examined.271 AMBER was selected since it 

was originally designed to describe both DNA and protein systems,271 and is commonly used 

in hybrid techniques (see examples in references 226, 228–233, 236–237, and 272). To be 

consistent with the original AMBER design, HF/6-31G(d) ESP charges were calculated and 

used to describe each monomer, which are truncated versions of those originally used to 

develop the force field.271 AMBER atom types were assigned according to the original 

AMBER manuscript.271 In the nucleobase models, a hydrogen atom replaces the sugar-

phosphate backbone, and was defined with the H atom type. In the case of the amino acids, 

this hydrogen atom was defined as H4 for histidine (neutral and protonated) and 

tryptophan, and HA for phenylalanine and tyrosine. ANTECHAMBER (Version 1.0)273 was 

used to define the atom types and parameters (Appendix H) for the damaged base, 3-

methyladenine. Furthermore, since PM3 and AM1 are frequently used to describe the 

lower-level regions of ONIOM calculations (for example, see references 227, 234, 238, and 

274–277), these semi-empirical methods, as well as the recently proposed PM6 method,278 

were also included in this work. 

All calculations were performed with Gaussian 09222 with the exception of PBE, BLYP 

and TPSS (with and without dispersion corrections), which were performed with 

GAMESS.279 Despite reports that default grid sizes for various DFT methods can lead to false 

artifacts in the description of noncovalent interactions,280 the default grids in Gaussian 09 

and GAMESS were used. Additionally, all interaction energies were calculated without BSSE 

corrections143 (with the exception of MP2) since the goal of this work is to understand how 

these functionals describe noncovalent interactions in hybrid approaches, where large 

integration grid sizes and BSSE-free optimizations are not currently feasible. 
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5.3.�Results and Discussion 

The present study focuses on identifying suitable methodologies for hybrid QM/MM or 

ONIOM calculations on enzyme-catalyzed reactions, such as the AAG mechanism, that 

involve noncovalent Ɏ–Ɏ� ��������e–active site interactions. In this light, the ability of a 

variety of DFT functional and basis set combinations, as well as some semi-empirical and 

molecular mechanics methods, to reproduce CCSD(T)/CBS interaction energies for the test 

set of 129 Ɏ–Ɏ�������������T-shaped nucleobase–amino acid dimers was investigated. Due 

to the large number of dimers and methodologies considered, the results are reported in 

terms of the mean unsigned error (MUE) and mean signed error (MSE) with respect to the 

CCSD(T)/CBS results. The largest absolute difference (MAX) and the largest percent 

difference (MAX %) from CCSD(T)/CBS observed among the dimers considered is also 

presented. Initially, the performance of the methods for each of the two main types of Ɏ–Ɏ 

interactions (stacking and T-shaped) considered will be discussed and subsequently 

summarize the overall performance of these methods for both noncovalent interactions, as 

well as the relative performance for dimers involving neutral and cationic monomers. 

Furthermore, in order to assess the ability of various functionals to accurately describe an 

extended portion of the potential energy surface, PES scans of select dimers will be 

considered for the methods that best describe the 129 dimer interaction energies with the 

AAG large-model goal in mind. 

5.3.1.� Calculation of Accurate Interaction Energies 

5.3.1.1.� Stacking Interactions 

This section will begin by discussing the performance of MP2 with the small basis sets 

considered in the present work, which will illustrate how this widely used method for 

stacking depends on the basis set used for the systems of interest. This data will also 
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provide a useful reference point for discussing the basis set dependence of other methods. 

As previously mentioned, this chapter considers two different basis set designs of double-

zeta quality since the end goal of this work is to use these methods to study enzyme-

catalyzed reactions through full (hybrid) optimizations. As previously noted in the 

literature,109 MP2 does not adequately recover CCSD(T)/CBS stacking energies in the 

absence of diffuse functions (6-31G(d), 6-31G(d,p), cc-pVDZ), while inclusion of diffuse 

functions improves the quality of the results (Table 5.1). Nevertheless, when a modified 

basis set (6-31G*(0.25)) that was designed to study stacking interactions between the DNA 

nucleobases is considered,109,111,113 both the MUE and MSE significantly decrease, and the 

MAX and MAX % drastically decrease. These results reemphasize that the 6-31G*(0.25) 

modified basis set provides an excellent description of DNA–protein Ɏ–Ɏ� �������� 

interactions, and outperforms even the commonly used aug-cc-pVDZ basis set. 

As previously shown in the literature, DFT functionals traditionally used in a variety of 

applications (structure, kinetics, hydrogen-bond strengths) do not accurately describe Ɏ–Ɏ 

stacking interactions (Table 5.1).84 For stacking between nucleobase and amino acid 

monomers, this includes the widely used B3LYP functional. This result emphasizes that this 

functional should be cautiously used in hybrid approaches for studying enzyme-catalyzed 

reactions since many high-level regions contain Ɏ–Ɏ���������Ǥ�	����������ǡ��͵���������� 

clearly not be used when stacking interactions have been proposed to have direct 

implications in substrate recognition or catalysis. 

Although PBE, BLYP and TPSS also fail to recover the correct CCSD(T)/CBS stacking 

energies, the performance of these functionals drastically improves when Grimme’s 

dispersion correction is included (Table 5.1). B97-D also performs very well, which further 

testifies to the usefulness of empirical dispersion corrections in functional design. Other  
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Table 5.1. Mean unsigned error(MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum 

absolute difference (MAX, kJ mol–1) and maximum percent error (MAX %) between various methods 

and the CCSD(T)/CBS benchmark interaction energies for 47 nucleobase–amino acid stacked dimers. 

Method Basis Set MUE MSE MAX MAX % 

MP2[a] 6-31G*(0.25) 2.2 0.3 6.0 11.4 

 6-31G(d) 12.7 12.7 19.4 –58.0 

 6-31G(d,p) 12.2 12.2 18.2 –54.8 

 cc-pVDZ 8.8 8.8 12.8 –39.2 

 6-31+G(d,p) 4.5 4.5 7.5 –22.8 

 aug-cc-pVDZ 5.0 –5.0 10.0 35.2 

B3LYP 6-31G(d) 26.8 26.8 39.9 –133.2 

 6-31G(d,p) 26.8 26.8 39.9 –132.5 

 cc-pVDZ 27.5 27.5 42.9 –135.3 

 6-31+G(d,p) 31.1 31.1 47.2 –156.2 

 aug-cc-pVDZ 30.3 30.3 45.3 –149.1 

PBE 6-31G(d) 20.9 20.9 30.4 –100.7 

 6-31G(d,p) 20.8 20.8 30.1 –99.8 

 cc-pVDZ 20.5 20.5 31.4 –97.3 

 6-31+G(d,p) 23.3 23.3 34.8 –114.6 

PBE-D 6-31G(d) 3.0 –3.0 8.4 21.5 

 6-31G(d,p) 3.1 –3.1 8.6 21.3 

 cc-pVDZ 3.1 –3.1 8.6 21.3 

 6-31+G(d,p) 0.9 –0.6 4.2 14.0 

BLYP 6-31G(d) 32.3 32.3 46.7 –152.2 

 6-31G(d,p) 32.2 32.2 46.6 –151.4 

 cc-pVDZ 33.1 33.1 50.0 –156.0 

 6-31+G(d,p) 38.1 38.1 55.9 –181.4 

BLYP-D 6-31G(d) 6.0 –6.0 12.3 25.1 

 6-31G(d,p) 6.1 –6.1 12.4 24.8 

 cc-pVDZ 5.2 –5.2 11.0 25.3 

 6-31+G(d,p) 1.0 –0.2 3.7 9.3 

TPSS 6-31G(d) 26.8 26.8 38.9 –127.4 

 6-31G(d,p) 26.7 26.7 38.8 –126.7 

 cc-pVDZ 26.1 26.1 39.9 –122.2 

 6-31+G(d,p) 29.2 29.2 43.4 –141.1 

TPSS-D 6-31G(d) 5.1 –5.1 11.2 23.7 

 6-31G(d,p) 5.2 –5.2 11.4 23.5 

 cc-pVDZ 5.8 –5.8 11.9 25.5 

 6-31+G(d,p) 2.7 –2.7 7.1 16.5 

B97-D 6-31G(d) 4.7 –4.7 10.1 23.8 

 6-31G(d,p) 4.8 –4.8 10.2 23.6 

 cc-pVDZ 4.8 –4.8 9.2 24.6 

 6-31+G(d,p) 1.1 –1.0 4.1 13.8 

 aug-cc-pVDZ 2.2 –2.2 5.8 18.4 

MPWB1K 6-31G(d) 10.4 10.4 15.9 –52.8 

 6-31G(d,p) 10.3 10.3 15.8 –52.5 

 cc-pVDZ 9.5 9.5 14.9 –46.4 

 6-31+G(d,p) 11.3 11.3 17.2 –61.2 

 aug-cc-pVDZ 10.1 10.1 15.0 –49.9 

M05-2X 6-31G(d) 4.5 4.4 8.8 –30.4 

 6-31G(d,p) 4.4 4.3 8.7 –29.9 

 cc-pVDZ 3.6 3.5 6.7 –25.4 

 6-31+G(d,p) 4.0 3.9 8.0 –31.3 
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 aug-cc-pVDZ 2.5 2.3 5.5 –19.1 

M06-2X 6-31G(d) 1.9 –1.5 5.2 13.1 

 6-31G(d,p) 1.9 –1.5 5.1 13.5 

 cc-pVDZ 2.5 –2.5 6.2 15.1 

 6-31+G(d,p) 2.2 –2.1 4.4 14.3 

 aug-cc-pVDZ 3.3 –3.3 7.0 17.8 

M06-L 6-31G(d) 2.8 2.7 5.1 –17.0 

 6-31G(d,p) 2.6 2.6 4.9 –15.8 

 cc-pVDZ 2.3 2.2 4.4 –12.2 

 6-31+G(d,p) 2.0 1.9 4.1 –13.6 

 aug-cc-pVDZ 1.3 1.1 3.5 –12.6 

B2PLYP 6-31G(d) 26.4 26.4 40.0 –135.8 

 6-31G(d,p) 26.4 26.4 39.9 –135.2 

 cc-pVDZ 27.2 27.2 43.0 –139.4 

 6-31+G(d,p) 30.8 30.8 47.4 –160.5 

 aug-cc-pVDZ 29.7 29.7 45.0 –151.7 

B2PLYP-D 6-31G(d) 9.3 9.3 14.7 –55.6 

 6-31G(d,p) 9.3 9.3 14.5 –55.1 

 cc-pVDZ 10.2 10.2 16.3 –59.3 

 6-31+G(d,p) 13.7 13.7 20.6 –80.3 

 aug-cc-pVDZ 12.6 12.6 18.6 –71.5 

mPW2PLYP 6-31G(d) 21.0 21.0 32.6 –111.5 

 6-31G(d,p) 21.0 21.0 32.5 –111.0 

 cc-pVDZ 22.0 22.0 35.8 –116.2 

 6-31+G(d,p) 25.7 25.7 40.6 –138.2 

 aug-cc-pVDZ 24.7 24.7 38.2 –129.7 

mPW2PLYP-D 6-31G(d) 8.6 8.6 14.2 –53.3 

 6-31G(d,p) 8.5 8.5 14.0 –52.7 

 cc-pVDZ 9.6 9.6 16.5 –57.9 

 6-31+G(d,p) 13.2 13.2 21.1 –80.0 

 aug-cc-pVDZ 12.3 12.3 18.8 –71.4 

AM1  42.3 42.3 66.1 –184.4 

PM3  41.8 41.8 69.3 –177.1 

PM6  21.2 21.2 37.5 –86.7 

AMBER  3.2 2.5 12.4 –29.5 
[a] MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 

tactics have also been proposed to develop DFT functionals for noncovalent Ɏ–Ɏ 

interactions, such as dispersion correcting potentials (DCPs).129 Alternatively, more 

commonly used functionals (such as meta generalized gradient approximation (meta-GGA) 

or hybrid-meta GGA methods MPWB1K,268 M05-2X,269 M06-L,270 M06-2X,250) designed for 

these interactions were also parameterized to describe other properties (for instance, 

barrier heights or transition metals). Among these functional, MPWB1K does not perform as 

well as PBE-D for DNA–protein Ɏ–Ɏ� ������������Ǥ� �������ǡ� ������ ������������ ȋ�Ͳ5-2X, 

M06-L, M06-2X) designed by the Truhlar group show improved performance. Indeed, the 
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M06-L and M06-2X functionals lead to the smallest MUE and MSE among these methods. 

The relative performance of the Pople’s (6-31G) and Dunning’s (cc-pVDZ) basis sets 

depends on the functional form considered. However, in most instances, the difference is 

minimal when the performance of basis sets containing the same types of (polarization, 

diffuse) functions are compared. Methods that do not perform well for stacking (B3LYP, 

PBE, BLYP, TPSS), perform even worse as the basis set size increases. Although there is not 

a large difference in performance as polarization functions are added to the hydrogen 

atoms, the description of stacking becomes much poorer when diffuse functions are 

included for these methods. On the contrary, drastic performance improvements are found 

when diffuse functions are added to the basis set used with PBE-D, BLYP-D and TPSS-D. 

Interestingly, there is little change in the performance of M05-2X and M06-2X with an 

increase in the basis-set size, where inclusion of diffuse functions leads to a slightly poorer 

description of stacking. However, increasing the basis set for the M06-L functional leads to 

improved stacking interaction energies, where the aug-cc-pVDZ basis sets leads to the 

smallest MUE and MSE for these functionals. 

A potential way to further improve upon the performance of DFT methods for the 

calculation of Ɏ–Ɏ� ������������� ��� ��� ��������� �����e-hybrid density functionals such as 

B2PLYP and mPW2PLYP. B2PLYP, in particular, provides an extremely small absolute mean 

deviation for the S22 test set when Grimme’s dispersion correction is included and a large 

triple-zeta basis set is used.127 Although the inclusion of the dispersion correction improves 

the performance of both B2PLYP and mPW2PLYP, these functionals are not as accurate as 

the other dispersion corrected methods considered above (Table 5.1). This could be in part 

due to the fact that BSSE corrections are not included in these reported binding energies 

since these calculations would not be realistic during each optimization step when enzyme-

catalyzed reactions are considered. 
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Although the above discussion is for methods suitable for the highest-level region of 

hybrid calculations, the performance of the method used to describe the remainder of the 

protein environment (low-level region) must also be carefully considered. Semi-empirical 

methods are sometimes employed as a highly-efficient molecular orbital method for 

describing proteins (for examples, see references 227, 234, 238, 274–277, and 281). For 

instance, these techniques can be used as the high-level method, as the mid-layer region in 

multi-layer approaches, or as the low-level method when truncated enzyme models are 

used. However, the present work indicates that neither of the typically chosen semi-

empirical techniques (AM1, PM3) accurately describe stacking interactions between the 

DNA/RNA bases and amino acids with conjugated Ɏ-rings (Table 5.1). Although the PM6 

method outperforms these other semi-empirical methods, AMBER describes the stacking 

interactions between DNA and protein components exceptionally well and better than any 

semi-empirical method considered here (Table 5.1). 

5.3.1.2.� T-shaped Interactions 

T-shaped interactions between two Ɏ-systems have been less studied compared to the 

large number of stacked complexes examined in the literature. In this thesis, these 

interactions were shown to be less dependent on dispersion than stacking and therefore 

more commonly-used computational techniques may be able to accurately describe these 

contacts. This statement is confirmed in the present work where the performance of MP2 

with any of the chosen basis sets is better for T-shaped (Table 5.2) than stacking (Table 5.1) 

interactions. Indeed, although aug-cc-pVDZ is not the optimal choice for studying stacked 

systems with MP2, this combination outperforms other basis sets for T-shaped interactions. 

However, MP2/6-31G*(0.25), which was the best combination for the stacked orientations, 

also performs very well for nucleobase–amino acid T-shaped contacts.  
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Table 5.2. Mean unsigned error (MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum 

absolute difference (MAX, kJ mol–1) and maximum percent error (MAX %) between various methods 

and the CCSD(T)/CBS benchmark interaction energies for 82 nucleobase–amino acid T-shaped 

dimers. 

Method Basis Set MUE MSE MAX MAX % 

MP2[a] 6-31G*(0.25) 1.5 1.2 5.7 –19.3 

 6-31G(d) 6.2 6.2 12.1 –46.1 

 6-31G(d,p) 6.1 6.1 11.6 –42.1 

 cc-pVDZ 5.9 5.9 11.8 –40.3 

 6-31+G(d,p) 4.4 4.4 8.4 –31.1 

 aug-cc-pVDZ 1.0 –0.4 4.2 12.5 

B3LYP 6-31G(d) 9.5 9.4 19.1 –99.2 

 6-31G(d,p) 9.7 9.6 19.2 –98.0 

 cc-pVDZ 10.5 10.4 24.0 –98.4 

 6-31+G(d,p) 14.3 14.3 25.1 –112.3 

 aug-cc-pVDZ 13.8 13.8 24.1 –101.6 

PBE 6-31G(d) 5.9 5.5 13.7 –73.6 

 6-31G(d,p) 5.9 5.6 13.3 –71.8 

 cc-pVDZ 6.4 6.0 16.1 –71.1 

 6-31+G(d,p) 9.5 9.5 16.5 –75.4 

PBE-D 6-31G(d) 7.2 –7.2 12.8 47.2 

 6-31G(d,p) 7.1 –7.1 12.9 46.9 

 cc-pVDZ 6.6 –6.6 13.7 42.8 

 6-31+G(d,p) 3.2 –3.2 6.7 23.9 

BLYP 6-31G(d) 12.1 12.0 24.3 –114.6 

 6-31G(d,p) 12.2 12.2 24.5 –113.6 

 cc-pVDZ 13.1 13.1 29.5 –115.4 

 6-31+G(d,p) 18.2 18.2 31.8 –135.2 

BLYP-D 6-31G(d) 8.3 –8.3 13.7 50.1 

 6-31G(d,p) 8.1 –8.1 13.6 49.2 

 cc-pVDZ 7.3 –7.3 15.7 46.0 

 6-31+G(d,p) 2.2 –2.1 5.1 21.5 

TPSS 6-31G(d) 9.4 9.3 18.2 –96.7 

 6-31G(d,p) 9.4 9.3 17.8 –94.7 

 cc-pVDZ 9.8 9.8 21.4 –93.5 

 6-31+G(d,p) 13.0 13.0 21.6 –105.0 

TPSS-D 6-31G(d) 7.6 –7.6 13.0 49.7 

 6-31G(d,p) 7.6 –7.6 13.2 49.6 

 cc-pVDZ 7.1 –7.1 13.5 42.3 

 6-31+G(d,p) 3.9 –3.9 8.9 27.5 

B97-D 6-31G(d) 6.9 –6.8 11.9 44.4 

 6-31G(d,p) 6.9 –6.8 11.6 44.1 

 cc-pVDZ 6.0 –6.0 11.7 45.1 

 6-31+G(d,p) 2.7 –2.5 5.8 20.3 

 aug-cc-pVDZ 3.1 –2.9 6.6 31.5 

MPWB1K 6-31G(d) 3.8 3.5 11.4 –57.9 

 6-31G(d,p) 3.7 3.5 10.9 –55.6 

 cc-pVDZ 4.0 3.8 9.8 –53.3 

 6-31+G(d,p) 6.2 6.2 11.6 –54.6 

 aug-cc-pVDZ 5.4 5.4 10.2 –45.3 

M05-2X 6-31G(d) 1.6 –0.6 7.5 –31.8 

 6-31G(d,p) 1.7 –0.8 8.0 –29.6 

 cc-pVDZ 1.7 –0.5 9.3 –27.1 
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 6-31+G(d,p) 1.4 1.1 5.0 –21.8 

 aug-cc-pVDZ 1.1 –0.2 3.7 16.4 

M06-2X 6-31G(d) 1.9 –1.5 10.1 22.2 

 6-31G(d,p) 2.0 –1.6 10.4 22.1 

 cc-pVDZ 1.7 –1.4 11.3 15.5 

 6-31+G(d,p) 1.2 0.4 4.9 –17.0 

 aug-cc-pVDZ 1.3 –0.7 4.2 18.8 

M06-L 6-31G(d) 2.1 2.0 4.9 –23.0 

 6-31G(d,p) 1.9 1.8 4.5 –20.0 

 cc-pVDZ 2.8 2.6 8.6 –27.5 

 6-31+G(d,p) 3.1 3.1 6.0 –24.3 

 aug-cc-pVDZ 2.9 2.9 6.1 –19.8 

B2PLYP 6-31G(d) 9.5 9.5 20.3 –101.8 

 6-31G(d,p) 9.7 9.6 20.0 –100.8 

 cc-pVDZ 10.4 10.4 23.3 –100.3 

 6-31+G(d,p) 13.8 13.8 24.4 –111.9 

 aug-cc-pVDZ 13.2 13.2 22.7 –101.0 

B2PLYP-D 6-31G(d) 1.7 0.2 7.1 –37.1 

 6-31G(d,p) 1.7 0.3 7.1 –36.1 

 cc-pVDZ 2.4 1.1 7.6 –35.5 

 6-31+G(d,p) 4.5 4.5 8.4 –43.4 

 aug-cc-pVDZ 3.9 3.9 6.4 –32.5 

mPW2PLYP 6-31G(d) 6.3 6.0 16.4 –81.8 

 6-31G(d,p) 6.5 6.2 16.1 –80.7 

 cc-pVDZ 7.3 7.0 18.5 –80.4 

 6-31+G(d,p) 10.4 10.4 19.7 –86.4 

 aug-cc-pVDZ 9.8 9.8 17.9 –76.1 

mPW2PLYP-D 6-31G(d) 1.8 –0.7 8.3 –34.7 

 6-31G(d,p) 1.8 –0.6 8.3 –33.6 

 cc-pVDZ 2.4 0.2 8.8 –33.4 

 6-31+G(d,p) 3.7 3.6 8.1 –37.6 

 aug-cc-pVDZ 3.2 3.1 6.3 –28.0 

AM1  22.5 22.5 45.4 –128.0 

PM3  22.5 22.5 46.4 –125.6 

PM6  14.1 14.1 34.2 –79.1 

AMBER  4.7 2.2 18.7 –82.3 
[a] MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 

For all functionals, the basis set effects on T-shaped binding strengths (Table 5.2) are 

the same as those discussed for stacking interactions (Table 5.1). B3LYP more accurately 

describes T-shaped than stacking contacts with all basis sets considered. However, B3LYP is 

still much less accurate than the other functionals under analysis. Therefore, these 

calculations reemphasize that B3LYP should be cautiously used in hybrid approaches for 

studying enzyme-catalyzed reactions when the high-level region contains Ɏ–Ɏ�������������Ǥ 

Once again, the inclusion of an empirical dispersion correction greatly improves the 

accuracy of the density functionals. This supports the suggestions in this thesis that 
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dispersion plays a larger role in dictating the magnitude of T-shaped interactions than 

initially believed. Although the MUE and MSE are smaller for PBE than PBE-D, the MAX and 

MAX % are much larger for PBE, which makes PBE a less reliable method. Nevertheless, 

M05-2X and M06-2X yield interaction energies closer to the CCSD(T)/CBS results, while 

M06-L does not perform as well as these other Truhlar functionals. Indeed, M06-2X 

performs significantly better than PBE-D for nucleobase–amino acid T-shaped interactions. 

AM1, PM3, and PM6 more accurately predict nucleobase–amino acid T-shaped 

interactions (Table 5.2) compared with the stacking binding energies (Table 5.1). However, 

the deviations from the CCSD(T)/CBS results are still very large and therefore these 

methods should be used with caution for systems that include many aromatic residues. The 

MUE is slightly larger for AMBER T-shaped interactions (Table 5.2) than AMBER stacking 

energies (Table 5.1), while the MAX and MAX % are significantly larger for T-shaped 

contacts. However, AMBER reasonably describes both types of interactions, especially when 

the computational efficiency of this method is taken into account. 

5.3.1.3.� Overall 

The performance of DFT functionals presented thus far has provided general 

conclusions based on the results of all dimers. However, errors for the neutral versus 

cationic dimers were also determined (Appendix H) and fully analyzed. This work found 

that all methods describe the binding strengths of cationic dimers with slightly less 

accuracy than neutral dimers. Nevertheless, there are no drastic differences which warrant 

a detailed discussion of the performance of each method for cationic versus neutral 

systems. 

Table 5.3 summarizes the performance of all methods for all types of (stacking and T-

shaped, neutral Ɏ–Ɏ��������������Ɏ+–ɎȌ� ������������Ǥ������ �������������������ǡ������� ���� 

more appropriate choice for the lower-level method in hybrid approaches than popular 
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semi-empirical techniques. Indeed, AMBER also outperforms many of the other methods 

considered in the present work, especially when the low computational cost of this 

technique is taken into account. This suggests that MD, QM/MM, or ONIOM calculations that 

implement AMBER provide a good description of the Ɏ–Ɏ� ������������� ����������� ��A–

protein systems.  

Table 5.3. Mean unsigned error (MUE, kJ mol–1), mean signed error (MSE, kJ mol–1), maximum 

absolute difference (MAX, kJ mol–1) and maximum percent error (MAX %) between various methods 

and the CCSD(T)/CBS benchmark interaction energies for 129 nucleobase–amino acid noncovalent 

dimers. 

Method Basis Set MUE MSE MAX MAX % 

MP2[a] 6-31G*(0.25) 1.8 0.9 6.0 –19.3 

 6-31G(d) 8.6 8.6 19.4 –58.0 

 6-31G(d,p) 8.3 8.3 18.2 –54.8 

 cc-pVDZ 6.9 6.9 12.8 –40.3 

 6-31+G(d,p) 4.5 4.5 8.4 –31.1 

 aug-cc-pVDZ 2.5 –2.1 10.0 35.2 

B3LYP 6-31G(d) 15.8 15.8 39.9 –133.2 

 6-31G(d,p) 15.9 15.8 39.9 –132.5 

 cc-pVDZ 16.7 16.7 42.9 –135.3 

 6-31+G(d,p) 20.4 20.4 47.2 –156.2 

 aug-cc-pVDZ 19.8 19.8 45.3 –149.1 

PBE 6-31G(d) 11.2 10.9 30.4 –100.7 

 6-31G(d,p) 11.1 10.9 30.1 –99.8 

 cc-pVDZ 11.3 11.1 31.4 –97.3 

 6-31+G(d,p) 14.3 14.3 34.8 –114.6 

PBE-D 6-31G(d) 5.6 –5.6 12.8 47.2 

 6-31G(d,p) 5.6 –5.6 12.9 46.9 

 cc-pVDZ 5.5 –5.5 13.7 42.8 

 6-31+G(d,p) 2.4 –2.3 6.7 23.9 

BLYP 6-31G(d) 19.1 19.1 46.7 –152.2 

 6-31G(d,p) 19.2 19.2 46.6 –151.4 

 cc-pVDZ 20.0 20.0 50.0 –156.0 

 6-31+G(d,p) 25.1 25.1 55.9 –181.4 

BLYP-D 6-31G(d) 7.4 –7.4 13.7 50.1 

 6-31G(d,p) 7.3 –7.3 13.6 49.2 

 cc-pVDZ 6.5 –6.5 15.7 46.0 

 6-31+G(d,p) 1.7 –1.4 5.1 21.5 

TPSS 6-31G(d) 15.4 15.4 38.9 –127.4 

 6-31G(d,p) 15.4 15.4 38.8 –126.7 

 cc-pVDZ 15.5 15.5 39.9 –122.2 

 6-31+G(d,p) 18.7 18.7 43.4 –141.1 

TPSS-D 6-31G(d) 6.6 –6.6 13.0 49.7 

 6-31G(d,p) 6.7 –6.7 13.2 49.6 

 cc-pVDZ 6.6 –6.6 13.5 42.3 

 6-31+G(d,p) 3.4 –3.4 8.9 27.5 

B97-D 6-31G(d) 6.1 –6.1 11.9 44.4 

 6-31G(d,p) 6.1 –6.1 11.6 44.1 
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 cc-pVDZ 5.6 –5.6 11.7 45.1 

 6-31+G(d,p) 2.1 –1.9 5.8 20.3 

 aug-cc-pVDZ 2.8 –2.7 6.6 31.5 

MPWB1K 6-31G(d) 6.2 6.0 15.9 –57.9 

 6-31G(d,p) 6.1 6.0 15.8 –55.6 

 cc-pVDZ 6.0 5.9 14.9 –53.3 

 6-31+G(d,p) 8.1 8.1 17.2 –61.2 

 aug-cc-pVDZ 7.1 7.1 15.0 –49.9 

M05-2X 6-31G(d) 2.7 1.2 8.8 –31.8 

 6-31G(d,p) 2.7 1.1 8.7 –29.9 

 cc-pVDZ 2.4 1.0 9.3 –27.1 

 6-31+G(d,p) 2.3 2.1 8.0 –31.3 

 aug-cc-pVDZ 1.6 0.7 5.5 –19.1 

M06-2X 6-31G(d) 1.9 –1.5 10.1 22.2 

 6-31G(d,p) 1.9 –1.6 10.4 22.1 

 cc-pVDZ 2.0 –1.8 11.3 15.5 

 6-31+G(d,p) 1.6 –0.5 4.9 –17.0 

 aug-cc-pVDZ 2.0 –1.7 7.0 18.8 

M06-L 6-31G(d) 2.3 2.2 5.1 –23.0 

 6-31G(d,p) 2.2 2.1 4.9 –20.0 

 cc-pVDZ 2.6 2.4 8.6 –27.5 

 6-31+G(d,p) 2.7 2.7 6.0 –24.3 

 aug-cc-pVDZ 2.3 2.2 6.1 –19.8 

B2PLYP 6-31G(d) 15.7 15.6 40.0 –135.8 

 6-31G(d,p) 15.7 15.7 39.9 –135.2 

 cc-pVDZ 16.6 16.5 43.0 –139.4 

 6-31+G(d,p) 20.0 20.0 47.4 –160.5 

 aug-cc-pVDZ 19.2 19.2 45.0 –151.7 

B2PLYP-D 6-31G(d) 4.5 3.5 14.7 –55.6 

 6-31G(d,p) 4.5 3.6 14.5 –55.1 

 cc-pVDZ 5.3 4.4 16.3 –59.3 

 6-31+G(d,p) 7.8 7.8 20.6 –80.3 

 aug-cc-pVDZ 7.1 7.1 18.6 –71.5 

mPW2PLYP 6-31G(d) 11.7 11.5 32.6 –111.5 

 6-31G(d,p) 11.7 11.6 32.5 –111.0 

 cc-pVDZ 12.6 12.5 35.8 –116.2 

 6-31+G(d,p) 16.0 16.0 40.6 –138.2 

 aug-cc-pVDZ 15.3 15.3 38.2 –129.7 

mPW2PLYP-D 6-31G(d) 4.3 2.7 14.2 –53.3 

 6-31G(d,p) 4.2 2.7 14.0 –52.7 

 cc-pVDZ 5.0 3.6 16.5 –57.9 

 6-31+G(d,p) 7.2 7.1 21.1 –80.0 

 aug-cc-pVDZ 6.5 6.4 18.8 –71.4 

AM1  29.7 29.7 66.1 –184.4 

PM3  29.6 29.6 69.3 –177.1 

PM6  16.7 16.7 37.5 –86.7 

AMBER  4.1 2.3 18.7 –82.3 
[a] MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 

Among the MP2 basis set combinations considered, MP2/6-31G*(0.25) provides the 

best description for a range of noncovalent Ɏ–Ɏ dimer interactions (Table 5.3). These 

results further justify the use of this method for scanning the potential energy surfaces of 
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stacked and T-shaped nucleobase–amino acid dimers. Furthermore, these findings suggest 

that MP2/6-31G*(0.25) is an efficient method for use in future work of stacked or T-shaped 

systems when larger systems (trimers or tetramers) are considered. 

As discussed previously in the literature, double-hybrid functionals yield very good 

performance when an empirical dispersion correction is included in the functional 

form.127,246 Additionally, the performance reported in the present work would likely be 

further improved with the inclusion of BSSE corrections. However, as previously discussed, 

this is not a feasible approach for the intended application due to the computational scaling 

of these methods. Therefore, the use of these functionals for accurately determining 

interaction energies is currently restricted to single-point calculations with large basis sets 

and/or BSSE corrections. 

The results in Table 5.3 suggest that within the functionals considered in the present 

work, the methods that best describe Ɏ–Ɏ��������������T-shaped interaction energies are 

M06-2X and PBE-D. Although BLYP-D outperforms PBE-D with the 6-31+G(d,p) basis set, 

PBE-D performs better with the smaller 6-31G(d) basis set. However, Table 5.3 suggests 

that M06-2X outperforms PBE-D with both the smaller 6-31G(d) and the larger 6-31+G(d,p) 

basis sets. The 6-31G(d) basis set is a more computationally efficient choice for hybrid 

approaches since the inclusion of diffuse functions on heavy atoms and/or polarization 

functions on hydrogen atoms during the optimization routine drastically increases the 

computational resources required. Thus, M06-2X/6-31G(d) may be the best choice among 

those considered in the present work for describing the high-level region in hybrid 

approaches for large-scale modeling of enzyme-catalyzed reactions that involve DNA–

protein Ɏ–Ɏ�������������. 

5.3.2.� Description of Potential Energy Surfaces 

Although Tables 5.1 – 5.3 provide useful information about the ability of various 
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methods to accurately predict the strength of Ɏ–Ɏ��������������������������������������� 

potential energy surfaces of nucleobase–amino acid dimers, this data does not necessarily 

reflect whether the methods provide an accurate description of the entire PES. 

Understanding how density functionals describe both minimum and nonminimum regions 

of potential energy surfaces is particularly important when applying these methods to 

optimize a complete reaction mechanism for DNA–protein complexes that include stacked 

and/or T-shaped contacts, such as AAG. Therefore, as a critical first step, the functional 

(M06-2X, PBE-D) and basis set (6-31G(d), 6-31+G(d,p)) combinations found to best 

describe nucleobase–amino acid interactions will be further scrutinized below by 

evaluating their ability to describe changes in both stacked and T-shaped binding strengths 

as a function of select geometric variables (Figure 2.2). Since MP2 is widely used to study  

Ɏ–Ɏ� ������� ��� ���� ����������ǡ this section will compare the current results to the MP2 

method that best describes stacked (MP2/6-31G*(0.25), Table 5.1) or T-shaped (MP2/aug-

cc-pVDZ, Table 5.2) orientations. Nevertheless, both MP2 values are reported for both types 

of interactions to further illustrate the differences between these approaches. The following 

investigation focuses on three dimers (adenine–histidine, 3-methyladenine–histidine and 

adenine–protonated histidine) in both their optimal stacked and (amino acid-edge) T-

shaped orientations (Figure 5.1). This choice in molecules considers similar systems that 

span both Ɏ–Ɏ� ���� Ɏ+–Ɏ� ������������ǡ� ����� Chapter 3 showed to have a varying 

dependence on the electrostatic and dispersion contributions to the interactions. 

5.3.2.1.� Stacked Dimers 

Deviations in the MP2 calculated curves describing dimer interaction energies as a 

function of the vertical separation (R1, Figure 2.2) between the monomers are not 

surprising (Figure 5.2a – 5.2c) since aug-cc-pVDZ is known to overestimate stacking  
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Figure 5.1. Dimers considered in vertical separation (R1Ȍ�����������������������ȋȽȌ����������������� 

surface scans for (a) stacked and (b) amino acid-edge T-shaped orientations. 

interactions. However, both basis sets predict the same preferred MP2 vertical separation in 

the nucleobase–amino acid dimers considered in the present work (Appendix H). 

Furthermore, over the R1 values investigated, the entire potential energy surfaces calculated 

with both basis sets are reasonably close in both magnitude and shape for the cationic 

systems (Figure 5.2b and 5.2c). Nevertheless, there are larger deviations in the calculated 

MP2 binding strengths for the neutral dimer (Figure 5.2a), where the magnitude of the 

deviation depends on the vertical separation and a better agreement is observed at larger 

vertical separations. 

M06-2X leads to steeper potential energy surfaces with respect to R1 than MP2 for 

stacked dimers. Specifically, this functional underestimates the binding strength at large 

vertical separations and overestimates the interaction energy at small R1 distances. The 

M06-2X results obtained with both basis sets are in good agreement with each other, which 

reemphasizes that inclusion of diffuse functions does not lead to improved performance for 

this functional. In the absence of diffuse functions, the PES with respect to R1 is slightly  
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Figure 5.2. Interaction energy (kJ mol–1) as a function of vertical separation distance (R1, Å) for the 

stacked dimers ((a) A_HIS, (b) 3MeA_HISƍ, (c) A_HIS+Ȍ���������������������������������������ȋȽǡ�°) for 

stacked dimers ((d) A_HIS, (e) 3MeA_HISƍ, and (f) A_HIS+). 

steeper, which implies that deviations from MP2/6-31G*(0.25) will be larger in non-

equilibrium geometries for the M06-2X/6-31G(d) combination. For all dimers, M06-2X 
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predicts the preferred vertical separation to be 0.1 Å smaller than MP2, which has been 

previously reported in the literature for the methane dimer132 and the sandwiched-benzene 

dimer132 and reflects stronger binding. Furthermore, when regions close to the preferred R1 

are considered, small changes in the vertical separation lead to small changes in the 

interaction energy. Finally, it is interesting to note that the deviations from MP2/6-

31G*(0.25) are smaller for the M06-2X Ɏ+–Ɏ���������� ������������� ����� ����������������� 

Ɏ–Ɏ���������Ǥ The present M06-2X surfaces are smooth despite previous reports that meta-

GGA potential energy curves for the stacked benzene dimer oscillate unless very large 

integration grids are used.282 

PBE-D/6-31+G(d,p) provides an excellent representation of the preferred MP2 

geometries, as well as the interaction energies for the entire R1 potential energy surface of 

stacked dimers. Indeed, PBE-D/6-31+G(d,p) likely provides a better description of both Ɏ–Ɏ 

and Ɏ+–Ɏ����������������Ͳ6-2X with either basis set. However, there is a much larger basis 

set effect for the PBE-D functional. Specifically, removal of diffuse functions from the basis 

set leads to a significant overestimation when compared to the MP2/6-31G*(0.25) 

stabilization energy, which is much more pronounced at smaller R1 distances. Figure 5.2 

also illustrates that PBE-D/6-31G(d) and MP2/6-31G*(0.25) are in better agreement in the 

Ɏ+–Ɏ� ���������� (Figure 5.2b and 5.2c) than the Ɏ–Ɏ A_HIS dimer (Figure 5.2a). 

Furthermore, as discussed for M06-2X, PBE-D/6-31G(d) predicts R1 to be 0.1 Å smaller than 

MP2, but this effect is diminished when the larger basis set is used (Appendix H). 

Using the preferred R1 distance identified for each method, the binding strength as a 

function of the angle of rotation of the amino acid with respect to the nucleobase ( , Figure 

2.2) was considered (Figure 5.2d – 5.2f). Unlike the results for the R1 potential energy 

surfaces, all methods yield the same general shape of the potential energy surface with 

respect to , which is dictated by the relative orientation of the dipole moment vectors in 
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the monomers. Once again, the overestimation of the interaction strength at the MP2 level 

with the aug-cc-pVDZ compared with the 6-31G*(0.25) basis set is clearly observed. 

Although M06-2X with both basis sets yields binding energies in very close agreement 

with one another ��������Ƚ����������������̴��������͵���_HISƍ stacked dimers, a larger basis 

set effect is seen for A_HIS+ (Figure 5.2f). To provide a better comparison by only examining 

���� �������� ��� Ƚǡ� ��� ����������� Ƚ� ��������� ������med at the MP2/6-31G*(0.25) preferred 

vertical separation distance for cases where the DFT R1 distance was different (Appendix 

H). When the same R1 value is considered, a better agreement is observed between the 

M06-2X results and the MP2/6-31G*(0.25) results for this dimer (Appendix H). In 

comparison, PBE-D/6-31+G(d,p) produces nearly identical potential energy surfaces with 

�����������Ƚ����������������������������������ʹȀ6-31G*(0.25). However, PBE-D/6-31G(d) 

greatly overestimates the MP2 binding strength f��� ���� Ƚǡ� ����������� ���� �����_HIS+ dimer 

(see Figure 5.2f). 

In summary, PBE-D in combination with basis sets that include diffuse functions yields 

stacking interactions in excellent agreement with MP2 for large regions of the PES and 

therefore this is the method of choice for describing DNA–protein stacking interactions in 

large-scale modeling. However, in instances when diffuse functions are prohibited due to 

the associated computational expense, PBE-D can yield acceptable Ɏ–Ɏ�������������ǡ�������� 

lead to very large overestimations, especially in Ɏ+–Ɏ�������������Ǥ� �������������ǡ��Ͳ6-2X 

has a very small basis set dependence and yields a reasonable description of both the 

dispersion and electrostatic components of the stacking interactions for both neutral and 

cationic systems. As a result, M06-2X is an efficient choice for modeling stacking 

interactions in large systems that require the use of small basis sets (without diffuse 

functions). 
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5.3.2.2.� T-shaped Dimers 

In contrast to the discussion of stacked systems, the MP2 potential energy surfaces 

with respect to R1 calculated with aug-cc-pVDZ and 6-31G*(0.25) for T-shaped dimers are 

very similar in shape and the binding strengths are nearly identical in magnitude (within 

3.3 kJ mol–1, Figure 5.3a – 5.3c). M06-2X almost always underestimates the MP2 T-shaped 

binding strengths regardless of the basis set used, especially when interactions with a 

cationic monomer are considered. On the contrary, PBE-D generally overestimates the MP2 

binding strength for T-shaped dimers, where this overestimation is exaggerated when 

diffuse functions are omitted from the basis set (see for example, Figure 5.3a and 5.3c). As 

discussed for the stacked dimers, all DFT methods predict a 0.1 Å shorter vertical 

separation than MP2 for A_HIS(edge) and 3MeA_HIS(edge) T-shaped dimers. However, the 

R1 values for A_HIS+(edge) match the MP2 results for all combinations except M06-2X/6-

31+G(d,p), which predicts a 0.1 Å larger vertical separation. 

Once again, all methods yield the same general shape for the curves representing the T-

������� ������������ ������� ��� �� ��������� ��� ���� ������ ��� ��������� ȋȽǡ Figure 5.3d – 5.3f). 

Furthermore, all other general conclusions discussed for the stacking interactions in 

regards to the method dependence for these potential energy surfaces hold for the T-shaped 

interactions. However, the effects are more pronounced in the case of T-shaped contacts. 

Most significantly, when diffuse functions are not included in the basis set, PBE-D drastically 

overestimates the T-shaped interactions. These results reemphasize the previous 

conclusion that PBE-D/6-31G(d) should not be used to study T-shaped contacts between 

two Ɏ-systems. M06-2X, on the other hand, more consistently provides a better description 

for a range of Ɏ–Ɏ��nd Ɏ+–Ɏ�T-shaped DNA–protein interactions. 
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Figure 5.3. Interaction energy (kJ mol–1) as a function of vertical separation distance (R1, Å) for the 

T-shaped dimers ((a) A_HIS(edge), (b) 3MeA_HIS(edge), (c) A_HIS+(edge)) or as a function of angle of 

rotation (Ƚ, °) for T-shaped dimers ((d) A_HIS(edge), (e) 3MeA_HIS(edge), and (f) A_HIS+(edge)). 

5.3.2.3.� Overall 

Detailed consideration of the potential energy surfaces of Ɏ–Ɏ�����Ɏ+–Ɏ�������������T-
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shaped dimers as a function of the vertical separation (R1Ȍ� ���� ������ ��� ��������� ȋȽȌ 

between nucleobase and amino acid monomers supports the previous interaction energy 

analysis. Specifically, PBE-D with diffuse functions (6-31+G(d,p)) provides a very accurate 

description of the potential energy surface of the stacked dimers. However, the accuracy of 

this combination breaks down for T-shaped complexes, where these interaction energies 

can be drastically overestimated. PBE-D also has a very large basis set dependence, and 

therefore small basis sets that do not contain diffuse functions should be used in 

conjunction with this functional with extreme caution, especially when T-shaped contacts 

are considered. These results indicate that if the system of interest contains both stacked 

and T-shaped arrangements, then M06-2X will provide a more reliable description of all Ɏ–

Ɏ�����������������������A–protein complex. Nevertheless, users should be aware that M06-

2X generally finds the equilibrium distances to be 0.1 Å closer than other methods, and 

underestimates the binding at vertical separation distances larger than the equilibrium 

value. Nevertheless, the description of both stacked and T-shaped interactions with M06-2X 

looks promising for geometry optimizations in the intended application of studying DNA–

protein systems with hybrid techniques. M06-2X has minimal basis set dependence for both 

stacked and T-shaped orientations and therefore can be used in conjunction with a small 

basis set to optimize large enzymatic systems. In fact, this work indicates that there is no 

advantage to including diffuse functions in attempts to improve the description of M06-2X 

stacking and T-shaped interactions, while the computational cost associated with 

implementing such basis sets for enzymatic systems is very high. 

5.4.�Conclusions 

This chapter investigated the performance of a number of density functional methods, 

as well as other techniques currently used in hybrid approaches, to identify currently 

available method and basis set combinations that accurately and efficiently describe the 
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binding strengths and potential energy surfaces of Ɏ–Ɏ� ��������� ����Ɏ–Ɏ�T-shaped DNA–

protein interactions. By benchmarking against the previously reported 129 nucleobase–

amino acid dimer CCSD(T)/CBS interaction energies, this work concludes that AMBER is a 

more appropriate choice for the lower-level method in hybrid approaches than popular 

semi-empirical techniques, and suggests that hybrid techniques that implement AMBER 

accurately describe Ɏ–Ɏ� ������������� ����������� ��A–protein systems. Additionally, the 

M06-2X and PBE-D density functional methods were found to provide very promising 

descriptions of the entire 129 nucleobase–amino acid dimer test set, and therefore may be 

the best choice for high-level regions in hybrid approaches for studying enzyme systems 

that involve nucleobase–amino acid Ɏ–Ɏ������������s, such as AAG. 

M06-2X and PBE-D, in combination with smaller (6-31G(d)) and larger (6-31+G(d,p)) 

double-zeta basis sets, were further examined to determine which combinations best 

describe an extended portion of the potential energy surfaces of three representative 

stacked and three representative (amino acid-edge) T-shaped dimers. PBE-D with the larger 

basis set was found to provide an excellent description of stacking interactions, yet 

generally overestimates T-shaped interactions. However, PBE-D has a very strong basis set 

dependence, where the small basis set erroneously overestimates interaction energies in 

both neutral and cationic systems, especially for T-shaped contacts. On the other hand, 

M06-2X has a small basis set dependence. Indeed, M06-2X/6-31G(d) was found to provide 

an excellent description of both stacked and T-shaped, as well as Ɏ–Ɏ� ���� Ɏ+–Ɏǡ� ��A–

protein interactions. Therefore, this work proposes the use of PBE-D/6-31+G(d,p) to study 

nucleobase–amino acid systems that rely only on stacking interactions. However, if T-

shaped contacts are to be considered and/or smaller basis sets must be used, M06-2X/6-

31G(d) will provide an overall excellent description of the (stacking and T-shaped) 

interactions in the entire DNA–protein complex. 
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The present work is important for understanding how current density functionals 

describe DNA–protein Ɏ–Ɏ���������������������������������������������������� of the 

potential energy surface. Indeed, this chapter illustrates that the 129 nucleobase–amino 

acid benchmark data set can provide important information about the performance of a 

variety of functionals, suggesting that this high-level data should not be overlooked when 

parameterizing new force fields and new density functionals that even more reliably 

account for long-range dispersion interactions. This chapter has also provided critical 

information about methodologies that are currently available for modeling enzymatic 

reaction mechanisms, where the methods identified in this chapter will be used to study the 

excision mechanism of AAG, which is the focus of the next chapter. 
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Chapter 6.� Modeling the Chemical Step Utilized by Human 

Alkyladenine DNA Glycosylase (AAG)a 

 

6.1.�Introduction 

This thesis has examined the Ɏ–Ɏ�����Ɏ+–Ɏ������������������������������������������ 

conjugated Ɏ-rings and the natural or damaged nucleobases, where high-level quantum 

mechanical techniques have provided vital information about their preferred structures and 

stabilization energies, as well as how the interaction energies change with respect to 

several geometric variables. Indeed, these high-level results have become an excellent data 

set for benchmarking methods to be used to examine enzymatic mechanisms that rely on 

these nonspecific interactions. However, it is still not understood how the structures of 

these interactions will differ, or how they can affect the reaction barriers, in the catalytic 

mechanism of neutral and cationic lesions within AAG, which is the focus of the present 

chapter. 

As mentioned in Chapter 1, very little is known about the chemical glycosidic-bond 

cleavage step of AAG, where most knowledge has been revealed from crystal structures of 

ȟ80AAG. A water molecule in the active site is ideally positioned to act as the nucleophile to 

attack C1ƍ of the sugar55,57,60 (3.502 Å away from C1ƍ in the wild-type str����������������ɂA-

containing DNA, Figure 6.1a).57 The proximity and orientation of this water relative to the 

side chain of Glu125 led to proposals that AAG uses a general base in the catalytic 

mechanism to activate this water for nucleophilic attack.55 Indeed, mutational studies that 

substituted Glu125 with alanine or glutamine eliminated detectable glycosylase activity, 

                                                             
a Reprinted with permission from Rutledge, L. R.; Wetmore, S. D. J. Am. Chem. Soc. 2011, 
Accepted. DOI: ja07181c. Copyright 2011 American Chemical Society. 
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and therefore led to the E125Q-AAG bound t����ȋ����������������������Ȍ�ɂA-containing DNA 

crystal structure.57 Additionally, pH-rate profiles clarified that AAG requires a general base 

for glycosidic-bond cleavage of both �������� ȋɂ�ǡ� ��Ȍ� ���� ��������� ȋ��
Ȍ� ���������s,64 

which is also a common feature of most monofunctional glycosylases.28-29 

 

Figure 6.1. Crystal structure of (a) wild-type ȟͺͲ��
��������������ɂA-containing DNA (PDB entry 

1F4R) and (b) E125Q-ȟ80AAG bound to ɂA-containing DNA (PDB entry 1EWN).57 Protein-bound 

water molecules are indicated by red spheres and are labelled according to their crystal structure. 

O’Brien and Ellenberger found that the pH-rate profiles ��� ������������ ����������� ȋɂ� 

and Hx) are different from the cationic bases (7MeG), suggesting that the neutral lesions 

require the action of both a general base and a general acid, which protonates the 

nucleobase.64�To pinpoint the site of protonation, the activity of AAG on Hx was compared to 
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that on 7-deaza-Hx, which lacks the N7 group.64 No glycosylase activity was observed 

towards 7-deaza-Hx, strongly implying that N7 is directly involved in catalysis of neutral 

purine lesions.64� In addition, these authors attempted to identify the general acid by 

mutating the protein side ������������������������������������������������������ɂA-containing 

crystal structure.64� Unfortunately, this study was unsuccessful in identifying the general 

acid,64 and it has yet to be definitively identified. 

The above perplexing result led Samson and coworkers60 to propose that a water 

��������� ��� �������� ����� �� ��� ɂ�� �� the crystal structure of E125Q-��
� ������ ��� ɂA-

containing DNA (OWat13–N7 distance of 2.792 Å, Figure 6.1b),57� could be responsible for 

protonation. In fact, closer examination of the E125Q-��
��������������������ɂA-containing 

DNA also reveals a chain of protein-bound water molecules connecting the proposed 

general acid located near ����� ɂ�� ȋ���ͳ͵Ȍ� ������ͷͳ7, which is 3.479 Å from C1ƍ of the 

sugar moiety (Figure 6.1b).57 ����� ����������� ���� ɂA-57 ���� ɂC-containing60 crystal 

structures, the location of Wat13 with ���������������ɂ�������������ed Samson and coworkers 

���������������������������������
�����������ɂ�ǡ�����������������������������ǡ���������������� 

the inability of AAG to activate the leaving group by protonation.60 Despite these proposals, 

computational studies by Lee and coworkers spark interesting questions about the 

commonly accepted general acid mechanism for excision of neutral lesions.74-75 Indeed, 

comparisons of the (N7) proton affinities and (N9) acidities of the Hx75 ����ɂA74 substrates 

to the natural purines A and G reveals that protonation by a general acid is not necessary for 

cleavage. In fact, this data suggests that AAG would have a more discriminatory chemical 

step in the absence of a general acid mechanism.  

To date, no study has united all of the current computational and experimental results 

to fully describe the excision mechanism of AAG. With this goal in mind, this chapter uses 

ONIOM(QM:MM) calculations to examine the chemical step utilized by AAG to cleave the 



133 

 

glycosidic bond in ɂ�ǡ� ͵���ǡ� ���� A nucleotides. Potential energy surfaces (PES) are 

generated to consider the complete reaction paths and determine whether the reaction is 

stepwise or concerted for different (neutral or cationic) lesions. These substrate choices 

assess the dependency of the chemical step on the charge of the substrate, and perhaps 

more importantly, whether the glycosidic-bond cleavage mechanism provides an extra step 

for AAG to discriminate against the natural purines. Furthermore, this methodology will 

elucidate the role of a general acid in the excision of neutral lesions by considering crystal 

structure orientations of protein-bound water molecules near N7 of the purines, as well as 

different water nucleophiles, which takes into account possible water chain proton transfer 

reactions. For comparisons with experiment, as well as to help clarify the role of the amino 

acids with conjugated Ɏ-systems (His136, Tyr127, Tyr159), mutational analysis is used to 

determine how the residues affect the reaction barriers of the hydrolysis reaction for both 

neutral and cationic substrates. Through this work, a chemical mechanism for AAG that is 

consistent with all previous computational and experimental results is proposed, which 

provides insights into the role played by various amino acids in the bond cleavage step for 

neutral and cationic substrates, and suggests how AAG discriminates against the natural 

purines at this late stage in the mechanism-of-action. 

6.2.�Computational Details 

6.2.1.� Initial Model Generation 

The X-ray structure of the E125Q A�
ȀɂA–DNA complex (1EWN PDB entry57)�was used 

as the starting point for this study. The R-group of amino acid residues that were not 

resolved in the crystal structure (His82, Glu131, Thr199, Val208, Lys210, Gln238, Glu240, 

and Glu269) were first added with the Leap program.273 Hydrogen atoms were then added 

to the DNA–protein system, which was neutralized with sodium ions and fully solvated in a 
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���͵�������������������ͺ�%�������������������������������Ǥ�����ɂ��������������������������� 

crystal structure was assigned AMBER271 atom types and GAFF283 parameters using 

ANTECHAMBER284 (Appendix I). The original charges ����ɂ� were obtained using the RESP 

(restrained electrostatic potential)285-286� program, which fits the partial atomic charges to 

the ESP grid generated in a (gas-phase) HF/6-31G(d) calculation on the (M06-2X/6-31G(d) 

hydrogen-atom optimized) crystal structure orientation of the nucleotide. All other residues 

were initially assigned AMBER charges.271 

In the present work, a two-layer (mechanical embedding) ONIOM method81-82,287 in 

Gaussian 09222 was used for all QM/MM calculations, which has recently become an 

important technique for computational studies of enzymatic catalysis (see, for examples, 

references 236, and 288–301). Active site ��������� ȋɂ�� ����������� ���������ǡ Gln125, 

Tyr127, Ala135, His136, Tyr159, Wat13, Wat18, Wat19, Wat502, Wat517, Wat521) were 

included in the QM region (78 heavy atoms), and were described with M06-2X/6-31G(d) 

(Figure 6.2). Previous work from Chapter 5 of this thesis determined that M06-2X provides 

an overall excellent description of both types of Ɏ–Ɏ and Ɏ+–Ɏ interactions. The rest of the 

system was described with molecular mechanics (MM) using the parm96 parameters of the 

AMBER force field.271 

The (solvated) system was initially optimized with MM in two stages; first all non-

crystallographic atoms were relaxed, and then the MM region was relaxed with the QM 

region fixed. Afterward, the entire QM region was relaxed to a fixed MM region within the 

ONIOM methodology. To reduce the computational cost for the remaining ONIOM 

calculations, the non-crystallographic water and counterions were removed at this stage, 

and residues more than 15 Å from the glycosidic bond were held fixed in this geometry. The 

relaxed system was mutated to generate the active form of AAG (Glu125 replaced Gln125,  
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Figure 6.2. Schematic representation of the QM region used in ONIOM(M06-2X/6-31G(d):AMBER) 

���������������������ɂ������������ȋ����ȌǤ������������ȋ����������������������������������Ͳ6-2X/6-

31G(d) calculations) are indicated by R (in bold). 

where the AMBER charges for glutamic acid were used271), and then optimized using the 

ONIOM scheme outlined aboveǤ� ���� ɂ� nucleobase in this reactant was subsequently 

mutated to be adenine (A) or 3-methyladenine (3MeA) (RESP charges for the new 

nucleotides were obtained through HF/6-31G(d) calculations on the (M06-2X/6-31G(d)) 

hydrogen-atom optimized nucleotides, where 3MeA atom types and parameters are 

reported in Appendix I), and the new enzyme–substrate complexes were optimized within 

the ONIOM scheme. 

Finally, to obtain the fully relaxed reactants, the partial charges of the QM region were 

converged with the procedure developed by Schlegel and coworkers.291,302 Specifically, after 

the initial ONIOM optimization, an improved set of (gas-phase HF/6-31G(d)) RESP charges 

were calculated for the entire (hydrogen-atom capped) QM region using the newly 

optimized structure and an additional ONIOM optimization was performed. This procedure 

was repeated until convergence was achieved, which required that both the difference 
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between the total ONIOM energies from the two last rounds of optimization calculations, as 

well as the difference between the total ONIOM energies in the first and last optimization 

steps in the final optimization calculation, be less than 4 kJ mol–1. While this typically 

required six to ten rounds of optimization, in a few cases where both convergence criteria 

could not be achieved after more trials, one criterion was required to be less than 2 kJ mol–1. 

Convergence in this manner ensures that the QM charges are conserved along the entire 

reaction path.291,302 

6.2.2.� Reaction Potential Energy Surface Generation 

Reaction potential energy surfaces (PES) were obtained by constraining the glycosidic 

(C1ƍ–N9) and nucleophilic (C1ƍ–Owat) distances in the above reactants, where both Wat502 

and Wat517 were considered as the nucleophile for all three substrates (Figure 6.2). All 

points on each PES were obtained by constraining the two grid coordinates and minimizing 

the energy with respect to the remaining parameters. For each point, the geometry was 

optimized with the quadratically coupled QM/MM optimizer as implemented in Gaussian 

09.222 Once a converged structure was obtained for a given point on the PES, new RESP 

charges for the optimized QM region were calculated (as outlined by Schlegel and 

coworkers291,302) and used in an ONIOM single-point calculation to obtain the final reported 

energy. Additionally, the charges and coordinates from this single-point calculation were 

altered to create the starting guess for the optimization of the next point on the PES, where 

only one reaction coordinate was changed at a time in 0.200 Å increments. This process was 

repeated until all stationary points on the prefered reaction surfaces were identified. 

6.2.3.� Further Refinement of Stationary Points 

The geometries of all stationary points identified from the preferred reaction surfaces 

were further refined in two manners. First, to obtain the constrained stationary points, the 
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C1ƍ–N9 and C1ƍ–Owat distances were kept fixed, while the RESP charges of the QM region 

were fully converged as described above for the reactant structures. Second, to obtain the 

relaxed stationary points, the charges for the QM region were fully converged while 

releasing the C1ƍ–N9 and C1ƍ–Owat distance constraints. All stationary points (constrained 

and relaxed) were confirmed to be minima and transition states through frequency 

calculations, where the one imaginary frequency found for each transition state was visually 

inspected to verify that it corresponds to the proper reaction coordinate. To obtain the 

Gibbs free energy, the corresponding (unscaled) thermal correction was added to the 

ONIOM energy of the complex. 

6.2.4.� Point Mutations 

Mutations of Tyr127, His136, and Tyr159 (specifically, Y127A, H136A, and Y159A) 

were performed to determine the role of the active site amino acid residues in the cleavage 

of the glycosidic-�������� ɂ�� ���� ͵��A. Additionally, Y127W and Y159W mutations were 

����������� ���� ���� ɂ�� ���������� �o allow for comparison to experimentally-measured67 

changes in the wild-type barrier height. To ensure that the stationary points did not 

collapse upon optimization, only constrained wild-type stationary points (C1ƍ–N9 and C1ƍ–

Owat502 distances held fixed) were considered. Mutations of wild-type residues to alanine 

�����������������������������ɀ���������������������������������������additional atoms 

of the original R-group, while mutations to tryptophan were generated by positioning the 

new R-group to best resemble the orientation recently proposed by O’Brien and 

coworkers.67 The coordinates of only the new residue was first optimized, and then the QM 

region was allowed to relax while keeping the entire MM region fixed. The charges of the 

QM region were then fully converged to allow comparison to the (wild-type) constrained 

stationary points, and frequency calculations were completed to confirm the nature of 

stationary points and obtain Gibbs free energy corrections. It should be noted that this 
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choice in mutational structures allows the energetic effects of the mutation to be 

determined rather than the structural and energetic effects considered in experimental 

mutational studies. Due to the lack of structural information available for these mutations, 

this comparison is arguably the best approach to isolate the contribution of each residue to 

the barrier corresponding to the wild-type mechanism.  

6.3.�Results  

Through careful consideration of the crystal structure of E125Q-��
� ������ ��� ɂA-

containing DNA (PDB entry 1EWN57), reaction coordinates corresponding to the glycosidic-

bond cleavage (C1ƍ–N9) and the nucleophilic water addition (C1ƍ–Owat) were chosen to 

����������������������������������Ǥ�������������ǡ�������������������������������ȋɂ�ǡ�͵���ǡ��Ȍǡ 

two water molecules (Wat502 and Wat517) were investigated as the nucleophile in the 

reaction since both waters are in close proximity to C1ƍ. In particular, Wat502 is closer to 

Glu125 (general base), while Wat517 is connected to neutral substrates through a water 

chain to Wat13 (Figure 6.1b). For both nucleophile choices, Wat13 is able to protonate the 

neutral substrates, even though leaving-group activation is not explicitly forced through the 

choice of reaction coordinates. Details of the ONIOM(QM:MM) PES and refined stationary 

points will be presented for each substrate individually, and subsequently point mutation 

results for both neutral and cationic substrates will be discussed. 

6.3.1.� 1,N6-��������������ȋɂ�Ȍ Substrate 

�������� ���������������� ����ɂ���������������������ͷͲʹ�������ͷͳ���� ��������������� 

are shown in Figures 6.3a and 6.3b (relative energies in Appendix I), respectively. In both 

plots, the bottom left region contains the reactant (R), which has a glycosidic-bond distance 

of 1.500 Å, and C1ƍ–Owat nucleophile distance of 3.200 Å or 3.000 Å for the Wat502 or  
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Figure 6.3. Reaction surfaces for the glycosidic-bond (C1ƍ–�ͻȌ�����������������ɂ������������������
 

using (a) Wat502, or (b) Wat517 as the nucleophile. The ONIOM(M06-2X/6-31G(d):AMBER) 

���������ȋȟ�ǡ�����l–1) are reported relative to the respective reactant, where each colour band 

reflects a 10 kJ mol–1 energy contour. 

Wat517 nucleophile, respectively. When Wat502 acts as the nucleophile, a concerted 

transition state (TS) occurs at a C1ƍ–N9 distance of 2.300 Å and C1ƍ–Owat502 distance of 2.200 

Å, while a dissociative TS is found for Wat517 (located at a C1ƍ–N9 distance of 3.300 Å and 

C1ƍ–Owat517 distance of 3.000 Å). The concerted transition state on the Wat502 surface is 

much lower in energy (by 51.1 kJ mol–1 or 38%) than the dissociative TS found for Wat517, 
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implying that Wat502 is a more likely nucleophile for the glycosidic-bond cleavage 

mechanism. Therefore, completion of the entire PES for the reaction involving Wat517 was 

deemed unnecessary and this potential nucleophile was not further considered. For the 

Wat502 nucleophile, the endothermic product (P) is located at a C1ƍ–N9 distance of 3.500 Å 

and C1ƍ–Owat502 distance of 1.400 Å. 

To ensure QM charges are conserved along the entire reaction path, the RESP charges 

for the stationary points identified on the Wat502 PES were fully converged while 

maintaining fixed reaction coordinates (constrained (Table 6.1 and Appendix I)), or relaxing 

these reaction coordinates (relaxed (Table 6.1 and Figure 6.4)). The relaxed reactant is very 

similar to the constrained reaction coordinate distances, with the exception that the water 

nucleophile (Wat502) moves further from C1ƍ (by 3.356 Å) to be more consistent with the 

crystal structure distance (3.613 Å).57 The flipped-out nucleotide adopts the C3ƍ-exo sugar 

puckering observed in the crystal structure, which is maintained throughout the reaction. 

The nucleobase–protein Ɏ–Ɏ interactions slightly change from the original crystal structure 

orientation, but are consistent across all (constrained and relaxed) stationary points. 

Specifically, Tyr127 and His136 are more tightly bound in the relaxed reactant than the 

crystal structure57 (by 0.335 Å and 0.399 Å, respectively) and are more planar with respect 

to the nucleobase (12.1° and 40.3° becomes 4.1° and 7.7°, respectively).b It is expected that 

this difference is at least in part due to the M06-2X functional slightly overbinding Ɏ–Ɏ 

interactions;132 however, deviations could also arise since comparisons are being made to a 

crystal structure, which represents an average geometry. By considering the TS complexes, 

the reaction barrier decreases by 5.2 kJ mol–1 when the distance constraints are removed, 

due to a slight increase in the glycosidic bond distance (0.110 Å) and a small decrease in the 

                                                             
b Stacking and T-shaped interaction distances (in Å) are measured between heavy atom ring 

centroids (Tyr127, His136, or Tyr159) and the nucleobase heavy atom ring plane, and angles  

(in °) are measured between heavy atom ring planes (nucleobase and Tyr127, His136, or 

Tyr159). 
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nucleophile distance (0.087 Å). Nevertheless, the relaxed TS is consistent with a concerted 

mechanism as determined from the original PES. The endothermic product binds more 

tightly to the sugar moiety when the reaction coordinates are relaxed (by 0.619 Å), leading 

to a decrease in the reaction energy by 19.4 kJ mol–1. 

Table 6.1. Relative energies (ȟE) and Gibbs free energies (ȟG) for the concerted mechanism used by 

��
���������������ɂ������͵��������������.[a] 

 ɂA 3MeA 

 constrained[b] relaxed[c] constrained[b] relaxed[c] 

 ȟE ȟG ȟE ȟG ȟE ȟG ȟE ȟG 

TS 101.3 88.9 96.1 87.3 75.0 62.1 70.6 57.9 

P 58.4 75.4 39.0 43.5 –98.0 –26.2 –19.1 –21.9 
[a] ONIOM(M06-2X/6-31G(d):AMBER) energies are reported in kJ mol–1 and are relative to the 

corresponding reactant. [b] The C1ƍ–N9 and C1ƍ–Owat502 distances were held fixed, but the RESP 

charges for the QM region were fully converged. See Computational Details. [c] No distance 

constraints were enforced and the RESP charges for the QM region were fully converged. See 

Computational Details. 

 

Figure 6.4. Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond 

distances in Å (angles in ° and in parentheses)) for the fully relaxed stationary points for the excision 

���ɂ�������
.b 

The geometric changes as the reaction progresses can be observed in Figure 6.5. 

Proceeding from the ONIOM(M06-2X/6-͵ͳ
ȋ�Ȍǣ�����Ȍ� ���������� �����ǡ� ���� ɂ������� ����� 

away from the sugar in a relatively unchanged active site (Figure 6.5a) to maintain a similar 
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water chain around the nucleotide (Figure 6.5b). Interestingly, the angles between the 

molecular planes of the nucleobase and active site amino acid rings (Tyr127, His136, and 

Tyr159) increase as a result of the more tilted nucleobase in the TS geometry (Figures 6.4 

and 6.5c). The hydrogen-����������������������������ͳ͵�������������������ɂ����������� 

from the R to the TS by 0.143 Å, but proton transfer does not occur at in any stage of the 

reaction. Transfer of the nucleophilic water (Wat502) proton to the general base (Glu125) 

does not happen until after the transition state. Following proton transfer from the 

nucleophile, the hydrogen-bond stabilization originally provided to Glu125 by Tyr127 is 

replaced by Wat517 (Figure 6.4), which results in a tightly bound water chain in the 

product (Figure 6.5b). Interestingly, this water chain orientation is optimally positioned to 

regenerate the active form of this enzyme. 

 

Figure 6.5. Overlay of the QM regions from relaxed ONIOM(M06-2X/6-31G(d):AMBER) calculations 

����������������ɂ�������
ǡ��������������������������������������������������������������ǡ���������� 

the transitio�������ǡ������������������������Ǥ������������������������������������ȋ�Ȍ�ɂ�����������ǡ 
nucleophilic water molecule (Wat502) and the general base (Glu125), (b) active site water 

molecules, and (c) Ɏ–Ɏ��������������������������ɂ���������������� Tyr127, His136, and Tyr159. 

6.3.2.� 3-methyladenine (3MeA) Substrate 

When 3MeA is placed in the active site of AAG and Wat517 is considered as a  
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Figure 6.6. Reaction surfaces for the glycosidic-bond (C1ƍ–N9) cleavage mechanism in the (a) 3MeA 

and (b) A nucleotides by AAG using Wat502 as the nucleophile. The ONIOM(M06-2X/6-

͵ͳ
ȋ�Ȍǣ�����Ȍ����������ȋȟ�ǡ�����l–1) are reported relative to the respective reactant, where each 

colour band reflects a 10 kJ mol–1 energy contour. 

nucleophile, the resulting PES is too high in energy to be viable and a much more realistic 

PES is determined when C1ƍ–Owat502 is one of the reaction coordinates (Figure 6.6a and 
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Appendix I). The corresponding reactant is located at a C1ƍ–N9 distance of 1.500 Å and a 

C1ƍ–Owat502 distance of 3.200 Å. The lowest energy transition state corresponds to a 

concerted pathway (C1ƍ–N9 distance of 2.300 Å and C1ƍ–Owat502 distance of 2.600 Å), where 

a (15.5 kJ mol–1) slightly higher in energy, more dissociative TS occurs at a C1ƍ–N9 distance 

of 2.700 Å and C1ƍ–Owat502 distance of 3.000 Å. The overall reaction is exothermic with the 

product located at a C1ƍ–N9 distance of 3.300 Å and C1ƍ–Owat502 distance of 1.400 Å. 

���������� ��� ɂ�ǡ� ���� ����������� ������� ���������� from the 3MeA excision PES were 

refined by converging the charges in the QM region while constraining the two reaction 

coordinates (constrained (Table 6.1 and Appendix I)) or relaxing the two constraints 

(relaxed (Table 6.1 and Figure 6.7)). The energies and structures of these stationary points 

are in good agreement, where the (concerted) reaction barrier decreases by only 4.4 kJ mol–

1 when the stationary points are fully relaxed (glycosidic-bond distance increases by 0.254 

Å and nucleophile distance decreases by 0.248 Å). The barrier height for the excision of  

 

 

Figure 6.7. Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond 

distances in Å (angles in ° and in parentheses)) for the fully relaxed stationary points for the excision 

of 3MeA by AAG.b 
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3MeA is 25.5 kJ mol–1 ȋȟ
� ���ʹͻǤͶ�����l–1Ȍ� ������ ���������� ����� ����� ���� ����ɂ�� ��������ǡ 

which results from the inherently-destabilized glycosidic bond in the cationic lesion.4,35 The 

relaxed product binds more tightly to the sugar moiety, but is less exothermic than the 

corresponding constrained stationary point. 

Large structural changes occur in the active site of AAG upon binding of a cationic 

alkylation lesion. For example, Wat13 reorients and interacts with the backbone nitrogen of 

Alaͳ͵ͷ����������������������������������ɂ��ȋ	����� 6.8). Additionally, the backbone N–H of 

His136 that is directed towards t��� �� ����� ��� ɂ�� ����������� ��� ����� �� ��������� ���� 

between the N6 amino group of 3MeA and the carbonyl oxygen in the backbone of Ala135 

(Figure 6.8). Indeed, the 3MeA reactant is more tilted in the active site relative to the DNA 

���������ȋ����ɖ�( (O4ƍ–C1ƍ–N9–�ͶȌȌ�������������������ͳ͵Ǥͳι���������������ͳͺͲǤͷι�����ɂ�Ȍ 

to maximize the interactions between the Ala135 backbone and the hydroxyl group of 

Tyr159 (OTyr159–H3MeA distance with a N3-methyl group hydrogen atom of 3MeA is 2.270 Å). 

Furthermore, the DNA–protein Ɏ–Ɏ����������������������͵������� Tyr127 or His136 are 

�����������������������������������������������������������ɂ�ǡ������������������������������� 

Tyr159 (Figure 6.4 and Figure 6.7). Despite these ONIOM(QM:MM) structural differences, 

the PES for ���������ɂ������͵�������������������������������������� between the general 

base (Glu125) and Tyr127 before nucleophile (Wat502) proton transfer occurs, which is 

after the TS in both reactions. 

6.3.3.� Adenine (A) Substrate 

The only energetically-feasible adenine excision pathway occurs when Wat502 is the 

nucleophile (Figure 6.6b and Appendix I). Therefore, as is true for all of the substrates 

examined in this study, a protein-bound water chain that connects C1ƍ to the Wat13 

molecule located near N7 of neutral substrates is not used to cleave the glycosidic bond. The  
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Figure 6.8. Relaxed ONIOM(M06-2X/6-͵ͳ
ȋ�Ȍǣ�����Ȍ�������������������ȋ�Ȍ�ɂ������ȋ�Ȍ�͵��� 

substrates, highlighting the interactions between the substrate and active site water molecules (top), 

and the substrate, Ala135 and His136 (bottom). 

adenine reactant occurs at a glycosidic-bond distance of 1.500 Å and nucleophile distance of 

3.100 Å. However, unli��������������������������������ɂ������͵���ǡ������������������������ 

dissociative, and occurs at a C1ƍ–N9 distance of 2.500 Å and C1ƍ–Owat502 distance of 2.900 Å. 

This leads to an intermediate at glycosidic and nucleophilic distances of 2.700 and 2.500 Å, 

respectively. As the nucleophilic water molecule associates towards C1ƍ, another transition 

state (glycosidic distance of 2.900 and nucleophilic distance of 2.300 Å) occurs before the 

slightly endothermic product is formed (C1ƍ–N9 distance of 3.100 Å and C1ƍ–Owat502 distance 

of 1.500 Å). The PES also reveals a higher-energy (22.9 kJ mol–1) concerted TS at glycosidic 

and nucleophilic distances of 2.300 Å and 2.300 Å, respectively. 

When the charges for the QM region are fully converged for the constrained stationary 

points (Table 6.2 and Figure 6.9), a stepwise (DN*AN) mechanism is confirmed since the 

concerted barrier is 23.5 kJ mol–1 ȋȟ
����ʹͲǤ�����l–1) higher in energy than the dissociative 

barrier. However, this preferred mechanism for A bond cleavage is still 17.4 kJ mol–1 ȋȟ
��� 

18.6 kJ mol–1Ȍ���������������������������ȋ���������Ȍ��������������������ɂ�Ǥ�	�����������������  
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Table 6.2. Relative energies (ȟE) and Gibbs free energies (ȟG) for the excision of A by AAG.[a] 

 A 

 constrained[b] 

 ȟE ȟG 

TS[c] 137.0 126.5 

TSdissociative
[d] 113.5 105.9 

I[d] 110.3 98.5 

TSassociative
[d] 126.3 111.9 

P 34.9 34.5 
[a] ONIOM(M06-2X/6-31G(d):AMBER) energies are reported in kJ mol–1 and are relative to the 

corresponding reactant. [b] The C1ƍ–N9 and C1ƍ–Owat502 distances were held fixed, but the RESP 

charges for the QM region were fully converged. See Computational Details. [c] The transition state 

along a concerted pathway. [d] Corresponds to a stepwise mechanism where the base first dissociates 

from the sugar (TSdissociative) to form an intermediate (I) and then association of the nucleophilic water 

molecule (TSassociative) occurs. 

the A stationary points was unsuccessful due to large fluctuations in the water chain within 

the active site. However, the constrained stationary points reveal that the N6 amino group 

of adenine puckers away from the backbone N–H of His136 throughout the reaction (C5–

C6–N6–H6 dihedral angle ranges from 41.6° (dissociative TS) to 66.6° (R)) to reduce steric 

clashes. As the nucleobase dissociates from the sugar, the N7 site maximizes a hydrogen 

bond with Wat13 and the backbone N–H bond of His136 (Figure 6.9). The Ɏ-containing 

active site amino acids bind close�� �����������������ɂ�ǡ���������������� ������� ������������ 

with Tyr127 and His136 in the reactant become much more planar as the reaction proceeds 

(Figure 6.9). Even more intriguing is the disappearance of the stabilizing hydrogen bond 

between Tyr127 and the general base (Glu125) in the A reactant (Figures 6.9 and 6.10). 

Instead, Wat517 simultaneously donates a hydrogen bond to Glu125 and accepts a 

hydrogen bond from Tyr127 in the stationary points prior to nucleophilic proton transfer 

(Figures 6.9 and 6.10). 

6.3.4.� Point Mutations 

Using constrained stationary points, a mutational analysis was conducted to better 

understand the involvement of various amino acids in the excision of neutral and cationic  
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Figure 6.9. Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond 

distances in Å (angles in ° and in parentheses)) for the constrained stationary points for the excision 

of A by AAG.b 

����������� �������� ȋɂ�� ���� ͵���ǡ� ����� 6.3). Specifically, Y127A, H136A and Y159A 

mutations were examined to provide insights into the energetic effects of removing active 

site Ɏ-systems on the bond cleavage barrier for neutral and cationic lesion excision. These  
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Figure 6.10. QM regions from constrained ONIOM(M06-2X/6-31G(d):AMBER) reactants for excision 

���ɂ��ȋ����������Ȍ�������ȋ�����������Ȍ������
Ǥ��������������������� highlight the substrate, 

nucleophilic water molecule (Wat502), the general base (Glu125), Wat517, and Tyr127, where the 

nucleophilic activation hydrogen-bond distances (Å) and angles (°, in parentheses) are also reported. 

point mutations increase the wild-�����ɂ��������������������ͳͳǤ�ȋ�ͳ͵�Ȍǡ�ͳͷǤͻ�ȋ�ͳͷͻ�Ȍǡ��� 

27.5 kJ mol–1 ȋ�ͳʹ�ȌǤ�����������������ɂ���������ǡ� ������������������������͵������������� 

result in a very small effect (0.7 kJ mol–1 increase in barrier for Y159A), or a significant 

decrease in the reaction barrier (by up to 38.1 kJ mol–1). In addition, Y127W and Y159W 

����� �������������� ɂ�� ��� ������ ���� ����������� �� the calculated (energetic) mutational 

results (Table 6.3) to recently reported (chemical step) reaction barriers.67 The Y127W 

mutation was found to have a larger effect on the wild-type barrier height (30.9 kJ mol–1) 

than the Y159W mutation (27.2 kJ mol–1). 

6.4.�Discussion 

6.4.1.� ���� ��������� ��� ɂ�� ��� ���d-Type, Y127W, and Y159W Agrees with 

Experiment 

This chapter presents the first atomic level description of the chemical step used by 

AAG. Detailed ONIOM(QM:MM) calculations reveal that a concerted mechanism is used to  

 



150 

 

Table 6.3. Calculated barrier heights and changes in barrier heights from single point mutations of 

��
����������ɂ������͵��������������.[a] 

 ɂ�  3MeA 

 ȟE ȟG ȟE ȟG 

Wild-type 101.3 88.9 75.0 62.1 

H136A 113.0 (11.7) 111.4 (22.5) 36.9 (–38.1) 28.2 (–33.9) 

Y127A 128.8 (27.5) 118.5 (29.6) 53.9 (–21.1) 45.1 (–17.0) 

Y159A 117.2 (15.9) 107.6 (18.7) 75.7 (0.7) 61.9 (–0.2) 

Y127W 132.2 (30.9) 124.5 (35.6)   

Y159W 128.5 (27.2) 124.6 (35.7)   

[a] ONIOM(M06-2X/6-31G(d):AMBER) barrier heights are reported relative to the reactant (in kJ  

mol–1). Changes in the barrier heights (in parentheses) are reported relative to the wild-type barrier, 

where a positive value represents an increase in barrier height upon mutation. 

������� ɂ������� �� ͻǤͳ� ����l–1 ��������� �������� ȋȟG‡ α�ͺǤ͵� ����l–1). Very recent studies 

which measured single turnover rate constants are the only work, to the best of my 

knowledge, to report a barrier corresponding to the glycosidic-����� ��������� ����� ��� ɂ� 

excision.47,67 Excellent agreement between experimental (90.7 kJ mol–1)47,67 and 

computational barriers provides strong support for this computational approach. Indeed, 

this comparison suggests that the calculations used in the present study can contribute 

detailed chemical insights into other aspects of the chemical mechanism with confidence. 

The recent kinetic study mentioned above also examined the effects of substituting the 

two active site tyrosine residues with tryptophan on the nucleotide flipping and base 

excision steps.67 It was determined that the Y127W and Y159W mutant proteins have 

robust excision a�������� �������� ɂA-����������� ���� ȋȟG‡ of 94.0 and 92.8 kJ mol–1, 

respectively).67 Although the c���������� ȟG‡ barriers for these two mutations are 

indistinguishable, the energetic result of these mutations increases the calculated wild type 

barrier to 132.2 and 128.5 kJ mol–1 for Y127W and Y159W, respectively (Table 6.3). Indeed, 

this mutational analysis predicts the experimentally observed trend that Tyr127 plays a 

����� ��������������� ���������������������� ����ɂ���������n, which will be further discussed 

below. It is acknowledged that the calculated energetic contribution of these mutations is 

larger than the (energetic and structural) contributions observed through experiment. 
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Although better agreement is expected upon full relaxation of the system, this would 

require full PES scans to identify appropriate stationary points, which were deemed 

unnecessary since the effects of tyrosine mutations are not the focus of the current study. 

Nevertheless, the reasonable match further verifies the ability of the current approach to 

describe this enzymatic mechanism. 

6.4.2.� AAG Prefers an SN2 Mechanism to Excise Both Neutral and Cationic 

Lesions 

Since the catalytic mechanism of AAG is currently unknown, the chemical mechanism 

must be conjectured by considering the corresponding nonenzymatic depurination 

reactions70,303-313 and other enzymatic hydrolysis reactions.28-29,71,306,314 Experimental 

studies of spontaneous depurination70,303-305,307-308,310 and the reactions catalyzed by other 

monofunctional DNA glycosylases (uracil DNA glycosylase (UDG)314 and MutY DNA 

glycosylase (MutY)71)� support a dissociative (DN*AN) N-glycosidic-bond cleavage 

mechanism, which results in a transition state with a positive charge accumulated on C1ƍ 

and O4ƍ of the sugar moiety and little association of the water nucleophile.28-29 Further 

support for a dissociative hydrolysis mechanism is gained from the ability of positively 

charged abasic DNA analogues (4-azaribose and 1-azaribose), which mimic an 

oxacarbenium ion-like transition state, to function as tight-binding inhibitors of AAG.56,64 

However, crystal structures indicate that a more associative mechanism (such as a 

concerted (ANDN) mechanism) may be favoured by AAG since the nonspecific active site may 

be unable to stabilize a wide variety of leaving groups, and the nucleophilic water is wedged 

between the general base and the anomeric carbon.28 Furthermore, there is no reason to 

believe that this enzyme would exploit the same mechanism as the corresponding 

nonenzymatic reaction.71 Indeed, many enzymes, such as some O-glycosidases,315 stabilize 

transition states that are different from the uncatalyzed glycosidic-bond cleavage reaction. 
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Examination of ���������������������������������������ɂ������͵����������������������� 

that AAG prefers to excise both (neutral and cationic) lesions through a concerted (ANDN) 

mechanism. In fact, one benefit of performing detailed reaction PES scans is that a concerted 

mechanism is revealed to be preferred over the dissociative (DN*AN) mechanism by over 20 

or 15 kJ mol–1 for the ɂ�� ���� ͵���� ����������ǡ� ������������Ǥ� ���������ǡ these results 

elucidate that AAG uses a concerted (ANDN) chemical step as a nonspecific strategy to excise 

����� �������� ȋɂ�Ȍ� ���� ��������� ȋ͵���Ȍ� �������Ǥ� ������ǡ� �������������� ��������� ����� ��� ��� 

specific to the chemical composition or charge of the lesion excised may be vital in the 

mechanism-of-action of this promiscuous DNA glycosylase. 

6.4.3.� Ɏ–Ɏ Interactions Contribute Differently to Neutral and Cationic Lesion 

Catalysis 

To better understand the role of the individual DNA–protein Ɏ–Ɏ���������������������� 

the active site of AAG, the catalytic contribution of each amino acid Ɏ-system to the excision 

��� �������� ȋɂ�Ȍ� ���� ��������� ȋ͵���Ȍ� ������������ ������������Ǥ� ������������ǡ� �ͳʹ�ǡ��ͳ͵�ǡ 

and Y159A mutations were considered as discussed in Section 6.2.4. Despite previous 

proposals that Ɏ–Ɏ� ������������� ������ ��� �������������� ���� �������� ����� ��������,28 the 

present work indicates that the Ɏ-systems of Tyr127, His136, and Tyr159 favourably 

cont��������������������������������ȟG‡ by 29.6, 22.5, and 18.7 kJ mol–1, respectively (Table 

6.3). On the contrary, Tyr127, His136, and Tyr159 were found to negligibly affect or be 

�������������� �������� ����������������͵������� ����������� ����ȟG‡ by 17.0, 33.9, and 0.2 kJ 

mol–1, respectively. These results are consistent with the previous high-level ab initio 

findings in this thesis that the Ɏ+–Ɏ��������������T-shaped interactions between 3MeA and 

histidine or tyrosine can be up to 135% more stabilizing than the corresponding Ɏ–Ɏ 

interactions involving A. Taken together, this suggests that the anticatalytic contribution of 

these conjugated Ɏ-rings is due to overbinding of the cationic reaction complex. 
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In addition to clarifying the role of the active site Ɏ-containing amino acid residues, 

which is different for the neutral and cationic substrates, this work reveals for the first time 

how AAG balances between mechanistic specificity and catalytic power.40 Specifically, it 

appears that AAG has evolved to take advantage of the amino acid Ɏ-systems to 

nonspecifically position a wide variety of alkylation damage products in the active site, 

while at the same time maximize catalytic power towards (neutral) lesions that are 

inherently more difficult to excise. Although the ability to also remove neutral DNA damage 

comes at the expense of the excision barrier for the repair of cationic lesions, stronger 

attraction and binding of cationic lesions is achieved through enhanced Ɏ–Ɏ��������� as AAG 

processively searches the DNA strand for damage.46,48 

6.4.4.� A General Acid Contributes to Neutral Base Excision Through 

Hydrogen-Bond Donation 

To investigate the recently proposed possibility that a protein-bound water molecule is 

responsible for protonation of neutral substrates,60 the current QM/MM model unbiasedly 

incorporated Wat13 such that hydrogen bonding to, or protonation of, the N7 site of neutral 

����������� ȋɂ�� ��� �Ȍ� ���� ���� ���������� forced. Although Wat13 was found to donate a 

����������������������ɂ�����������������������������������ȋ	����� 6.4), no proton transfer 

to N7 occursǤ��������������ǡ����������������ͳ͵����������ɂ���������������������������������� 

��� ȟG‡ of 28.9 kJ mol–1,c which suggests that hydrogen-bond donation or only partial 

protonation is enough to catalyze this reaction. This finding challenges the generally-

accepted protonation mechanism, which is a common, but not universal, feature of 

enzymatic purine hydrolysis reactions.316 However, closer examination of the original study 

that proposed the role of this general acid reveals that hydrogen-bond donation to the 

                                                             
c Calculated as the difference between the constrained ONIOM(M06-2X/6-31G(d):AMBER) 

barrier heights where Wat13 was present and when Wat13 was deleted. The QM charges used 

in the Wat13-deleted single-point calculations were derived from the constrained stationary 

points with Wat13 removed without further optimization calculations being considered. 
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neutral base can also explain the observed pH-rate profile.64 Furthermore, this observation 

is consistent with the computational work by Lee and coworkers, who suggested AAG will 

�������ɂ������������������������������������������������������ȋ������Ȍ��ͻ����������� ȋ� 

proton affinities) make these lesions easier to excise (harder to protonate) than the natural 

purines.74-75 Interestingly, despite the large proton affinity of the N7 site of A,74-75� only 

hydrogen-bond stabilization with Wat13 was observed throughout the A excision 

mechanism (Figure 6.9). Therefore, although these results support suggestions that a 

general acid mechanism is important for the excision of neutral substrates, the current 

work proposes that hydrogen-bond donation from the general acid provides enough 

stabilization to lower the excision barrier. This is consistent with mechanistic proposals for 

UDG, where a neutral histidine residue unambiguously stabilizes the uracil leaving group 

only through hydrogen-bond donation.28 

6.4.5.� AAG Also Uses the Chemical Step to Discriminate Against the Natural 

Purines 

AAG is just one example of a broadly specific enzyme that employs a weaker catalytic 

mechanism to process many different lesions, and yet avoids intolerable excision of 

substrates that are essential to cell function.40 The nucleotide-flipping step used by AAG 

provides discrimination against the natural bases since they are less readily exposed to the 

enzyme active site.40,54 Crystal structures also reveal that His136 and Asn169 in the AAG 

active site provide unfavourable interactions with the exocyclic amino groups of A and G, 

respectively.57 However, it is currently unknown whether these interactions are enough to 

prevent excision of the natural purines. Therefore, it was essential for the current study to 

also examine the excision of A by this promiscuous enzyme. 

The present calculations indicate that excision of A is higher in energy, and proceeds in 

������������������ǡ�����������������������������������������ɂ�Ǥ���������������������������� 
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��������������������������������������ɂ�ǡ�������������������������������������������anistic 

differences are observed can be obtained. Specifically, a stabilizing hydrogen bond between 

the hydroxyl group of Tyr127 and the carbonyl of the general base (Glu125) is present in 

���������ɂ������͵�����������s, but not for A. Instead, Wat517 donates a hydrogen bond to 

Glu125 (accepts from Tyr127) in the stationary points that occur before nucleophilic proton 

transfer on the A surface (Figure 6.9ȌǤ�������������������ɂ����������������� reveals that A is 

inserted further into the active site of AAG (Figure 6.10), which allows the active site water 

chain to move closer to Tyr127 and form the new hydrogen bond. As a result of this 

hydrogen-bond rearrangement, Glu125 in the A reactant reorients to be further from C1ƍ, 

which moves the water nucleophile (Wat502) further from the general base and, perhaps 

more importantly, Wat502 is poorly aligned for nucleophile activation. Indeed, Wat502 is 

misaligned throughout the entire reaction mechanism of A (Figure 6.9), which results in a 

large barrier for water association (Figure 6.6b). Therefore, this work indicates for the first 

time that Y127 not only provides stabilization to E125,57 but also plays a larger role in 

orienting E125 for effective nucleophile activation. Additionally, one of the most important 

findings is that AAG can use the chemical step to discriminate against the natural bases by 

potentially misaligning and poorly activating the nucleophilic water molecule. 

Support for this new proposal that Glu125 plays a key role in aligning the nucleophilic 

water molecule is gained from the experimentally-measured decrease in activity of the 

E125Q and E125A mutants toward��ɂ�.64 This suggests that the catalytic contribution from 

the general base is larger than expected for chemical activation of a nucleophile 

participating in a dissociative glycosidic-bond cleavage reaction.64 The calculated concerted 

transition state found in this chapter could explain this larger catalytic contribution of 

Glu125 than that expected for a more dissociative mechanism. Additionally, these 

mutational experiments also suggest that Glu125 may play an important role in positioning 
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the nucleophilic water for attack at the anomeric carbon of the substrate.64 In fact, the 

current work shows that the general base (Glu125) plays a very important role in activating 

the water nucleophile by orienting the water molecule for the concerted excision 

mechanism of its preferred substrates and accepting the proton from the water nucleophile 

in the late stages of this reaction. In addition to this newly identified role for Glu125, these 

calculations are consistent with the generally accepted function of this general base to 

stabilize the cationic charge formed on the sugar moiety in the transition state of most 

glycosylase excision reactions.28-29 

������������������������������������������������������ɂ�������������������� ȟ80AAG led 

��� �� ��������� ����� ɂ�� ��� ���� �������� ��� ��
� ������ ���� �������� ������ ������� ��� ��������� 

through protonation.60 However, the present work indicates that protonation is not 

necessary for glycosidic-bond cleavage to occur. Despite the fact that poor nucleophilic 

water activation was dismissed as the reason for low glycosylase activity towards ɂ�,60 this 

crystal structure only provides an atomistic perspective of one point on the potential energy 

surface. In light of the current results, this structure provides further evidence for the 

proposed importance of nucleophile alignment since, like A, ɂ������������������������������ 

catalytically-active binding site of AAG.60 Therefore, the computational results across the 

entire reaction surface indicate that AAG uses the chemical step as yet another 

discriminatory strategy to prevent excision of the natural purines. 

6.5.�Conclusions 

In the present study, an atomic perspective of the repair pathway used by AAG to excise 

neutral 1,N6-��������������ȋɂ�Ȍ������������� 3-methyladenine (3MeA) was obtained for the 

first time. Detailed ONIOM(M06-2X/6-31G(d):AMBER) reaction potential energy surface 

scans provide chemical insights into the energy landscape of this enzymatic reaction, which 

were also used to understand whether AAG can use the cleavage step to discriminate 
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against the natural adenine (A) nucleotide. ���� �������������������� ���� ɂ�� ��� ���� ���� 

type, as well as the Y127W and Y159W mutant enzymes, are consistent with very recent 

experimental data,67 which supports the use of this model and provides confidence in the 

description of all aspects of the chemical step of this DNA glycosylase. Indeed, this work 

reveals that a concerted mechanism is also preferred for excision of cationic 3MeA, which 

supports previous speculations that AAG uses a nonspecific strategy to excise both neutral 

ȋɂ�Ȍ��������������ȋ͵���Ȍ��������Ǥ This thesis concludes that neutral Ɏ–Ɏ interactions cannot 

provide discrimination over the natural bases, while this chapter determines that these 

nonspecific DNA–protein contacts add to the catalytic power of this enzyme. In contrast, the 

conjugated Ɏ-systems are used to attract and bind the cationic nucleobases into the active 

site, but are either insignificant (Tyr159) or anticatalytic (Tyr127, His136) for the 

glycosidic-bond cleavage mechanism. Additionally, although proton transfer from the 

recently proposed general acid water molecule to the neutral substrates does not occur, 

hydrogen-bond donation was found to lower the catalytic barrier, which clarifies the role of 

a general acid in the excision of neutral lesions. This proposal challenges the commonly 

accepted protonation mechanism discussed in the literature; however, hydrogen-bond 

donation can also explain the original experimental pH-profiles that resulted in this general 

acid proposal.64 

Finally, the current work shows that the natural base A is further inserted into the 

active site of AAG than damaged lesions, which misaligns the general base (Glu125) and 

water nucleophile and leads to poor nucleophile activation. Therefore, this chapter 

proposes that Glu125 plays a very important role in activating and orienting the water 

nucleophile, which is supported by other experimental observations in the literature. In 

fact, this work suggests that this new role for Glu125 allows AAG to discriminate against the 

natural purines in the chemical step, which can also help explain the low glycosylase activity 
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exhibited towards some damaged pyrimidines. Therefore, future investigations are 

necessary to provide further insights into how AAG can bind to a large number of damaged 

lesions, yet is unable to excise them from DNA, which will be discussed in the next chapter. 
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Chapter 7.� Global Conclusions and Future Work 

 

7.1.�Summary 

Investigating the repair of DNA alkylation damage in humans through computational 

techniques provided a unique and challenging framework for this thesis. The work 

presented can be divided into two main themes: 1) understanding the structure and 

magnitude of the fundamentally different DNA–protein noncovalent interactions found in 

the active site of AAG, and 2) the mechanism used by this enzyme to excise both neutral and 

cationic damaged lesions. This chapter separately summarizes the contributions from this 

thesis within these two topics, where avenues for future work will also be discussed. 

7.2.�Noncovalent Interactions 

7.2.1.� Contributions from this Thesis 

This thesis developed a unique methodology for identifying important contacts 

between the natural nucleobases and the amino acids with conjugated Ɏ-rings, which 

provides an understanding of how a variety of geometric criteria determine the strength of 

these contacts. High-level ab initio calculations reveal that the strongest possible Ɏ–Ɏ 

interaction for each nucleobase–amino acid combination is very large, where both stacking 

and T-shaped interactions are found to be close in magnitude to biologically-relevant 

hydrogen bonds. Additionally, not only has the current work fully characterized structures 

with the strongest interactions, but a wide variety of other nucleobase–amino acid 

interactions have been examined, including C–H···Ɏ, N–H···Ɏ, and lp–Ɏ interactions, where 

these contacts were revealed to also be very favourable. Indeed, the MP2 potential energy 

surface scans can provide reliable estimates of the magnitude of interactions present in a 
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variety of experimental DNA/RNA–protein crystal structures of low polarity.77  

When this methodology was expanded to investigate (neutral and cationic) damaged 

nucleobases in Chapter 3, the structure of stacked dimers was found to not be greatly 

affected by neutral or cationic alkylation damage, but the structures of the preferred T-

shaped interactions are highly dependent on the charge of the system. Indeed, the strongest 

T-shaped interactions occur when the most acidic edge is directed towards the (neutral) Ɏ-

systems of �����ɂ� and the amino acids, or when the most basic edge is directed towards 

(cationic) 3MeA. ����������������������������������ɂ���������ightly decreases (up to 7%) or 

increases (up to 43%) the Ɏ–Ɏ interaction energies, indicating that these interactions alone 

cannot facilitate a discriminatory recognition or binding of neutral substrates by AAG. 

Remarkably, formation of cationic 3-methyladenine can increase the corresponding adenine 

interactions by up to 176%, indicating that these Ɏ–Ɏ interactions can be used to 

preferentially bind cationic substrates in the binding step of AAG. The interaction energy 

decomposition calculations presented in this chapter suggest that the stacking and T-

shaped interactions in neutral or cationic systems are fundamentally different, where all 

three noncovalent interactions (stacking, T-shaped, and hydrogen-bonding) are governed 

by a distinct interplay of attractive forces.  

Chapter 4 expanded upon the dimer interactions of the previous chapters to examine 

the potential importance of the interplay between multiple noncovalent interactions found 

in nature. However, extensive scans of the PES reveal that both stacked and T-shaped 

interactions, as well as both Ɏ–Ɏ�����Ɏ+–Ɏ�������������ǡ�����������������������������Ǥ When 

the energetic additivity was examined, the synergy energy (Esyn) revealed that the sum of 

the two nucleobase–amino acid interactions is a fairly good estimate of the total trimer 

interaction energy. Indeed, the generally small magnitude of the additivity energy (Eadd < 2 

kJ mol–1) suggests that these interactions are additive, which further justifies the choice in 
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this thesis to extensively examine dimer interactions. QTAIM was used to help determine 

whether the nucleobase–amino acid interactions are equivalent in dimers and trimers, or 

whether the nucleobase–amino acid interactions differ in different sized complexes, but 

sum to yield an overall additive interaction. However, conclusions from the QTAIM analysis 

and interaction energy evaluation are inconsistent and therefore inconclusive.  

Using the high-level dimer interaction data presented in Chapters 2 and 3, as well as a 

recent Wetmore group publication,221 Chapter 5 investigated the performance of a number 

of density functional methods, as well as other techniques currently used in hybrid 

approaches, to accurately and efficiently describe the binding strengths and potential 

energy surfaces of Ɏ–Ɏ� ��������� ���� Ɏ–Ɏ T-shaped DNA–protein interactions. PBE-D/6-

31+G(d,p) was found to provide an excellent description of stacking interactions, but 

generally overestimates T-shaped interactions. However, PBE-D has a very strong basis set 

dependence, where the 6-31G(d) basis set erroneously overestimates interaction energies 

in both neutral and cationic systems, especially for T-shaped contacts. On the other hand, 

M06-2X has a small basis set dependence. In fact, M06-2X/6-31G(d) was found to provide 

an excellent description of both stacked and T-shaped, as well as Ɏ–Ɏ� ���� Ɏ+–Ɏǡ� ��A–

protein interactions, and was therefore selected to study the mechanism of action of AAG, 

which heavily relies on these stacked and T-shaped contacts. 

7.2.2.� Future Directions 

The work outlined above focused on understanding the fundamentals of stacked and T-

shaped contacts, as well as how these interactions are useful in DNA repair. Therefore, 

future work can be extended in many different directions to further aid in understanding 

these contacts for this and a variety of other applications. Firstly, all of the noncovalent 

dimer and trimer complexes considered in this thesis were examined through gas-phase 

calculations and the role of solvent was neglected. Despite the fact that most interactions 
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inside biomacromolecular complexes correspond to this gas-phase model,77 solvent is 

undeniably extremely important for gaining a complete picture of these fundamentally 

important interactions. Therefore, model extensions are necessary to understand how polar 

and nonpolar solvents affect the preferred structures and stabilities of these noncovalent 

complexes. Despite the fact that implicit solvation studies can be completed on these 

noncovalent systems, discrete contacts between solvent molecules can be essential for 

understanding the true structural characteristics of these complexes. Therefore, these 

studies could simply involve a systematic addition of individual solvent molecules, such as 

water, to the preferred gas-phase dimer complex to comprehend how each molecule affects 

the original interaction strengths.317 However, perhaps a more global approach would be to 

examine how solvent affects the preferred Ɏ–Ɏ or Ɏ+–Ɏ geometries. Undeniably, examining 

these dimer complexes through explicit water (QM/MM) MD simulations would also 

provide valuable insights into how solvent affects these noncovalent interactions in a 

variety of arrangements. Additionally, research into how the nature of attraction in these 

solvent-phase complexes changes from the present gas-phase results would be of great 

interest to the noncovalent community. 

The work in this thesis only examined the interactions between the conjugated ring 

systems of the nucleobase and amino acid. Studies have determined that the addition of the 

biological backbone does not affect the magnitude of the Ɏ–Ɏ stacking318-319 or T-shaped320 

interactions, which justifies the model size used in this thesis. However, the addition of the 

biological backbone to the Ɏ–Ɏ complex was sometimes found to alter the preferred 

structure of these complexes due to the additional attractive backbone–Ɏ contacts.318-320 

Since these works only examined one select backbone orientation that was fixed relative to 

the Ɏ-ring system,318-320 future studies need to investigate a variety of backbone 

orientations that are found in nature.  
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As previously discussed, noncovalent interactions have potential energy surfaces that 

are very flat and contain a large number of energy minima. Indeed, the work in this thesis is 

the first step in identifying important noncovalent structures on the PES of DNA–protein Ɏ–

Ɏ and Ɏ+–Ɏ dimers. However, this work does not investigate the fully-relaxed minima, nor 

does it examine the structures and energetics of the transition structures, which can play 

important roles in determining relevant geometries of these complexes in nature. Indeed, 

the continuous improvement of computational techniques and facilities allows for the full 

relaxation of these dimer systems, and recent work has determined that the (DFT-D) energy 

barriers between hydrogen-bonded and stacked nucleobase dimers are comparable to their 

energy of thermal motion at room temperature.321 In fact, the Ɏ-systems of DNA and protein 

components provide an interesting scaffold for further investigations, where the inclusion 

of biological backbones or local environments could also provide valuable insights into the 

Ɏ–Ɏ and Ɏ+–Ɏ contacts commonly observed in nature. 

Due to the interplay between multiple noncovalent interactions in macromolecular 

systems, investigating the geometric and energetic additivity of trimer systems is very 

important. The work in this thesis needs to be extended to understand whether geometric 

additivity is truly independent of the relative arrangements of the Ɏ-systems and the level 

of theory used in these computational works. For example, full optimizations of trimer 

systems could provide insights into the true geometric additivity of these noncovalent 

interactions. In addition, future trimer studies could examine a cyclic structure involving 

three Ɏ-systems tilted with respect to one another, which has been previously proposed to 

be nonadditive for systems with small electrostatic components.100 Even though these 

geometries may not be relevant to DNA–protein complexes found in nature, these Ɏ-

systems do provide an interesting framework for studies that wish to examine systems with 

a range of dipole moments, or acidic and basic properties. Indeed, these investigations 
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would also need to explore different method and basis set combinations, which perhaps 

have been designed to have little to no basis set superposition error, to understand how 

various computational methodologies differ in their additivity descriptions. 

Preliminary QTAIM investigations in this thesis showed that it is currently unclear how 

QTAIM can be used to understand Ɏ–Ɏ and Ɏ+–Ɏ interactions in dimers and trimers. Indeed, 

further studies need to consistently evaluate the electron density properties in carefully 

designed simple and symmetric complexes, like those between water or a cation (such as 

Na+) and the Ɏ-system of pyrrole or tryptophan. Within these molecular frameworks, a 

number of different monomer orientations can be considered where the symmetry can 

systematically be reduced to determine how this affects the QTAIM analysis of Ɏ–Ɏ and Ɏ+–

Ɏ complexes. Additionally, the development of alternative methods that are sensitive 

enough to accurately describe noncovalent interactions within dimer and trimer complexes 

would be invaluable in understanding whether noncovalent interactions truly are additive 

in larger complexes. In fact, preliminary works in the literature are experimenting with new 

ways to describe these contacts,225 which could be very promising for noncovalent 

interaction research in the future. 

Additionally, even though it was evident before the undertaking of this thesis, the 

design of new DFT functionals that can accurately describe dispersion interactions is still 

essential since current studies still require benchmarking against high-level ab initio results 

to confidently model new noncovalent systems. Future theoretical developments in 

methods with small basis set dependencies, as well as the ability to properly describe 

barrier heights, would be beneficial to the field of computational chemistry. 
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7.3.�Mechanism of Alkyladenine DNA Glycosylase (AAG) 

7.3.1.� Contributions from this Thesis 

The ONIOM(M06-2X/6-31G(d):AMBER) reaction potential energy surface scans for the 

��������� ��� ɂ�ǡ� ͵���ǡ� ���� �� ������������ ��������� ������ ������������ ������ ���� �������� 

mechanism of AAG. The excision �������������ɂ������������������ǡ�����������������ͳʹ� 

and Y159W mutant enzymes, are in remarkable agreement with recently available 

experimental data,67 which supports the use of this model and provides confidence in the 

description of all aspects of the chemical step of this DNA glycosylase. In addition, this thesis 

suggests that both a general base and a general acid are important for the excision of 

neutral lesions, where calculations revealed that the general acid only requires hydrogen-

bond donation to provide enough stabilization to lower the barrier for catalysis of the 

neutral substrates. 

For the first time, AAG was fo���� ��� ������� ����� �������� ȋɂ�Ȍ� ���� ��������� ȋ͵���Ȍ 

substrates through a concerted (SN2) mechanism, which is consistent with previous 

proposals for this enzyme.28 Intriguingly, the conjugated ring systems of Tyr127, His136, 

and Tyr159 were found to play different roles in the bond cleavage mechanism of neutral 

and cationic substrates within AAG. Specifically, it appears that AAG has evolved to take 

advantage of the Ɏ-systems within the active site to nonspecifically position a wide variety 

of alkylation damage products in the active site, while at the same time maximizing its 

catalytic power towards (neutral) lesions that are inherently more difficult to excise. The 

ability to remove neutral DNA damage comes at the expense of the excision mechanism 

used to repair cationic lesions, where this thesis indicates that the conjugated Ɏ-systems are 

used to attract and bind the cationic nucleobases into the active site, yet are insignificant 

(Tyr159) or anticatalytic (Tyr127, His136) for the glycosidic-bond cleavage mechanism. 

Most importantly, this thesis suggests that the chemical step used by AAG provides 
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another discriminatory step to avoid excising the natural purines. Calculations for the A 

nucleotide in this thesis indicate that Glu125 and the water nucleophile (Wat502) are 

poorly aligned for nucleophile activation. This reason for low glycosylase activity was 

��������� ���������� ��� ������� �������� ���������� ������ ��� ��� ɂ�ȋ���������)–AAG complex,60 

however, their (static) structural proposal was not obtained from an atomistic perspective 

across the entire reaction mechanism for this enzyme. Therefore, the insights obtained from 

this thesis can be vital for understanding how AAG can bind to a large number of damaged 

lesions, yet is unable to excise all of them from DNA. 

7.3.2.� Future Directions 

The ONIOM(M06-2X/6-31G(d):AMBER) calculations presented in Chapter 6 have 

contributed to understanding the excision mechanism used by AAG. However, many 

questions still remain about this glycosylase and further research is necessary to obtain a 

complete picture of this DNA repair enzyme. Although this thesis is the first study to 

characterize the excision mechanism utilized by AAG, this conclusion is nevertheless based 

��� ���� �������� ��� ����� ���� ��������� �������� ����������ǡ� ɂ�� ���� ͵���Ǥ� ���������ǡ� ������ 

�������������������������������������������������������������
�ȋ����������ǡ���
ǡ���ǡ�ɂ
Ȍ 

using the current computational approach developed in this thesis to determine whether 

the present conclusions are truly independent of the substrate. Additionally, these studies 

should examine whether the natural base guanine prefers an SN1 excision mechanism to 

further support the conclusions found for adenine.  

As discussed in Section 6.1, a very recent crystal structure of wild-�������
�������ɂC-

����������� ���� ���� ��� ���� ��������� ����� ɂ�� ��������� ��
� ��������� ������ ������g-group 

protonation is not likely to take place within this tightly-bound active site.60 Additionally, it 

was suggested that the water nucleophile is ideally located for activation within this (static) 

structure. These experimental propositions are contradicted by the present computational 
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observation that AAG is inactive towards some substrates (A) on account of Glu125 failing 

to easily activate the nucleophilic water molecule. Therefore, it is essential that further 

computational work unite these experimental and computational proposals by investigating 

���� ��������� ���������� ��� �������� ���� ɂ�� ��������� ����� ����� ���� �������� ��������� 

orientation.60 Not only will this work further validate or disprove the chemical mechanism 

utilized by AAG, considering A in this new crystal structure will provide information about 

how various starting structures affect reaction mechanism calculations, which is currently 

unclear in the computational literature. 

Chapter 6 presented preliminary point-mutation calculations that investigated how 

Tyr127, His136, and Tyr159 affect the glycosidic-bond cleavage barrier heights. Despite the 

assumptions made in these calculations, they revealed vital clues about how the amino 

acids with conjugated Ɏ-rings play a role in neutral substrate excision, but are not catalytic 

for cationic substrates. Further calculations must examine the effects of these mutations on 

the structure of the AAG–DNA complex, where MD simulations of the entire (solvated) 

complex will provide important structural information for these mutational enzymes. Once 

structural effects are examined for various mutations, stationary points need to be 

characterized through hybrid (ONIOM or QM/MM) techniques before the effects of the 

mutations on the reaction barriers can be further examined. 

As alluded to in this thesis, very little is understood about how different computational 

approaches affect predicted enzyme reaction mechanisms. Therefore, from a computational 

standpoint, it would be interesting to examine how model choice affects the AAG catalytic 

pathway. Indeed, further studies should examine how the mechanism used by AAG is 

affected by: the use of ONIOM or QM/MM hybrid approaches, the QM method, the size of the 

QM regions (i.e. including residues like Asn169 and Ala134), full water solvation of the 

AAG–DNA system, relaxing larger or smaller portions of the MM region throughout the 
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reaction, using unrelaxed crystal structure geometries or MD simulations as the initial 

reactant structures, and ONIOM versus QM/MM MD potential energy surface scans. Indeed, 

these different computational approaches should be integrated with the above mechanistic 

ideas to help provide valuable insights into computational modeling choices to be used in 

the future, as well as a complete picture of the mechanism used by AAG. 

As discussed in Chapter 1, the nucleotide-flipping step plays an essential part in the 

overall mechanism-of-action of AAG.39,41,47,51-52 Without a doubt, both experimental and 

computational researchers need to expand their efforts to truly understand how AAG uses 

nucleotide-flipping to repair a wide variety of damage in DNA. Also, knowledge of how the 

nucleotide-flipping step is involved in the overall kinetic mechanism of this repair enzyme 

is essential to further probe the details of this unique DNA repair process. 

In summary, this thesis has presented the first computational work that unites all 

previous results for AAG to fully describe the chemical mechanism of this unique DNA 

glycosylase. Indeed, this work also provides insights into the fundamentals behind 

important nonspecific DNA–protein contacts, and suggests different roles that Ɏ–Ɏ and Ɏ+–Ɏ 

interactions play in substrate excision by this enzyme. The work proposed in this chapter 

will further probe the complete mechanism of this unique glycosylase, which will aid in 

understanding how this enzyme repairs a wide variety of damaged nucleobases. Once these 

processes are well understood, researchers must also examine the full physiological 

function of AAG since preliminary work has shown that this enzyme can interact with 

nucleotide excision repair proteins, suggesting that this enzyme may also be involved in 

other repair pathways.322 Indeed, although further studies are necessary, it is intriguing that 

the role of this unique DNA glycosylase in DNA repair is far more complex than once 

thought.  
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Appendix A 

Basis Set Extrapolation Details 
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The Helgaker1,2 basis set extrapolation uses MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ 

energies to estimate the MP2/CBS level of theory. Specifically, the total energy of the system 

at the MP2/aug-cc-pVDZ (
) and the MP2/aug-cc-pVTZ (

) level are first separated 

into their Hartree Fock (HF) and electron correlation (corr) components: 


  

  
  


  

  
  

Therefore, the energy at the MP2/CBS level of theory, or the MP2 energy at an infinite basis 

set (
), would be represented by the following: 


  

  
  

Helgaker provided the following extrapolation relations to estimate the 
  and 

 

components, which requires only one parameter, α, which was found to provide the best 

results when set equal to 1.43. 
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Rearrangements of the above relations result in the following equations that were used in 

this thesis to estimate the MP2/CBS energies: 
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2 Halkier, A.; Helgaker, T.; Jorgensen, P.; Klopper, W.; Olsen, J. Chem. Phys. Lett. 1999, 302, 437–446. 



 

 

 

 

 

Appendix B 

MP2/6-31G*(0.25) Potential Energy Surface Scan Calculations for Natural Nucleobase–Amino Acid 
Dimers that Vary R1 (Å), α (°), and R2 (X-axis Shift (Å), Y-axis Shift (Å)) 

 

Dimers Page 
Adenine B-2 
Cytosine B-10 
Guanine B-20 
Thymine B-29 
Uracil B-37 
  
  

 

 



B-2 

 

Adenine–Histidine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 HIS' HIS R1 1 2 3 4 5 A B C D E R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.2 -23.8 -17.3 4.0 0.7 26.2 -0.6 42.0 41.5 -2.5 -8.1 -5.9 3.5 4.5 2.0  6.2  -10.4 1.5   -8.6    21.2   41.8  

3.3 -24.3 -18.1 4.1 -7.0 13.2 -3.5 26.1 24.8 -8.6 -12.9 -9.2 -1.5 -2.4 2.1  0.8  -13.9 -3.5  74.0 -13.3    5.3   20.7  

3.4 -23.7 -17.8 4.2 -11.8 4.2 -5.1 14.7 12.9 -12.3 -15.7 -11.0 -4.5 -6.7 2.2  -2.7  -15.6 -6.5  50.1 -16.0    -5.3   6.5  

   4.3 -14.6 -1.9 -5.9 6.8 4.6 -14.2 -16.9 -11.6 -6.1 -9.2 2.3  -4.7  -16.2 -8.3  32.4 -17.3    -12.0   -2.9  

   4.4 -15.9 -5.9 -6.1 1.5 -0.9 -15.0 -17.2 -11.6 -6.8 -10.4 2.4  -5.8  -16.0 -9.0  19.5 -17.6    -15.9   -8.8  

   4.5 -16.4 -8.3 -6.0 -2.0 -4.5 -15.0 -16.9 -11.2 -6.9 -10.8 2.5  -6.3  -15.2 -9.2  10.3 -17.3    -17.9   -12.2  

   4.6 -16.2 -9.6 -5.6 -4.2 -6.7 -14.5 -16.1 -10.5 -6.7 -10.7 2.6  -6.4  -14.3 -9.0  3.8 -16.7    -18.6   -14.0  

   4.7 -15.6 -10.2 -5.0 -5.4 -7.9 -13.8 -15.2 -9.7 -6.2 -10.2 2.7  -6.2  -13.2 -8.6  -0.7 -15.8    -18.5   -14.7  

   4.8 -14.7 -10.2 -4.5 -5.9 -8.4 -12.9 -14.1 -8.8 -5.6 -9.5 2.8  -5.8  -12.0 -8.0  -3.7 -14.8    -17.9   -14.6  

   4.9 -13.8 -10.0 -3.9 -6.1 -8.5 -11.9 -13.1 -7.9 -5.0 -8.8 2.9  -5.4  -10.9 -7.4  -5.7 -13.7    -16.9   -14.1  

   5.0 -12.8 -9.5 -3.3 -5.9 -8.3 -10.9 -12.0 -7.0 -4.3 -8.0 3.0 -5.6 -4.9 1.4 -9.8 -6.7 -3.5 -6.8 -12.7 26.3 20.2 2.7 -15.8 18.7 -2.2 -13.3 -4.0 

              3.1 -6.9  0.3   -4.9 -7.5 -11.7 15.7 10.6 1.4  10.3 -3.6 -12.4 -5.5 

              3.2 -7.5  -0.4   -5.5 -7.7 -10.7 8.5 4.2 0.6  4.7 -4.4 -11.4 -6.3 

              3.3 -7.6  -0.6   -5.6 -7.7 -9.8 3.6 0.1 0.2  1.1 -4.8 -10.4 -6.6 

              3.4 -7.4  -0.6   -5.5 -7.4 -9.0 0.4 -2.5 0.0  -1.2 -4.8 -9.5 -6.7 

              3.5 -7.0  -0.5   -5.1 -7.1 -8.3 -1.6 -4.0 0.0  -2.6 -4.7 -8.6 -6.5 

              3.6 -6.5  -0.4   -4.7  -7.6 -2.8 -4.7 0.1  -3.3 -4.5  -6.2 

              3.7 -6.0  -0.2   -4.3  -6.9 -3.4 -5.0 0.2  -3.5 -4.2  -5.9 

              3.8 -5.5  0.0   -3.9  -6.4 -3.7 -5.0 0.4  -3.5 -3.9  -5.5 

              3.9 -5.0  0.2   -3.4  -5.9 -3.7 -4.7 0.5  -3.3 -3.6  -5.1 

              4.0 -4.6  0.4   -3.0  -5.4 -3.5 -4.4 0.6  -3.1 -3.3  -4.8 

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  HIS' HIS  1 2 3 4 5 A B C D E  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -24.3 -18.1  -16.4 -10.2 -6.1 -6.1 -8.5 -15.0 -17.2 -11.6 -6.9 -10.8  -7.6 -6.4 -0.6 -16.2 -9.2 -5.6 -7.7 -17.6 -3.7 -5.0 0.0 -18.6 -3.5 -4.8 -14.7 -6.7 

30  -23.0 -19.2  -17.3 -8.5 -7.2 -7.3 -10.7 -19.0 -18.2 -10.1 -8.9 -14.0  -3.4 -6.8 -1.5 -21.2 -11.5 -3.3 -4.5 -13.6 -4.0 -3.3 -4.7 -18.3 -5.7 -1.8 -13.4 -2.8 

60  -23.4 -19.7  -18.1 -7.8 -6.2 -8.0 -12.2 -21.7 -20.1 -10.0 -10.0 -16.4  -0.8 -7.3 -2.4 -25.1 -13.6 -2.4 -2.2 -10.5 -4.7 -2.4 -9.1 -18.1 -8.1 0.7 -12.3 0.7 

90  -26.0 -20.0  -17.7 -6.8 -8.0 -8.6 -12.5 -21.8 -19.2 -9.2 -10.8 -16.8  0.5 -7.4 -4.2 -27.9 -15.4 -2.6 -1.0 -8.1 -5.4 -2.3 -12.0 -18.7 -10.4 1.5 -12.1 2.6 

120  -27.0 -22.8  -16.6 -5.4 -6.3 -9.2 -11.8 -20.5 -16.0 -7.2 -11.8 -16.1  -0.1 -7.1 -7.3 -29.5 -17.0 -4.6 1.1 -4.8 -6.1 -2.6 -13.8 -20.9 -12.7 -0.2 -12.9 2.1 

150  -23.7 -27.0  -15.8 -5.4 -5.2 -8.9 -10.6 -17.5 -13.8 -6.7 -10.6 -13.6  -2.2 -6.6 -9.4 -28.7 -17.2 -7.0 3.9 -3.1 -6.3 -3.0 -13.5 -22.6 -13.3 -2.4 -13.9 0.4 

180  -19.4 -28.3  -16.2 -7.3 -5.7 -7.7 -10.0 -16.3 -15.2 -7.8 -9.4 -12.5  -2.8 -6.6 -7.0 -26.0 -15.4 -6.1 -0.4 -7.2 -5.2 -3.3 -9.7 -20.2 -10.4 -3.2 -14.0 -1.5 

210  -17.4 -25.1  -17.5 -9.8 -7.4 -6.4 -10.2 -18.5 -19.3 -11.0 -8.3 -13.1  -2.7 -6.9 -2.8 -22.4 -12.5 -3.4 -5.6 -13.4 -3.6 -3.8 -4.3 -16.5 -6.0 -3.7 -13.3 -3.9 

240  -16.6 -21.1  -18.4 -11.1 -8.8 -5.8 -10.4 -21.0 -21.8 -12.8 -8.3 -14.1  -2.8 -7.2 0.6 -19.3 -9.8 -1.1 -10.0 -18.1 -2.6 -4.5 0.3 -14.4 -2.3 -4.7 -12.5 -6.6 

270  -15.8 -19.7  -18.2 -11.9 -8.6 -5.3 -9.6 -20.3 -22.2 -13.9 -8.0 -13.5  -3.7 -7.2 2.7 -16.5 -7.8 -0.3 -12.9 -21.2 -2.4 -5.3 3.4 -14.5 -0.3 -5.2 -12.7 -8.2 

300  -18.7 -19.4  -17.3 -12.7 -7.5 -4.7 -8.2 -16.9 -21.6 -15.0 -6.8 -11.7  -7.2 -6.8 2.6 -13.5 -6.9 -3.1 -13.4 -22.5 -2.9 -6.2 4.5 -16.3 -0.3 -5.9 -14.0 -9.3 

330  -23.0 -18.0  -16.3 -11.9 -6.2 -4.9 -7.5 -13.9 -18.9 -13.4 -6.4 -10.0  -10.2 -6.4 0.8 -12.8 -7.5 -6.6 -12.4 -21.2 -3.5 -6.4 3.5 -18.2 -1.7 -6.8 -15.0 -9.5 

 



B-3 

 

 
Stacked (HIS R1=3.3 Å, α=180°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -14.6 -15.8 -17.0 -16.9 -15.3 -13.7 -12.7 

1.0 -19.3 -20.9 -22.1 -21.7 -19.7 -17.8 -16.1 

0.5 -22.6 -24.8 -26.8 -26.1 -22.5 -19.2 -16.9 

0 -22.8 -25.5 -28.8 -28.3 -23.6 -19.0 -16.4 

-0.5 -21.5 -24.3 -28.7 -29.2 -25.0 -20.5 -17.8 

-1.0 -22.1 -24.9 -28.9 -29.7 -26.7 -23.1 -20.0 

-1.5 -24.9 -27.3 -29.4 -29.0 -26.4 -23.4 -20.0 

 
 

Amino Acid Edge T-shaped (θ=B, R1=4.4 Å, α=270°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.5 -3.1 -4.7 -6.3 -7.4 -7.3 -6.6 -5.9 -5.6 -5.8 -6.1 -6.1 -5.6 -4.8 

3.0 -5.6 -7.5 -9.7 -11.1 -11.3 -10.7 -10.0 -9.6 -9.5 -9.6 -9.4 -8.4 -7.1 

2.5 -8.4 -10.3 -12.5 -14.2 -14.7 -14.6 -14.4 -14.1 -13.8 -13.4 -12.6 -11.1 -9.4 

2.0 -11.4 -12.9 -14.7 -16.1 -17.0 -17.7 -18.4 -18.4 -17.7 -16.5 -14.8 -12.8 -10.9 

1.5 -14.3 -15.2 -16.4 -17.5 -18.5 -19.8 -21.1 -21.3 -20.2 -18.3 -15.9 -13.5 -11.4 

1.0 -16.4 -17.0 -17.8 -18.5 -19.5 -21.1 -22.4 -22.2 -20.8 -18.9 -16.4 -13.6 -11.2 

0.5 -17.0 -17.7 -18.4 -18.8 -19.8 -21.4 -22.5 -21.6 -19.9 -18.4 -16.3 -13.4 -10.6 

0 -15.8 -16.9 -17.7 -18.0 -19.1 -21.2 -22.2 -20.9 -18.7 -17.4 -15.8 -12.9 -9.8 

-0.5 -13.3 -14.8 -15.9 -16.5 -17.9 -20.6 -22.1 -20.7 -18.3 -16.6 -14.9 -12.2 -9.4 

-1.0 -10.6 -12.4 -13.8 -14.8 -16.9 -19.9 -21.8 -20.8 -18.4 -16.2 -14.1 -11.7 -9.5 

-1.5 -8.3 -10.2 -11.8 -13.4 -15.9 -18.9 -20.7 -20.4 -18.5 -16.0 -13.7 -11.6 -9.9 

-2.0 -6.1 -7.8 -9.6 -11.6 -14.3 -17.0 -18.7 -19.0 -17.7 -15.5 -13.3 -11.4 -10.1 

-2.5 -3.4 -5.0 -6.7 -9.0 -11.6 -14.0 -15.7 -16.3 -15.6 -14.0 -12.2 -10.7 -9.6 

-3.0 -0.7 -2.0 -3.6 -5.8 -8.3 -10.5 -12.1 -12.8 -12.5 -11.5 -10.3 -9.2 -8.3 

 
 

Nucleobase Edge T-shaped (θ=4, R1=2.3 Å, α=120°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.0 -9.0 -12.9 -17.5 -22.5 -27.2 -30.3 -30.5 -27.3 -21.4 

1.5 -10.5 -15.0 -20.0 -25.3 -30.1 -33.3 -33.4 -30.1 -23.8 

1.0 -11.5 -16.6 -21.9 -27.0 -31.2 -33.6 -33.3 -29.9 -23.8 

0.5 -11.8 -17.3 -22.7 -27.3 -30.7 -32.2 -31.3 -27.7 -22.0 

0 -10.9 -16.7 -22.2 -26.5 -29.5 -30.5 -29.1 -25.3 -19.9 

-0.5 -9.1 -14.9 -20.4 -24.8 -27.7 -28.7 -27.1 -23.3 -18.2 

-1.0 -7.1 -12.5 -17.7 -21.9 -24.9 -25.8 -24.5 -21.1 -16.5 

-1.5 -5.4 -9.9 -14.3 -17.9 -20.4 -21.4 -20.5 -17.8 -14.3 

-2.0 -3.8 -7.3 -10.7 -13.4 -15.2 -16.0 -15.5 -13.9 -11.4 



B-4 

 

Adenine–Phenylalanine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 PHE R1 1 A R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.3 -24.1 4.5 6.1 -4.9 2.0  2.9  -22.0 -5.7   -5.0         

3.4 -24.3 4.6 -0.1 -8.3 2.1  -1.7  -24.5 -9.8   -10.0         

3.5 -23.5 4.7 -4.2 -10.2 2.2  -4.7  -25.6 -12.3   -13.0         

  4.8 -6.7 -11.1 2.3  -6.5  -25.5 -13.6   -14.6         

  4.9 -8.1 -11.3 2.4  -7.5  -24.8 -14.1   -15.3         

  5.0 -8.8 -11.0 2.5 46.8 -7.9 31.7 -23.6 -14.1 43.1 23.4 -15.3    -18.8   -11.7  

  5.1 -8.9 -10.4 2.6 30.0 -7.8 19.9 -22.2 -13.6 27.2 14.0 -14.9    -20.2   -14.0  

  5.2 -8.7 -9.8 2.7 18.2 -7.5 11.8 -20.7 -13.0 16.0 7.2 -14.1    -20.6   -15.1  

  5.3 -8.3 -9.0 2.8 10.0 -7.1 6.3 -19.1 -12.2 8.3 2.5 -13.3    -20.2   -15.3  

  5.4 -7.8 -8.2 2.9 4.5 -6.6 2.6 -17.5 -11.3 3.2 -0.7 -12.3    -19.4   -15.0  

  5.5 -7.2 -7.5 3.0 0.9 -6.0 0.3 -16.1 -10.5 -0.1 -2.8 -11.4 30.0 29.2 -3.2 -18.3 18.4 0.9 -14.4 0.7 

     3.1 -1.4 -5.5 -1.2 -14.7 -9.7 -2.2 -4.2 -10.4 18.2 17.6 -4.6 -17.1 9.0 -1.2 -13.5 -1.5 

     3.2 -2.7 -4.9 -1.9 -13.4 -8.9 -3.4 -5.0 -9.5 10.0 9.6 -5.4 -15.8 2.6 -2.4 -12.5 -2.8 

     3.3 -3.4 -4.4 -2.3 -12.2 -8.1 -4.0 -5.3 -8.6 4.3 4.1 -5.7 -14.6 -1.6 -3.1 -11.5 -3.6 

     3.4 -3.7 -3.9 -2.4 -11.1 -7.4 -4.2 -5.5 -7.8 0.6 0.5 -5.7 -13.3 -4.2 -3.4 -10.5 -3.9 

     3.5 -3.8 -3.5 -2.4 -10.1 -6.8 -4.1 -5.4 -7.1 -1.8 -1.8 -5.5 -12.2 -5.8 -3.5 -9.6 -4.0 

     3.6 -3.6        -3.2 -3.2 -5.2  -6.5 -3.4 -8.7 -3.9 

     3.7 -3.4        -4.0 -3.9 -4.8  -6.8 -3.3 -7.9 -3.7 

     3.8 -3.1        -4.4 -4.2 -4.5  -6.8 -3.0 -7.2 -3.4 

     3.9 -2.8        -4.4 -4.3 -4.1  -6.5 -2.8 -6.5 -3.1 

     4.0 -2.5        -4.3 -4.1 -3.7  -6.1 -2.5 -5.9 -2.8 

 
 
  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  PHE  1 A  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -24.3  -8.9 -11.3  -3.8 -7.9 -2.4 -25.6 -14.1 -4.2 -5.5 -15.3 -4.4 -4.3 -5.7 -20.6 -6.8 -3.5 -15.3 -4.0 

30  -24.3  -9.7 -11.5  -3.8 -7.9 -2.4 -25.6 -14.1 -4.2 -5.8 -15.3 -4.4 -4.3 -5.7 -20.7 -6.9 -3.6 -15.3 -4.1 

60    -10.3 -13.1                  

90    -10.1 -14.1                  

120    -9.4 -14.0                  

150    -8.8 -12.8                  

 
 



B-5 

 

 
Stacked (R1=3.4 Å, α=0°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -14.5 -15.5 -16.4 -16.9 -16.7 -16.0 -15.4 

1.0 -17.2 -18.3 -19.4 -19.8 -19.0 -18.0 -17.4 

0.5 -19.1 -20.8 -22.7 -22.9 -20.5 -18.0 -17.0 

0 -18.8 -20.8 -23.8 -24.3 -20.9 -17.0 -15.6 

-0.5 -17.5 -19.3 -23.0 -24.3 -21.3 -17.5 -15.6 

-1.0 -18.1 -19.4 -22.4 -23.7 -21.8 -18.9 -16.8 

-1.5 -20.5 -21.3 -22.4 -22.4 -20.8 -18.7 -16.7 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=90°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.5 -2.5 -3.1 -3.5 -3.8 -3.8 -3.9 -4.1 -4.3 -4.3 -4.2 -4.0 -3.6 -3.1 

3.0 -3.6 -4.3 -4.9 -5.3 -5.5 -5.8 -6.1 -6.2 -6.1 -6.0 -5.8 -5.2 -4.5 

2.5 -4.9 -5.8 -6.6 -7.1 -7.5 -8.0 -8.5 -8.5 -8.2 -7.9 -7.5 -6.8 -5.9 

2.0 -6.2 -7.2 -8.2 -8.9 -9.5 -10.2 -10.7 -10.7 -10.1 -9.4 -8.7 -7.9 -6.9 

1.5 -7.4 -8.5 -9.5 -10.3 -11.0 -11.9 -12.4 -12.1 -11.3 -10.4 -9.5 -8.5 -7.5 

1.0 -8.2 -9.3 -10.4 -11.2 -12.1 -13.0 -13.3 -12.7 -11.7 -10.9 -10.0 -8.8 -7.7 

0.5 -8.5 -9.8 -10.7 -11.4 -12.5 -13.7 -13.9 -12.7 -11.4 -10.9 -10.3 -9.0 -7.5 

0 -8.4 -9.9 -10.8 -11.2 -12.2 -13.8 -14.1 -12.5 -11.0 -10.5 -10.2 -8.9 -7.2 

-0.5 -7.9 -9.5 -10.4 -10.5 -11.5 -13.2 -13.7 -12.3 -10.6 -10.0 -9.6 -8.4 -6.9 

-1.0 -7.0 -8.6 -9.4 -9.7 -10.6 -12.1 -12.7 -11.7 -10.3 -9.5 -8.9 -7.9 -6.7 

-1.5 -6.0 -7.2 -8.2 -8.8 -9.8 -10.9 -11.3 -10.7 -9.8 -9.1 -8.3 -7.5 -6.7 

-2.0 -4.9 -5.8 -6.8 -7.8 -8.8 -9.6 -9.7 -9.5 -9.0 -8.4 -7.7 -6.9 -6.4 

-2.5 -3.9 -4.6 -5.5 -6.5 -7.5 -8.0 -8.1 -8.0 -7.7 -7.2 -6.6 -6.1 -5.6 

-3.0 -2.9 -3.4 -4.2 -5.1 -5.8 -6.2 -6.2 -6.2 -6.0 -5.6 -5.2 -4.8 -4.5 

 
 

Nucleobase Edge T-shaped (θ=4, R1=2.2 Å, α=0°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -9.0 -11.5 -13.2 -14.0 -14.1 -14.0 -13.2 -11.5 -9.0 

2.0 -11.0 -13.9 -16.0 -16.8 -16.9 -16.8 -16.0 -13.9 -11.0 

1.5 -12.5 -15.7 -18.1 -19.2 -19.5 -19.2 -18.1 -15.7 -12.5 

1.0 -13.8 -17.1 -19.9 -21.7 -22.3 -21.7 -19.9 -17.1 -13.8 

0.5 -15.0 -18.3 -21.6 -24.0 -24.9 -24.0 -21.6 -18.3 -15.0 

0 -15.2 -18.4 -21.8 -24.5 -25.6 -24.5 -21.8 -18.4 -15.2 

-0.5 -14.0 -16.9 -20.0 -22.4 -23.3 -22.4 -20.0 -16.9 -14.0 

-1.0 -11.8 -14.4 -16.8 -18.7 -19.3 -18.7 -16.8 -14.4 -11.8 

-1.5 -9.6 -11.7 -13.7 -15.0 -15.4 -15.0 -13.7 -11.7 -9.6 

-2.0 -7.1 -8.9 -10.5 -11.5 -11.8 -11.5 -10.5 -8.9 -7.1 

-2.5 -4.6 -5.7 -6.9 -7.8 -8.1 -7.8 -6.9 -5.7 -4.6 



B-6 

 

Adenine–Tyrosine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TYR' TYR R1 1 2 3 4 5 6 A B C D E F R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.3 -23.7 -25.8 4.5 70.2 -12.0 40.4 99.8 41.6 -6.0 1.1 0.6 50.0 48.7 0.1 4.1 2.0  8.5  -17.2 -3.0   2.7    11.5     

3.4 -24.4 -26.3 4.6 44.1 -14.0 23.4 67.0 24.3 -8.4 -6.0 -5.1 28.6 27.8 -5.1 -1.1 2.1  2.4  -20.8 -8.1   -3.9    -3.0     

3.5 -23.9 -25.6 4.7 25.8 -14.9 11.5 42.9 12.2 -9.7 -10.4 -8.6 13.7 13.3 -8.3 -4.3 2.2  -1.7  -22.6 -11.2   -8.2    -12.6     

   4.8 13.3 -15.1 3.2 25.5 3.8 -10.2 -13.0 -10.6 3.6 3.4 -10.1 -6.1 2.3  -4.2  -23.2 -13.0   -10.8    -18.5     

   4.9 4.8 -14.7 -2.3 13.2 -1.9 -10.2 -14.3 -11.5 -3.0 -3.1 -10.9 -7.0 2.4  -5.7  -22.9 -13.8   -12.2    -21.9     

   5.0 -0.6 -14.0 -5.8 4.7 -5.4 -9.8 -14.7 -11.7 -7.2 -7.1 -11.1 -7.2 2.5  -6.5  -22.0 -13.9   -12.8    -23.5   -12.0  

   5.1 -4.0 -13.1 -7.9 -1.1 -7.6 -9.3 -14.5 -11.5 -9.6 -9.5 -10.8 -7.1 2.6  -6.8  -20.8 -13.6   -12.7    -23.8   -14.1  

   5.2 -5.9 -12.1 -9.0 -4.8 -8.7 -8.6 -13.9 -10.9 -10.8 -10.7 -10.3 -6.7 2.7  -6.7  -19.5 -13.1   -12.4    -23.3   -15.0  

   5.3 -6.8 -11.2 -9.4 -7.1 -9.2 -7.9 -13.1 -10.3 -11.2 -11.1 -9.6 -6.2 2.8  -6.4  -18.1 -12.3   -11.8    -22.3   -15.1  

   5.4 -7.1 -10.2 -9.4 -8.3 -9.2 -7.2 -12.3 -9.5 -11.1 -10.9 -8.9 -5.6 2.9  -6.0  -16.6 -11.5   -11.0    -21.0   -14.8  

   5.5 -7.0 -9.3 -9.1 -8.8 -8.9 -6.5 -11.3 -8.8 -10.6 -10.5 -8.2 -5.0 3.0 -3.8 -5.6 -5.2 -15.3 -10.7 -6.1 6.7 -10.2 12.9 22.8 -12.7 -19.6 3.0 0.2 -14.1 0.9 

   5.6    -8.9         3.1 -6.1  -6.2   -8.1 3.2 -9.4 4.6 13.2 -12.7  -3.5 -2.0 -13.2 -1.6 

   5.7    -8.6         3.2 -7.3  -6.5   -9.1 0.7 -8.6 -0.9 6.6 -12.2  -7.7 -3.3 -12.3 -3.2 

   5.8    -8.2         3.3 -7.7  -6.5   -9.3 -0.9 -7.9 -4.4 2.2 -11.5  -10.1 -4.0 -11.3 -4.0 

   5.9    -7.7         3.4 -7.7  -6.2   -9.1 -2.0 -7.1 -6.4 -0.6 -10.7  -11.3 -4.3 -10.3 -4.4 

   6.0    -7.1         3.5 -7.4  -5.7   -8.6 -2.7 -6.5 -7.5 -2.4 -9.8  -11.7 -4.4 -9.4 -4.5 

                3.6 -6.9  -5.2   -8.0 -3.0 -5.8 -7.9 -3.4 -8.9  -11.6 -4.2  -4.4 

                3.7 -6.3  -4.7   -7.3 -3.2 -5.3 -7.9 -3.9 -8.0  -11.1 -4.0  -4.2 

                3.8 -5.7  -4.2   -6.6 -3.2 -4.7 -7.6 -4.0 -7.2  -10.4 -3.7  -3.9 

                3.9 -5.1  -3.7   -5.9 -3.1 -4.3 -7.1 -3.9 -6.5  -9.7 -3.4  -3.6 

                4.0 -4.5  -3.3   -5.2 -3.0 -3.9 -6.5 -3.7 -5.8  -8.8 -3.1  -3.3 

 
 

  Stacked Amino Acid Edge T-shaped Nucleobase Edge T-shaped 

  TYR' TYR 1 2 3 4 5 6 A B C D E F 1 2 3 4 5 6 7 8 A B C D E F G H 

0  -24.4 -26.3 -7.1 -15.1 -9.4 -8.9 -9.2 -10.2 -14.7 -11.7 -11.2 -11.1 -11.1 -7.2 -7.7 -6.8 -6.5 -23.2 -13.9 -9.3 -3.2 -12.8 -7.9 -4.0 -12.7 -23.8 -11.7 -4.4 -15.1 -4.5 

30  -26.4 -25.0 -10.1 -15.2 -10.5 -9.6 -9.5 -8.9 -16.4 -13.3 -12.8 -12.5 -11.6 -9.5 -8.1 -6.7 -6.0 -21.8 -13.4 -9.4 -3.9 -13.8 -7.6 -4.1 -11.0 -23.4 -11.0 -5.1 -15.4 -5.5 

60  -22.7 -21.2 -12.1 -16.9 -9.3 -10.1 -10.3 -9.3 -17.5 -14.7 -14.0 -13.8 -12.6 -10.2 -5.2 -7.0 -3.7 -22.7 -12.8 -5.7 -4.6 -15.0 -5.3 -4.2 -6.8 -21.3 -7.7 -4.6 -15.1 -5.4 

90  -18.0 -23.1 -12.5 -16.6 -10.8 -9.9 -10.1 -9.2 -17.9 -14.1 -13.8 -13.9 -12.7 -9.8 -4.5 -7.5 -1.2 -22.9 -12.0 -4.0 -5.5 -16.4 -3.7 -4.6 -3.0 -19.6 -4.9 -4.2 -14.8 -5.6 

120  -21.1 -25.8 -11.8 -14.1 -9.5 -9.2 -9.2 -8.0 -18.0 -12.4 -12.7 -12.9 -11.8 -9.5 -4.8 -7.7 0.9 -22.6 -11.2 -3.5 -6.2 -18.3 -3.0 -5.3 -0.8 -18.4 -3.4 -3.9 -14.5 -5.8 

150  -25.1 -24.4 -10.2 -12.2 -8.7 -8.5 -8.7 -8.0 -17.2 -10.3 -10.9 -11.3 -10.8 -7.4 -6.2 -7.3 0.3 -22.6 -11.3 -5.1 -5.7 -18.1 -3.1 -6.2 -1.4 -18.9 -4.0 -4.7 -14.7 -6.3 

180  -29.3 -22.3 -9.5 -12.6 -8.9 -8.7 -9.2 -9.1 -15.6 -10.9 -10.9 -11.0 -10.8 -7.3 -8.2 -6.7 -6.1 -23.5 -12.8 -8.6 -5.0 -13.6 -3.6 -7.1 -3.7 -21.1 -6.5 -8.7 -15.0 -8.1 

210  -26.6 -20.9 -9.8 -16.1 -10.0 -9.7 -10.3 -10.3 -15.2 -13.5 -12.7 -12.8 -12.4 -7.8 -7.8 -6.6 -7.2 -24.5 -13.8 -9.2 -5.3 -12.9 -3.7 -7.0 -5.2 -21.1 -7.6 -8.9 -15.1 -7.6 

240  -24.2 -24.2 -10.5 -17.6 -11.3 -10.4 -10.7 -10.0 -15.5 -15.3 -14.4 -14.1 -13.3 -9.4 -5.5 -7.1 -4.5 -25.2 -14.0 -6.9 -4.6 -13.7 -3.6 -5.8 -5.6 -20.1 -7.3 -5.4 -15.0 -4.8 

270  -25.4 -24.4 -9.5 -17.0 -11.2 -10.3 -10.4 -10.3 -15.2 -15.5 -14.6 -14.1 -13.4 -9.8 -3.3 -7.6 -3.5 -26.1 -14.2 -4.8 -4.0 -13.4 -4.0 -4.6 -7.2 -19.9 -7.5 -3.3 -14.7 -3.2 

300  -23.1 -24.7 -7.0 -16.8 -10.2 -9.6 -10.2 -11.8 -14.7 -14.5 -13.5 -13.2 -13.2 -8.6 -1.2 -7.8 -3.7 -27.4 -14.4 -2.9 -3.5 -12.8 -4.7 -3.9 -9.9 -20.4 -8.2 -2.4 -14.2 -2.6 

330  -24.2 -28.1 -5.8 -14.8 -9.3 -8.8 -9.4 -11.5 -13.8 -12.5 -11.7 -11.3 -11.6 -7.3 -1.7 -7.4 -4.8 -27.0 -14.4 -3.3 -3.3 -12.6 -6.0 -3.7 -11.7 -21.9 -9.7 -3.0 -14.3 -3.3 

 



B-7 

 

 
Stacked (TYR' R1=3.4 Å, α=180°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -19.4 -21.2 -22.5 -22.6 -21.0 -18.2 -15.3 

1.0 -20.6 -22.0 -23.0 -23.2 -22.0 -19.8 -17.4 

0.5 -22.4 -23.9 -25.5 -26.0 -24.6 -22.2 -19.8 

0 -24.4 -26.6 -29.0 -29.3 -26.5 -22.8 -20.3 

-0.5 -24.4 -27.1 -30.4 -30.7 -26.8 -21.9 -19.2 

-1.0 -22.4 -25.0 -28.8 -29.8 -26.3 -21.7 -18.9 

-1.5 -21.5 -23.5 -26.6 -27.8 -25.6 -22.2 -19.5 

 
 

Amino Acid Edge T-shaped (θ=A, R1=5.0 Å, α=90°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.5 -2.7 -3.0 -3.0 -2.9 -3.0 -3.9 -5.7 -7.7 -8.3 -7.0 -5.1 -4.0 -3.9 

3.0 -4.5 -5.1 -5.5 -5.6 -5.7 -6.8 -9.1 -11.7 -12.7 -11.3 -9.1 -7.8 -7.4 

2.5 -6.7 -7.9 -8.8 -9.2 -9.3 -10.0 -12.0 -14.4 -15.4 -14.2 -12.5 -11.8 -11.6 

2.0 -9.2 -11.1 -12.7 -13.4 -13.4 -13.4 -14.1 -15.3 -15.6 -14.9 -14.6 -15.2 -15.5 

1.5 -11.4 -14.2 -16.6 -17.8 -17.5 -16.5 -15.8 -15.5 -15.1 -14.8 -15.6 -17.3 -17.8 

1.0 -12.9 -16.2 -19.4 -21.0 -20.6 -18.9 -17.3 -16.1 -15.3 -15.1 -16.3 -17.8 -17.9 

0.5 -13.0 -16.6 -20.1 -21.9 -21.4 -19.7 -18.2 -17.0 -16.1 -15.7 -16.4 -17.0 -16.2 

0 -11.7 -15.3 -18.6 -20.2 -19.8 -18.7 -17.9 -17.3 -16.5 -16.0 -16.1 -15.9 -14.3 

-0.5 -9.5 -12.7 -15.5 -16.9 -16.8 -16.5 -16.8 -16.9 -16.4 -16.2 -16.5 -16.0 -13.8 

-1.0 -7.0 -9.6 -12.0 -13.4 -14.0 -14.6 -15.6 -16.1 -16.2 -16.8 -17.8 -17.5 -15.0 

-1.5 -4.6 -6.6 -8.8 -10.5 -11.9 -13.4 -14.7 -15.4 -15.9 -17.4 -19.1 -19.1 -16.4 

-2.0 -2.6 -4.1 -5.8 -7.8 -9.8 -11.6 -12.9 -13.8 -15.0 -17.2 -19.2 -19.3 -16.7 

-2.5 -1.0 -1.9 -3.2 -4.8 -6.7 -8.3 -9.6 -10.8 -12.6 -15.2 -17.3 -17.5 -15.3 

-3.0 0.3 -0.2 -1.0 -2.0 -3.2 -4.4 -5.6 -7.2 -9.4 -12.0 -13.9 -14.2 -12.6 

 
 

Nucleobase Edge T-shaped (θ=4, R1=2.3 Å, α=300°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -7.6 -11.6 -16.0 -19.4 -20.5 -18.2 -13.2 -7.9 -4.0 -1.7 -0.5 

2.5 -7.9 -12.6 -17.7 -21.8 -23.4 -21.2 -15.9 -10.3 -6.1 -3.6 -2.1 

2.0 -7.9 -12.7 -18.0 -22.2 -23.7 -21.8 -17.6 -12.9 -9.2 -6.4 -4.4 

1.5 -7.9 -12.7 -17.8 -21.6 -22.8 -21.5 -18.9 -15.8 -12.8 -9.9 -7.3 

1.0 -8.5 -13.2 -18.0 -21.7 -23.1 -22.6 -21.2 -19.1 -16.3 -13.2 -10.1 

0.5 -9.5 -14.2 -18.9 -22.7 -24.9 -25.3 -24.2 -22.1 -19.3 -16.0 -12.5 

0 -10.3 -15.0 -19.6 -23.6 -26.4 -27.4 -26.5 -24.3 -21.3 -17.9 -14.2 

-0.5 -10.3 -15.0 -19.3 -23.2 -26.3 -27.8 -27.3 -25.1 -22.1 -18.6 -14.7 

-1.0 -9.3 -13.8 -17.9 -21.6 -24.7 -26.5 -26.5 -24.5 -21.3 -17.7 -13.8 

-1.5 -7.7 -11.8 -15.7 -19.1 -22.0 -23.8 -24.0 -22.3 -19.3 -15.7 -12.1 

-2.0 -5.6 -9.3 -12.9 -16.1 -18.5 -20.1 -20.4 -19.2 -16.5 -13.3 -10.0 

-2.5 -3.3 -6.4 -9.6 -12.4 -14.6 -15.8 -16.2 -15.4 -13.3 -10.6 -7.8 

-3.0 -1.5 -3.7 -6.3 -8.7 -10.6 -11.7 -12.1 -11.5 -9.9 -7.9 -5.8 



B-8 

 

Adenine–Tryptophan Dimers 
 

 Stacked  Amino Acid Edge T-shaped Nucleobase Edge T-shaped 
R1 TRP' TRP R1 1 2 3 A B C D E F G R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.4 -24.8 -26.8 4.0    96.0       2.0  6.6  -26.6 -5.7  92.8 -5.1    8.7   34.5  

3.5 -25.5 -26.9 4.1    59.3       2.1  0.4  -29.4 -11.2  66.4 -10.2    -6.3   14.7  

3.6 -25.0 -26.1 4.2    33.2       2.2  -3.7  -30.5 -14.6  46.3 -13.3    -16.1   1.1  

   4.3    15.0       2.3  -6.2  -30.4 -16.5  31.1 -15.0    -22.2   -7.8  

   4.4    2.6       2.4  -7.6  -29.6 -17.3  19.8 -15.6    -25.6   -13.5  

   4.5    -5.6 60.9  9.5 65.8  63.8 2.5  -8.2  -28.3 -17.3  11.5 -15.6    -27.1   -16.8  

   4.6    -10.7 33.8  0.7 40.2  38.4 2.6  -8.3  -26.7 -16.9  5.5 -15.1    -27.4   -18.4  

   4.7    -13.7 14.9  -5.1 22.1  20.5 2.7  -8.1  -24.9 -16.2  1.3 -14.4    -26.9   -18.9  

   4.8    -15.2 2.0  -8.6 9.6  8.3 2.8  -7.7  -23.1 -15.4  -1.7 -13.5    -25.8   -18.7  

   4.9    -15.6 -6.4  -10.5 1.1  0.1 2.9  -7.2  -21.4 -14.4  -3.6 -12.5    -24.4   -18.0  

   5.0    -15.4 -11.8 10.3 -11.4 -4.4 53.5 -5.1 3.0 -4.7 -6.6 -4.9 -19.7 -13.4 -7.6 -4.9 -11.5 17.0 17.8 -9.9 -22.8 3.1 -2.3 -17.1 -2.0 

   5.1    -14.8 -14.9 0.8 -11.6 -7.7 31.3 -8.3 3.1 -6.3  -6.0   -8.8 -5.6 -10.5 7.9 8.8 -10.7  -3.5 -3.9 -15.9 -3.6 

   5.2    -14.0 -16.4 -5.2 -11.3 -9.6 15.8 -10.0 3.2 -7.1  -6.5   -9.2 -5.9 -9.6 1.8 2.8 -11.0  -7.6 -4.7 -14.8 -4.6 

   5.3    -13.0 -16.9 -8.9 -10.8 -10.5 5.2 -10.8 3.3 -7.2  -6.5   -9.1 -5.9 -8.7 -2.2 -1.2 -10.8  -10.0 -5.1 -13.6 -5.0 

   5.4    -12.0 -16.7 -11.0 -10.1 -10.7 -1.7 -10.9 3.4 -7.0  -6.3   -8.7 -5.8 -7.9 -4.7 -3.6 -10.4  -11.3 -5.1 -12.4 -5.0 

   5.5 2.2 -1.5 -1.6 -11.0 -16.1 -11.9 -9.3 -10.5 -6.1 -10.5 3.5 -6.6  -5.9   -8.1 -5.6 -7.1 -6.1 -5.0 -9.8  -11.8 -5.0 -11.4 -4.9 

   5.6 -3.1 -5.0 -5.0   -12.0   -8.7  3.6 -6.0  -5.4   -7.5  -6.4 -6.8 -5.7 -9.1  -11.7 -4.7  -4.6 

   5.7 -6.6 -7.0 -7.0   -11.7   -10.1  3.7 -5.4  -4.9   -6.8  -5.8 -6.9 -5.9 -8.4  -11.3 -4.4  -4.2 

   5.8 -8.6 -8.1 -8.0   -11.1   -10.5  3.8 -4.8  -4.4   -6.1  -5.2 -6.8 -5.8 -7.7  -10.7 -4.0  -3.8 

   5.9 -9.7 -8.5 -8.4   -10.4   -10.5  3.9 -4.2  -3.9   -5.4  -4.7 -6.4 -5.5 -7.1  -10.0 -3.6  -3.4 

   6.0 -10.1 -8.5 -8.4   -9.5   -10.1  4.0 -3.6  -3.5   -4.8  -4.2 -5.9 -5.1 -6.5  -9.2 -3.3  -3.0 

   6.1 -10.0 -8.2 -8.1                         

   6.2 -9.7 -7.8 -7.6                         

   6.3 -9.2 -7.2 -7.1                         

   6.4 -8.6 -6.6 -6.5                         

   6.5 -8.0 -6.1 -5.9                         

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  TRP' TRP  1 2 3 A B C D E F G  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -25.5 -26.9  -10.1 -8.5 -8.4 -15.6 -16.9 -12.0 -11.6 -10.7 -10.5 -10.9  -7.2 -8.3 -6.5 -30.5 -17.3 -9.2 -5.9 -15.6 -6.9 -5.9 -11.0 -27.4 -11.8 -5.1 -18.9 -5.0 

30  -26.5 -26.6  -10.6 -9.7 -9.5 -20.8 -19.5 -13.0 -12.9 -12.3 -12.4 -13.3  -11.7 -7.5 -9.7 -28.0 -16.9 -13.5 0.1 -13.3 -7.7 -7.2 -10.3 -31.4 -12.8 -8.3 -21.3 -7.8 

60  -25.5 -26.5  -11.0 -10.2 -10.7 -22.7 -18.7 -15.1 -14.4 -12.0 -13.9 -15.6  -13.7 -7.2 -10.0 -26.6 -15.8 -14.5 0.2 -15.2 -8.1 -8.2 -9.3 -32.4 -12.5 -10.3 -21.6 -10.4 

90  -22.9 -28.4  -10.2 -9.9 -10.7 -22.5 -17.4 -14.4 -14.2 -11.3 -14.1 -15.4  -12.8 -7.6 -5.8 -25.0 -14.2 -12.0 -5.5 -19.8 -7.6 -8.2 -6.0 -30.1 -10.0 -9.5 -20.7 -11.2 

120  -24.3 -28.2  -8.7 -9.4 -9.8 -22.9 -17.9 -11.7 -13.0 -11.6 -13.1 -13.9  -9.6 -8.3 -1.8 -24.8 -13.3 -7.8 -7.9 -21.9 -6.4 -7.3 -3.1 -26.7 -7.3 -6.9 -19.2 -9.6 

150  -25.6 -25.3  -7.8 -8.6 -8.9 -19.3 -16.3 -9.7 -11.1 -10.6 -11.3 -12.1  -6.8 -8.7 -1.3 -26.4 -13.8 -5.2 -11.6 -22.2 -5.5 -6.6 -3.3 -24.5 -6.3 -6.1 -17.9 -8.4 

180  -27.2 -21.9  -8.7 -8.6 -8.9 -17.7 -16.5 -10.5 -11.1 -10.7 -10.8 -11.9  -7.5 -8.2 -5.1 -27.5 -15.2 -7.6 -6.7 -18.3 -6.0 -6.6 -6.2 -26.9 -8.6 -6.9 -19.0 -7.8 

210  -29.3 -19.8  -10.8 -9.1 -9.8 -19.0 -18.2 -14.0 -13.4 -11.9 -12.2 -13.2  -11.5 -7.5 -9.8 -27.3 -16.8 -13.5 -1.3 -14.2 -7.7 -7.3 -10.1 -31.2 -12.7 -8.7 -21.3 -8.3 

240  -30.5 -24.2  -12.3 -9.9 -10.0 -22.2 -20.6 -15.0 -14.4 -13.6 -13.4 -13.0  -12.5 -7.3 -12.1 -29.0 -17.8 -15.4 0.3 -13.0 -8.9 -7.6 -14.8 -33.2 -15.7 -8.9 -21.5 -7.6 

270  -28.6 -28.8  -12.4 -9.7 -9.5 -21.6 -19.6 -14.6 -14.4 -13.1 -13.4 -11.9  -8.8 -7.7 -11.4 -32.4 -18.5 -11.8 1.7 -11.6 -8.7 -7.1 -17.0 -32.5 -15.8 -6.9 -20.3 -5.5 

300  -24.7 -29.8  -11.6 -8.8 -8.9 -17.5 -17.3 -14.4 -14.3 -11.7 -12.3 -11.2  -4.6 -8.4 -8.5 -34.0 -18.5 -7.2 -1.0 -12.0 -7.5 -6.2 -15.6 -29.7 -13.7 -4.6 -18.7 -3.7 

330  -24.0 -28.4  -10.4 -8.2 -8.1 -14.5 -15.9 -12.3 -12.2 -10.4 -10.6 -10.0  -3.7 -8.8 -5.9 -33.2 -17.9 -5.8 -5.5 -14.9 -6.8 -5.5 -13.4 -26.6 -12.0 -3.5 -17.5 -3.1 

 



B-9 

 

 
Stacked (TRP' R1=3.5 Å, α=240°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -23.2 -25.7 -28.3 -28.9 -26.5 -23.1 -21.2 

1.0 -25.3 -27.1 -29.5 -30.0 -26.9 -22.8 -20.7 

0.5 -26.9 -27.9 -29.7 -30.0 -27.4 -24.0 -21.8 

0 -29.2 -30.0 -30.9 -30.5 -28.6 -26.2 -23.8 

-0.5 -31.9 -33.3 -33.3 -31.7 -29.2 -27.0 -24.5 

-1.0 -32.8 -34.9 -35.0 -32.3 -28.8 -26.0 -23.4 

-1.5 -31.2 -33.8 -34.4 -31.9 -28.1 -25.1 -22.3 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=120°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.5 -1.0 -1.9 -3.0 -4.0 -4.4 -4.3 -4.0 -4.0 -4.6 -5.3 -6.0 -6.3 -6.3 

3.0 -2.8 -4.3 -6.2 -7.8 -8.4 -8.2 -7.6 -7.2 -7.3 -7.7 -8.2 -8.4 -8.3 

2.5 -5.3 -7.5 -10.2 -12.4 -13.3 -12.9 -12.1 -11.4 -10.9 -10.6 -10.4 -10.3 -10.0 

2.0 -8.4 -10.9 -13.9 -16.3 -17.3 -17.0 -16.3 -15.5 -14.8 -13.9 -12.9 -11.9 -11.0 

1.5 -11.7 -13.9 -16.3 -18.3 -19.2 -19.3 -19.1 -18.9 -18.5 -17.5 -15.8 -13.6 -11.5 

1.0 -14.8 -16.1 -17.4 -18.4 -19.2 -20.2 -21.1 -21.5 -21.4 -20.5 -18.3 -14.9 -11.7 

0.5 -17.3 -17.5 -17.7 -18.1 -19.0 -20.8 -22.5 -23.1 -22.8 -21.6 -19.1 -15.3 -11.6 

0 -18.5 -18.2 -17.8 -18.0 -19.0 -21.1 -22.9 -23.2 -22.1 -20.5 -18.0 -14.6 -11.2 

-0.5 -18.1 -17.8 -17.6 -17.8 -18.7 -20.3 -21.7 -21.6 -20.2 -18.3 -16.1 -13.4 -10.8 

-1.0 -16.1 -16.5 -16.8 -17.2 -17.9 -18.9 -19.9 -19.8 -18.7 -16.9 -14.8 -12.6 -10.5 

-1.5 -13.5 -14.6 -15.6 -16.3 -16.9 -17.9 -18.9 -19.0 -18.1 -16.3 -14.2 -12.1 -10.1 

-2.0 -11.2 -12.7 -14.1 -15.1 -16.2 -17.7 -18.8 -19.0 -17.9 -15.9 -13.6 -11.3 -9.4 

-2.5 -9.1 -10.7 -12.1 -13.5 -15.3 -17.3 -18.7 -18.7 -17.3 -15.0 -12.5 -10.2 -8.2 

-3.0 -6.6 -8.1 -9.5 -11.2 -13.4 -15.8 -17.3 -17.3 -15.8 -13.4 -10.9 -8.7 -6.9 

 
 

Nucleobase Edge T-shaped (θ=4, R1=2.2 Å, α=300°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

2.5 -11.1 -14.3 -17.6 -20.3 -21.7 -21.4 -20.1 -18.1 -15.3 -11.7 -7.9 -4.6 -2.1 

2.0 -13.4 -17.4 -21.3 -24.6 -26.3 -26.1 -24.7 -22.7 -19.6 -15.6 -11.1 -7.0 -4.0 

1.5 -15.3 -19.9 -24.5 -28.3 -30.3 -30.2 -28.7 -26.6 -24.0 -20.2 -15.4 -10.7 -6.9 

1.0 -16.1 -21.4 -26.6 -30.9 -33.2 -33.2 -31.6 -29.7 -27.8 -24.9 -20.5 -15.3 -10.7 

0.5 -16.0 -21.7 -27.2 -31.8 -34.5 -34.8 -33.5 -32.2 -30.9 -28.7 -24.7 -19.4 -14.3 

0 -15.6 -21.2 -26.5 -30.8 -33.7 -34.5 -34.0 -33.5 -32.9 -30.8 -27.0 -21.8 -16.6 

-0.5 -15.0 -20.3 -24.7 -28.4 -31.0 -32.2 -32.8 -33.3 -33.4 -31.7 -28.0 -22.9 -17.6 

-1.0 -13.4 -18.0 -21.6 -24.7 -27.3 -29.0 -30.4 -31.8 -32.6 -31.4 -28.0 -23.0 -17.5 

-1.5 -10.1 -14.0 -17.1 -20.0 -22.8 -25.1 -27.1 -28.9 -30.1 -29.4 -26.5 -21.9 -16.6 

-2.0 -6.4 -9.5 -12.1 -14.6 -17.3 -19.9 -22.2 -24.2 -25.3 -25.1 -23.0 -19.3 -14.7 

-2.5 -3.5 -5.6 -7.6 -9.4 -11.5 -13.7 -16.1 -18.1 -19.4 -19.6 -18.3 -15.6 -12.1 

 
 



B-10 

 

Cytosine–Histidine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 HIS' HIS R1 1 2 3 4 5 A B C D E R1 1 2 3 4 5 6 7 A B C D E F G 

3.3 -24.1  4.0 0.3          2.0 -20.2   9.3 1.6 -5.1 -2.2        

3.4 -24.5 -7.4 4.1 -6.0    16.3      2.1 -23.8   3.5 -6.0 -11.5 -7.9        

3.5 -24.1 -7.9 4.2 -10.0    7.1      2.2 -25.5   -0.2 -10.8 -15.4 -11.3     -10.2  -9.5 

3.6  -7.8 4.3 -12.3 -0.7 -3.4 1.8 0.8 -10.8 -12.6 -6.8 -4.4 -7.7 2.3 -26.0   -2.4 -13.6 -17.5 -13.3     -14.8  -15.6 

   4.4 -13.4 -3.6 -3.6 -2.2 -3.4 -12.1 -13.1 -7.3 -5.4 -9.3 2.4 -25.5   -3.6 -15.1 -18.4 -14.1     -17.4  -19.1 

   4.5 -13.8 -5.4 -3.5 -4.7 -6.0 -12.6 -12.9 -7.2 -5.8 -10.0 2.5 -24.5   -4.1 -15.6 -18.4 -14.3 2.5   -10.1 -18.5 -9.9 -20.8 

   4.6 -13.6 -6.3 -3.2 -6.1 -7.6 -12.5 -12.4 -6.8 -5.8 -10.1 2.6 -23.2   -4.1 -15.5 -18.0 -13.9 -4.1   -11.9 -18.7 -11.9 -21.3 

   4.7 -13.1 -6.7 -2.9 -6.9 -8.4 -12.1 -11.6 -6.2 -5.6 -9.8 2.7 -21.8   -3.9 -14.9 -17.1 -13.3 -8.2   -12.7 -18.3 -12.8 -21.0 

   4.8 -12.4 -6.7 -2.4 -7.2 -8.7 -11.4 -10.7 -5.5 -5.2 -9.4 2.8 -20.3   -3.5 -14.2 -16.1 -12.6 -10.6   -12.7 -17.6 -13.0 -20.2 

   4.9 -11.7 -6.4 -2.4 -7.2 -8.7 -10.7 -9.8 -4.8 -4.8 -8.8 2.9 -18.8   -3.0 -13.3 -15.1 -11.7 -11.9   -12.2 -16.6 -12.8 -19.1 

   5.0 -10.8  -1.6 -7.0 -8.5 -9.9 -9.0 -4.2 -4.3 -8.1 3.0 -17.4  15.1 -2.5 -12.3 -13.9 -10.9 -12.3   -11.5 -15.5 -12.2 -17.9 

              3.1   9.9     -12.2   -10.7 -14.3 -11.6 -16.6 

              3.2   6.5     -11.8   -9.7 -13.2 -10.8 -15.4 

              3.3   4.4     -11.2   -8.8  -10.0  

              3.4   3.0     -10.5   -7.9  -9.2  

              3.5   2.2     -9.8   -7.1  -8.5  

              3.6   1.9            

              3.7   1.8            

              3.8   1.8            

              3.9   1.9            

              4.0   2.1            

              ...               

              5.0  0.7       4.8 4.7     

              5.1  0.6       4.6 4.6     

              5.2  0.6       4.5 4.5     

              5.3  0.6       4.3 4.4     

              5.4  0.6       4.2 4.3     

              5.5  0.6       4.0 4.2     

              5.6  0.6       3.9 4.1     

              5.7  0.5       3.8 4.0     

              5.8  0.5       3.7 3.8     

              5.9  0.5       3.5 3.7     

              6.0  0.5       3.4 3.6     

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  HIS' HIS  1 2 3 4 5 A B C D E  1 2 3 4 5 6 7 A B C D E F G 

0  -24.5 -7.9  -13.8 -6.7 -3.6 -7.2 -8.7 -12.6 -13.1 -7.3 -5.8 -10.1  -26.0  1.8 -4.1 -15.6 -18.4 -14.3 -12.3   -12.7 -18.7 -13.0 -21.3 

30  -24.1 -11.9  -14.6 -2.8 -4.4 -10.2 -12.4 -15.9 -10.9 -2.7 -9.4 -13.6  -19.0  -5.4 -13.6 -16.3 -13.6 -13.5 -3.7   -13.6 -15.4 -10.8 -18.4 

60  -21.4 -16.2  -15.6 -0.8 -5.5 -11.9 -15.0 -19.8 -12.0 0.5 -11.8 -16.4  -13.5  -10.9 -21.1 -16.1 -10.9 -12.7 3.3   -14.6 -13.6 -9.6 -16.0 

90  -19.0 -20.1  -15.7 -0.8 -5.3 -11.8 -14.9 -21.0 -12.7 2.3 -12.4 -16.5  -9.0  -15.5 -26.4 -16.9 -9.5 -12.5 8.3   -16.3 -13.6 -9.8 -14.5 

120  -15.7 -23.2  -14.7 -2.2 -4.2 -10.4 -12.5 -18.8 -11.4 2.2 -11.6 -14.1  -3.4  -21.1 -28.7 -20.3 -9.8 -13.4 11.3   -18.4 -15.6 -11.6 -14.9 

150  -9.7 -24.2  -13.8 -5.1 -3.4 -8.0 -9.3 -15.2 -11.5 -1.6 -9.2 -10.5  -1.1  -23.0 -26.3 -22.3 -12.2 -14.3 10.4   -19.5 -17.8 -13.2 -16.0 

180  -3.7 -22.0  -14.3 -9.4 -4.4 -5.1 -7.1 -12.8 -14.1 -7.3 -6.4 -8.0  -7.7  -16.1 -21.6 -20.2 -13.6 -13.9 3.8   -18.0 -18.0 -12.5 -15.6 

210  -0.2 -16.1  -15.9 -14.2 -6.5 -2.2 -6.1 -12.1 -18.1 -13.1 -3.4 -6.6  -17.7  -6.7 -15.7 -16.4 -14.1 -13.0 -5.2   -14.8 -17.1 -10.8 -15.2 

240  -1.3 -9.1  -17.3 -17.1 -8.2 -0.7 -6.1 -13.8 -22.3 -17.0 -1.3 -6.6  -25.4  0.1 -11.0 -14.9 -13.9 -12.4 -12.9   -11.6 -16.5 -9.7 -16.4 

270  -6.0 -3.8  -17.2 -17.0 -8.0 -0.9 -5.9 -14.4 -23.9 -17.8 -0.1 -6.8  -30.8  5.2 -6.8 -13.9 -14.4 -12.5 -17.9   -9.8 -16.6 -10.1 -18.9 

300  -12.9 -2.4  -15.7 -14.7 -6.1 -2.1 -5.6 -12.4 -21.8 -16.2 -0.1 -6.6  -33.4  8.5 -1.0 -13.8 -18.3 -13.3 -20.4   -10.0 -18.8 -12.3 -21.8 

330  -20.2 -4.6  -14.1 -10.9 -4.1 -4.3 -6.3 -11.2 -17.1 -11.9 -2.4 -7.4  -31.7  7.2 1.5 -15.5 -21.5 -14.3 -19.1   -11.4 -20.8 -14.0 -22.9 

 



B-11 

 

 
Stacked (HIS R1=3.5 Å, α=150°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -20.4 -20.4 -19.7 -18.7 -17.6 -16.3 -14.3 

1.0 -22.5 -22.2 -21.3 -20.7 -20.1 -18.6 -15.9 

0.5 -24.3 -23.9 -23.2 -23.1 -22.6 -20.5 -16.9 

0 -24.6 -24.4 -24.1 -24.2 -23.4 -20.8 -16.9 

-0.5 -23.5 -24.3 -24.9 -25.0 -23.6 -20.6 -16.7 

-1.0 -22.4 -24.7 -26.2 -26.1 -24.1 -20.9 -17.2 

-1.5 -21.9 -25.0 -26.9 -26.5 -24.3 -21.3 -17.7 

 
 

Amino Acid Edge T-shaped (θ=B, R1=4.4 Å, α=270°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -4.8 -7.4 -8.8 -8.9 -8.1 -7.0 -6.3 -6.4 -6.8 -6.8 -6.1 

2.5 -7.1 -9.9 -11.7 -12.3 -12.0 -11.3 -10.4 -10.1 -10.1 -9.7 -8.7 

2.0 -8.8 -11.3 -13.3 -14.7 -15.6 -15.7 -15.0 -14.2 -13.6 -12.7 -11.4 

1.5 -10.2 -12.2 -14.2 -16.3 -18.4 -19.6 -19.5 -18.3 -16.7 -15.3 -13.9 

1.0 -11.6 -13.3 -15.3 -17.7 -20.4 -22.6 -23.2 -21.9 -19.5 -17.5 -16.0 

0.5 -12.7 -14.4 -16.4 -18.5 -21.1 -24.1 -25.6 -24.6 -21.8 -19.3 -17.6 

0 -12.6 -14.5 -16.3 -18.0 -20.5 -23.9 -26.4 -26.0 -23.4 -20.6 -18.5 

-0.5 -11.6 -13.6 -15.2 -16.8 -19.2 -22.9 -26.0 -26.4 -24.4 -21.4 -18.9 

-1.0 -10.1 -12.4 -14.1 -15.9 -18.6 -22.2 -25.3 -26.3 -25.0 -22.1 -19.2 

-1.5 -8.6 -11.0 -13.0 -15.4 -18.5 -22.0 -24.7 -25.8 -25.0 -22.5 -19.5 

-2.0 -6.6 -9.0 -11.3 -14.2 -17.7 -21.0 -23.3 -24.3 -23.8 -21.7 -19.1 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=300°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.0 -14.3 -18.2 -22.3 -26.0 -28.7 -29.5 -27.5 -21.8 -13.7 

1.5 -16.3 -20.9 -25.4 -29.2 -31.8 -32.8 -31.1 -25.8 -17.4 

1.0 -17.9 -23.1 -27.9 -31.4 -33.3 -33.5 -31.8 -26.8 -18.5 

0.5 -18.5 -24.2 -29.1 -32.5 -33.6 -32.9 -30.3 -25.1 -17.3 

0 -17.6 -23.5 -28.7 -32.2 -33.4 -32.1 -28.8 -23.2 -15.8 

-0.5 -15.6 -21.5 -26.8 -30.6 -32.3 -31.3 -27.8 -22.2 -15.5 

-1.0 -13.1 -18.6 -23.8 -27.7 -29.7 -29.2 -26.2 -21.5 -15.9 

-1.5 -10.9 -15.7 -20.2 -23.5 -25.3 -25.2 -23.2 -19.7 -15.5 

-2.0 -8.9 -12.7 -16.1 -18.6 -19.9 -20.0 -18.9 -16.7 -13.8 



B-12 

 

Cytosine–Phenylalanine Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 PHE R1 1 A R1 1 2 3 4 5 6 7 A B C D E F G 
3.4 -14.4 4.7 -4.4 -7.2 2.0 -14.8   -7.8 0.3 -0.2 -5.4        

3.5 -15.1 4.8 -6.2 -8.4 2.1 -18.7   -12.7 -7.9 -7.3 -10.3        

3.6 -15.2 4.9 -7.2 -8.9 2.2 -20.7   -15.7 -13.3 -12.0 -13.4     -5.6  -3.3 

  5.0 -7.6 -8.8 2.3 -21.4   -17.3 -16.5 -14.8 -15.1     -11.9  -11.0 

  5.1 -7.6 -8.5 2.4 -21.3   -17.8 -18.2 -16.2 -15.8     -15.8  -15.8 

  5.2 -7.4 -8.1 2.5 -20.5   -17.7 -18.9 -16.8 -15.8 14.4   -12.8 -17.9 -7.5 -18.5 

  5.3 -7.0 -7.5 2.6 -19.5   -17.1 -18.9 -16.7 -15.4 6.5   -15.0 -18.8 -10.4 -19.8 

     2.7 -18.2   -16.2 -18.4 -16.2 -14.8 1.4   -16.1 -18.9 -12.1 -20.0 

     2.8 -16.9   -15.2 -17.6 -15.4 -13.9 -1.9   -16.3 -18.4 -12.8 -19.6 

     2.9 -15.5   -14.1 -16.6 -14.5 -13.0 -3.8   -15.9 -17.6 -12.9 -18.8 

     3.0 -14.2  5.9 -13.0 -15.6 -13.5 -12.1 -4.8  1.6 -15.2 -16.6 -12.6 -17.7 

     3.1   0.3     -5.2  -2.0 -14.3 -15.5 -12.1 -16.5 

     3.2   -3.2     -5.2  -4.3 -13.3 -14.4 -11.4 -15.2 

     3.3   -5.4     -4.9  -5.6 -12.3  -10.6  

     3.4   -6.6     -4.5  -6.2 -11.2  -9.8  

     3.5   -7.1     -4.1  -6.4 -10.3  -9.0  

     3.6   -7.2       -6.3     

     3.7   -7.0       -5.9     

     3.8   -6.6       -5.5     

     3.9   -6.1       -5.0     

     4.0   -5.6       -4.5     

     ...               

     5.0  2.2       2.3      

     5.1  2.1       2.3      

     5.2  2.0       2.3      

     5.3  2.0       2.2      

     5.4  1.9       2.2      

     5.5  1.8       2.2      

     5.6  1.8       2.1      

     5.7  1.7       2.1      

     5.8  1.6       2.1      

     5.9  1.6       2.0      

     6.0  1.5       2.0      

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  PHE  1 A  1 2 3 4 5 6 7 A B C D E F G 

0  -15.1  -7.6 -8.9  -21.4  -7.2 -17.8 -18.9 -16.8 -15.8 -5.2  -6.4 -16.3 -18.9 -12.9 -20.0 

30  -15.1  -7.5 -9.0  -21.5  -7.4 -17.7 -19.5 -16.9 -15.8 -5.2  -7.0 -16.3 -19.0 -13.0 -20.1 

60    -8.3 -10.0                

90    -9.3 -11.1                

120    -9.4 -11.0                

150    -8.6 -9.7                

 
 
 



B-13 

 

 
Stacked (R1=3.5 Å, α=0°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -14.2 -14.1 -14.0 -13.6 -12.8 -11.5 -10.0 

1.0 -16.3 -15.5 -14.8 -14.7 -14.5 -13.3 -11.3 

0.5 -18.0 -16.7 -15.4 -15.4 -15.7 -14.5 -11.7 

0 -18.4 -16.7 -15.1 -15.1 -15.4 -14.0 -11.0 

-0.5 -17.8 -16.7 -15.5 -15.1 -14.7 -12.8 -10.0 

-1.0 -17.3 -17.5 -17.1 -16.2 -14.5 -12.2 -9.5 

-1.5 -17.1 -18.3 -18.3 -16.9 -14.3 -11.7 -9.3 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=90°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -3.9 -4.3 -4.4 -4.3 -4.2 -4.0 -3.7 -3.5 -3.3 -3.1 -2.5 

2.5 -5.0 -5.5 -5.7 -5.9 -6.1 -6.0 -5.6 -5.1 -4.8 -4.4 -3.8 

2.0 -5.8 -6.4 -6.9 -7.4 -7.9 -8.1 -7.6 -6.9 -6.4 -5.8 -5.0 

1.5 -6.2 -7.0 -7.7 -8.4 -9.2 -9.7 -9.4 -8.6 -8.8 -6.9 -6.2 

1.0 -6.5 -7.6 -8.5 -9.2 -9.8 -10.6 -10.8 -10.1 -8.8 -7.8 -7.1 

0.5 -6.7 -8.2 -9.3 -9.6 -10.0 -11.1 -11.8 -11.2 -9.7 -8.4 -7.7 

0 -6.8 -8.5 -9.5 -9.6 -9.9 -11.1 -12.1 -11.8 -10.2 -8.8 -7.9 

-0.5 -6.6 -8.1 -9.0 -9.1 -9.5 -10.7 -11.8 -11.6 -10.3 -8.8 -7.8 

-1.0 -6.1 -7.3 -8.0 -8.5 -9.2 -10.2 -10.9 -10.8 -10.0 -8.6 -7.5 

-1.5 -5.5 -6.3 -7.1 -8.0 -8.9 -9.6 -9.9 -9.9 -9.5 -8.4 -7.4 

-2.0 -4.7 -5.4 -6.2 -7.3 -8.3 -8.8 -8.9 -8.9 -8.6 -7.9 -7.0 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=30°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 5.1 3.1 1.1 -0.1 -1.0 -2.7 -4.4 -5.4 -5.3 

2.0 2.4 -0.9 -3.8 -4.9 -5.2 -6.2 -7.6 -8.2 -7.6 

1.5 -0.6 -4.4 -7.8 -9.3 -9.6 -10.3 -11.2 -11.2 -10.1 

1.0 -3.4 -6.9 -10.5 -12.8 -14.0 -14.8 -15.1 -14.4 -12.6 

0.5 -6.5 -9.5 -13.1 -16.2 -18.3 -19.1 -18.7 -17.3 -15.0 

0 -9.4 -12.4 -16.0 -19.4 -21.5 -21.9 -20.9 -19.0 -16.5 

-0.5 -11.4 -14.6 -18.0 -20.9 -22.5 -22.4 -21.1 -19.2 -16.8 

-1.0 -11.9 -15.2 -18.3 -20.6 -21.5 -21.3 -20.3 -18.5 -16.1 

-1.5 -11.3 -14.5 -17.3 -19.1 -19.8 -19.8 -19.1 -17.5 -15.0 

-2.0 -9.9 -12.8 -15.3 -16.8 -17.5 -17.7 -17.3 -15.8 -13.4 

-2.5 -8.0 -10.4 -12.5 -13.8 -14.6 -14.9 -14.5 -13.3 -11.3 



B-14 

 

Cytosine–Tyrosine Dimers 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TYR' TYR R1 1 2 3 4 5 6 A B C D E F R1 1 2 3 4 5 6 7 A B C D E F G 

3.4  -17.3 4.5  -11.2    -5.6       2.3 -17.6   -13.3 -14.1 -18.2 -15.2     -15.3  -17.0 

3.5 -14.0 -18.3 4.6  -12.5    -7.4       2.4 -18.1   -14.6 -17.1 -19.1 -15.9     -18.1  -20.3 

3.6 -14.1 -18.2 4.7  -13.0    -8.3 -10.6 -0.3   -4.6 -3.3 2.5 -17.8   -15.0 -18.6 -19.1 -15.9 17.0   -13.5 -19.4 -13.7 -21.8 

3.7 -13.6  4.8  -12.9    -8.6 -13.2 -3.9   -6.9 -5.1 2.6 -17.1   -14.8 -19.1 -18.5 -15.5 9.2   -15.5 -19.7 -15.3 -22.2 

   4.9  -12.4    -8.5 -14.5 -6.1   -8.1 -5.9 2.7 -16.2   -14.3 -19.0 -17.6 -14.8 4.0   -16.4 -19.4 -15.9 -21.8 

   5.0  -11.7 -5.1  -5.1 -8.1 -14.9 -7.3 -3.2 -3.4 -8.5 -6.2 2.8 -15.1   -13.5 -18.4 -16.6 -14.0 0.7   -16.5 -18.6 -15.8 -20.9 

   5.1 -2.4 -10.9 -6.6  -6.7 -7.6 -14.7 -7.8 -6.1 -6.2 -8.5 -6.1 2.9 -13.9   -12.6 -17.5 -15.4 -13.1 -1.4   -16.0 -17.6 -15.3 -19.7 

   5.2 -4.3  -7.3  -7.5  -14.2 -7.8 -7.6 -7.8 -8.2 -5.8 3.0 -12.8  7.7 -11.6 -16.5 -14.2 -12.1 -2.5  27.7 -15.3 -16.5 -14.5 -18.4 

   5.3 -5.4  -7.6 -6.2 -7.8  -13.4 -7.6 -8.3 -8.5 -7.8 -5.3 3.1   -0.4     -3.0  17.5 -14.4 -15.3 -13.6 -17.0 

   5.4 -5.8  -7.5 -7.0 -7.7    -8.5 -8.7   3.2   -5.6     -3.2  10.4 -13.3 -14.2 -12.7 -15.6 

   5.5 -5.9  -7.2 -7.4 -7.4    -8.3 -8.5   3.3   -8.8     -3.1  5.5 -12.3  -11.7  

   5.6 -5.7  -6.8 -7.3 -7.0    -7.8 -8.0   3.4   -10.5     -2.8  2.2 -11.3  -10.7  

   5.7 -5.4   -7.1         3.5   -11.3     -2.6  0.1 -10.3  -9.8  

   5.8    -6.7         3.6   -11.3       -1.2     

                3.7   -11.0       -2.0     

                3.8   -10.4       -2.4     

                3.9   -9.6       -2.5     

                4.0   -8.7      2.4 -2.5     

                4.1         1.7      

                4.2         1.2      

                4.3         1.0      

                4.4         1.0      

                4.5         1.0      

                4.6         1.1      

                ...               

                5.0  2.0             

                5.1  2.0             

                5.2  1.9             

                5.3  1.9             

                5.4  1.8             

                5.5  1.8             

                5.6  1.7             

                5.7  1.7             

                5.8  1.6             

                5.9  1.5             

                6.0  1.5             

 
 
 
 
 
 
 
 
 
 
 
 
 
 



B-15 

 

  Stacked  Amino Acid Edge T-shaped Nucleobase Edge T-shaped 

  TYR' TYR  1 2 3 4 5 6 A B C D E F  1 2 3 4 5 6 7 A B C D E F G 

0  -14.1 -18.3  -5.9 -13.0 -7.6 -7.4 -7.8 -8.6 -14.9 -7.8 -8.5 -8.7 -8.5 -6.2  -18.1  -11.3 -15.0 -19.1 -19.1 -15.9 -3.2 1.0 -2.5 -16.5 -19.7 -15.9 -22.2 

30  -15.8 -19.0  -10.0 -12.4 -8.4 -8.2 -8.3 -6.8 -15.6 -8.0 -9.2 -9.1 -8.0 -9.1  -19.8  -8.9 -11.7 -19.5 -19.4 -16.3 -5.0 2.1 -0.3 -16.1 -20.2 -16.3 -22.6 

60  -16.4 -16.7  -14.0 -13.5 -9.2 -9.0 -9.0 -5.8 -16.9 -8.8 -10.4 -10.1 -8.2 -9.9  -21.3  -7.2 -14.0 -18.7 -16.0 -15.7 -6.5 2.6 -2.9 -15.2 -18.8 -14.0 -21.5 

90  -16.0 -17.1  -15.5 -13.2 -8.7 -8.9 -9.1 -5.8 -16.8 -9.1 -10.6 -10.2 -8.3 -6.9  -23.6  -5.2 -14.6 -17.8 -15.3 -14.9 -8.4 3.2 -3.3 -14.4 -18.0 -12.1 -20.8 

120  -18.2 -19.1  -14.0 -10.2 -7.7 -8.0 -8.5 -6.2 -15.4 -8.3 -9.7 -9.3 -8.1 -3.5  -26.4  -2.0 -14.7 -16.6 -15.5 -14.0 -10.4 3.7 -2.9 -13.8 -17.8 -11.5 -20.4 

150  -20.0 -16.7  -10.3 -9.0 -7.2 -7.3 -7.9 -7.1 -14.2 -7.5 -8.7 -8.6 -8.2 -2.3  -26.0  -1.5 -14.7 -16.7 -17.1 -13.9 -10.9 3.7 -2.7 -14.4 -18.9 -12.7 -20.5 

180  -21.7 -13.1  -6.8 -10.6 -8.2 -7.7 -8.2 -8.6 -12.2 -8.2 -9.0 -8.9 -9.0 -4.1  -19.3  -9.2 -15.2 -20.2 -18.8 -15.1 -8.9 2.7 -3.2 -16.2 -21.2 -15.1 -20.5 

210  -20.1 -11.0  -4.8 -15.2 -9.9 -9.0 -9.6 -11.1 -10.2 -10.5 -10.2 -10.1 -10.5 -4.9  -17.2  -10.5 -16.5 -21.4 -18.9 -15.4 -6.7 2.0 -4.8 -17.2 -21.5 -15.2 -19.4 

240  -15.6 -13.6  -4.5 -18.9 -11.4 -10.0 -10.6 -12.3 -11.0 -12.4 -11.5 -11.5 -12.0 -5.6  -18.2  -8.8 -18.2 -19.2 -17.0 -14.8 -4.8 1.6 -6.5 -17.2 -19.6 -13.5 -18.5 

270  -13.6 -18.1  -3.9 -18.5 -11.4 -9.9 -10.1 -11.7 -14.0 -12.3 -11.5 -11.6 -12.1 -6.0  -17.9  -10.4 -20.4 -18.4 -14.8 -14.4 -2.9 0.9 -8.6 -16.7 -18.0 -11.9 -18.3 

300  -13.2 -20.5  -2.8 -16.4 -9.9 -8.7 -8.9 -11.1 -16.0 -10.5 -10.2 -10.5 -11.1 -5.3  -17.1  -12.9 -23.9 -18.1 -12.0 -14.2 -1.4 -0.3 -11.7 -16.2 -16.7 -11.2 -18.6 

330  -14.4 -20.6  -3.2 -13.2 -8.2 -7.5 -7.8 -10.0 -15.7 -8.6 -8.8 -9.1 -9.6 -5.0  -17.0  -14.0 -24.3 -18.7 -11.7 -14.7 -1.4 -0.5 -12.5 -16.1 -17.2 -12.6 -19.9 

 



B-16 

 

 
Stacked (TYR R1=3.5 Å, α=330°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -20.4 -20.3 -19.6 -19.0 -18.5 -17.2 -14.9 

1.0 -22.5 -22.0 -20.7 -20.2 -20.4 -19.3 -16.4 

0.5 -23.5 -22.5 -20.9 -20.3 -20.6 -19.4 -16.2 

0 -23.7 -22.8 -21.3 -20.6 -20.2 -18.5 -15.2 

-0.5 -23.8 -23.6 -22.8 -21.8 -20.2 -17.6 -14.4 

-1.0 -23.6 -24.2 -23.9 -22.5 -19.9 -16.7 -13.5 

-1.5 -23.0 -23.7 -23.3 -21.5 -18.5 -15.2 -12.2 

 
 

Amino Acid Edge T-shaped (θ=1, R1=5.5 Å, α=90°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.0 -6.7 -8.8 -9.9 -9.2 -7.1 -5.0 -3.8 -3.6 -3.7 -3.6 -3.0 -2.2 

2.5 -8.2 -10.3 -11.4 -10.9 -9.0 -6.9 -5.5 -4.9 -4.5 -3.9 -3.0 -2.0 

2.0 -9.2 -10.8 -11.8 -11.8 -10.8 -9.4 -8.1 -6.9 -5.7 -4.2 -2.9 -1.7 

1.5 -9.9 -10.7 -11.4 -12.1 -12.4 -12.0 -10.9 -9.1 -6.8 -4.6 -2.8 -1.4 

1.0 -10.5 -10.5 -11.0 -12.2 -13.6 -14.1 -13.1 -10.9 -8.0 -5.2 -2.9 -1.2 

0.5 -10.9 -10.6 -10.9 -12.4 -14.3 -15.3 -14.6 -12.3 -9.2 -6.1 -3.3 -1.2 

0 -10.9 -10.6 -11.0 -12.4 -14.3 -15.5 -15.3 -13.5 -10.6 -7.2 -3.9 -1.3 

-0.5 -10.5 -10.7 -11.2 -12.4 -13.9 -15.2 -15.6 -14.5 -11.8 -8.1 -4.3 -1.3 

-1.0 -10.0 -10.9 -11.7 -12.6 -13.8 -15.1 -16.0 -15.3 -12.6 -8.5 -4.4 -1.2 

-1.5 -9.3 -10.8 -12.0 -12.8 -13.8 -15.3 -16.3 -15.7 -12.7 -8.4 -4.1 -1.0 

-2.0 -8.3 -10.1 -11.4 -12.4 -13.6 -15.2 -16.1 -15.2 -12.1 -7.8 -3.8 -0.8 

-2.5 -6.8 -8.6 -10.1 -11.4 -12.9 -14.4 -15.1 -13.9 -10.9 -7.0 -3.3 -0.7 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.4 Å, α=120°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -5.3 -9.4 -14.2 -18.5 -20.7 -19.6 -15.9 -11.4 -7.8 -5.3 -3.7 

2.5 -4.7 -9.3 -15.0 -20.4 -23.4 -22.7 -18.8 -14.0 -10.1 -7.3 -5.4 

2.0 -3.9 -8.6 -14.7 -20.6 -24.0 -23.9 -20.8 -16.7 -13.0 -10.1 -7.7 

1.5 -3.7 -8.4 -14.4 -20.2 -23.6 -24.0 -22.3 -19.5 -16.3 -13.2 -10.4 

1.0 -4.5 -9.2 -14.9 -20.4 -23.8 -24.9 -24.1 -22.2 -19.5 -16.3 -13.0 

0.5 -5.4 -10.3 -15.8 -20.9 -24.6 -26.1 -25.8 -24.3 -21.8 -18.7 -15.1 

0 -5.4 -10.5 -15.9 -20.7 -24.4 -26.4 -26.7 -25.4 -23.1 -20.1 -16.4 

-0.5 -4.4 -9.8 -14.9 -19.3 -22.8 -25.3 -26.2 -25.4 -23.3 -20.4 -16.6 

-1.0 -2.8 -8.3 -13.3 -17.2 -20.4 -23.1 -24.6 -24.2 -22.2 -19.2 -15.6 

-1.5 -0.8 -5.9 -10.7 -14.3 -17.3 -20.0 -21.8 -21.7 -19.9 -17.0 -13.6 

-2.0 1.5 -2.7 -7.0 -10.6 -13.6 -16.3 -18.1 -18.3 -16.8 -14.2 -11.3 

-2.5 3.4 0.4 -3.1 -6.5 -9.7 -12.4 -14.2 -14.5 -13.4 -11.2 -8.9 

-3.0 4.1 2.3 -0.4 -3.4 -6.4 -8.9 -10.5 -10.9 -10.1 -8.5 -6.7 



B-17 

 

Cytosine–Tryptophan Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TRP' TRP R1 1 2 3 A B C D E F G R1 1 2 3 4 5 6 7 A B C D E F G 

3.3 -17.7  4.6    -9.5       2.2 -20.6   -21.1 -21.0 -15.9 -16.1     -13.4  -15.0 

3.4 -18.5 -23.4 4.7    -12.4       2.3 -21.3   -22.7 -23.3 -18.7 -17.9     -18.7  -20.5 

3.5 -18.3 -23.6 4.8    -13.9   -5.5    2.4 -21.0   -23.2 -24.3 -20.0 -18.6     -21.8  -23.6 

3.6  -22.9 4.9    -14.4   -7.7    2.5 -20.2   -22.9 -24.3 -20.3 -18.6 15.4   -19.5 -23.2 -16.6 -25.0 

   5.0    -14.3 -7.6  -8.8    2.6 -19.1   -22.1 -23.8 -20.0 -18.2 7.9   -21.0 -23.5 -18.0 -25.2 

   5.1    -13.8 -10.9  -9.2 -4.2  -7.7 2.7 -17.8   -21.0 -22.9 -19.3 -17.4 3.1   -21.4 -23.2 -18.5 -24.6 

   5.2    -13.1 -12.7  -9.1 -6.4  -9.3 2.8 -16.4   -19.8 -21.7 -18.3 -16.4 0.0   -21.1 -22.3 -18.3 -23.5 

   5.3     -13.5 -5.5 -8.7 -7.6  -10.1 2.9 -15.0   -18.5 -20.4 -17.2 -15.4 -1.8   -20.4 -21.2 -17.6 -22.2 

   5.4     -13.5 -7.5 -8.2 -8.0  -10.2 3.0 -13.6  -4.3 -17.2 -19.1 -16.1 -14.3 -2.7  -2.4 -19.3 -19.9 -16.7 -20.7 

   5.5     -13.2 -8.5  -8.1 -3.1 -10.0 3.1   -8.4     -3.0  -6.6 -18.1 -18.6 -15.7 -19.1 

   5.6  -4.9 -5.4  -12.5 -8.9  -7.8 -6.0 -9.5 3.2   -10.9     -3.0  -9.1 -16.9 -17.2 -14.6 -17.6 

   5.7 -5.2 -6.4 -6.9   -8.7  -7.4 -7.7 -8.9 3.3   -12.2     -2.7  -10.4 -15.6  -13.6  

   5.8 -6.7 -7.1 -7.6   -8.3   -8.5  3.4   -12.6     -2.4  -11.0 -14.4  -12.5  

   5.9 -7.4 -7.4 -7.9   -7.7   -8.7  3.5   -12.5     -1.9  -11.0 -13.3  -11.5  

   6.0 -7.6 -7.3 -7.8      -8.5  3.6   -12.1       -10.6     

   6.1 -7.5 -7.0 -7.5      -8.1  3.7   -11.4       -10.1     

   6.2 -7.2 -6.6 -7.1        3.8   -10.7       -9.4     

   6.3 -6.8          3.9   -9.8       -8.6     

              4.0   -9.0      4.1 -7.9     

              4.1         3.1      

              4.2         2.5      

              4.3         2.2      

              4.4         2.1      

              4.5         2.1      

              4.6         2.1      

              ...               

              5.0  3.6             

              5.1  3.5             

              5.2  3.4             

              5.3  3.3             

              5.4  3.2             

              5.5  3.1             

              5.6  3.0             

              5.7  2.9             

              5.8  2.8             

              5.9  2.7             

 
 
 
 
 
 
 
 
 
 
 
 
 
 



B-18 

 

 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  TRP' TRP  1 2 3 A B C D E F G  1 2 3 4 5 6 7 A B C D E F G 

0  -18.5 -23.6  -7.6 -7.4 -7.9 -14.4 -13.5 -8.9 -9.2 -8.1 -8.7 -10.2  -21.3  -12.6 -23.2 -24.3 -20.3 -18.6 -3.0 2.1 -11.0 -21.4 -23.5 -18.5 -25.2 

30  -19.1 -21.6  -7.2 -8.7 -9.6 -18.3 -16.0 -7.9 -9.4 -9.9 -9.9 -13.0  -20.2  -11.9 -16.8 -22.3 -24.6 -20.2 -6.5 3.8 -3.3 -23.3 -27.0 -22.2 -29.4 

60  -19.8 -19.4  -7.4 -9.8 -11.0 -22.6 -18.0 -8.1 -10.1 -11.5 -11.3 -14.8  -23.3  -10.0 -14.8 -21.9 -26.0 -20.4 -10.9 4.9 2.2 -22.7 -28.6 -24.0 -31.8 

90  -15.7 -19.3  -7.1 -9.4 -10.9 -24.5 -17.3 -8.2 -10.2 -11.1 -11.4 -14.5  -29.8  -5.0 -12.9 -21.8 -25.1 -19.2 -14.7 5.9 5.0 -20.2 -27.6 -22.4 -31.6 

120  -18.6 -17.0  -6.4 -8.2 -9.5 -23.1 -15.4 -7.4 -9.4 -9.9 -10.1 -12.4  -32.7  -1.1 -12.6 -20.1 -22.6 -18.1 -15.6 6.1 2.4 -17.9 -25.1 -19.2 -29.6 

150  -25.1 -15.5  -6.6 -7.2 -7.7 -18.3 -13.6 -6.8 -8.7 -8.8 -8.6 -9.5  -32.4  -1.5 -15.9 -21.9 -20.1 -17.8 -13.6 5.4 -2.1 -16.8 -23.0 -16.9 -26.9 

180  -27.9 -17.5  -8.6 -7.2 -6.9 -15.0 -14.0 -8.5 -9.4 -9.1 -8.1 -7.9  -26.9  -6.0 -17.4 -21.7 -21.0 -18.8 -10.1 4.6 -5.2 -19.3 -24.0 -18.4 -27.2 

210  -27.4 -18.0  -11.8 -7.9 -7.5 -13.8 -15.0 -13.2 -11.6 -9.7 -8.6 -8.8  -21.4  -11.1 -15.6 -22.3 -24.9 -20.1 -7.3 4.0 -0.7 -23.2 -27.3 -22.1 -29.3 

240  -25.3 -21.5  -14.2 -8.8 -8.2 -15.7 -16.3 -16.8 -13.3 -10.3 -9.6 -10.0  -18.9  -15.3 -19.1 -22.8 -25.6 -20.1 -4.7 2.4 -1.1 -24.8 -28.4 -23.9 -29.8 

270  -21.3 -27.3  -14.2 -8.8 -7.9 -16.1 -16.8 -16.4 -13.2 -10.2 -9.8 -9.7  -16.3  -19.1 -27.3 -22.0 -21.8 -19.1 -1.3 0.5 -12.8 -24.3 -26.3 -22.0 -28.4 

300  -17.4 -28.2  -12.0 -8.0 -7.1 -13.4 -15.8 -13.5 -11.7 -9.3 -8.9 -8.6  -16.0  -19.0 -30.8 -21.7 -18.0 -18.0 0.7 -0.3 -20.0 -22.7 -23.2 -18.6 -26.0 

330  -18.2 -26.0  -9.3 -7.2 -6.8 -12.7 -14.1 -10.2 -9.8 -8.1 -8.3 -8.3  -19.3  -15.5 -29.6 -22.8 -17.0 -17.6 -0.1 0.3 -19.7 -20.8 -21.6 -16.7 -23.7 

 



B-19 

 

 
Stacked (TRP R1=3.5 Å, α=300°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -28.9 -28.5 -29.2 -30.0 -28.5 -24.4 -19.3 

1.0 -29.9 -29.1 -28.9 -28.8 -27.1 -23.4 -18.7 

0.5 -30.9 -30.4 -29.3 -27.9 -25.8 -22.6 -18.4 

0 -32.4 -32.6 -30.8 -28.2 -25.7 -22.9 -18.8 

-0.5 -33.3 -33.4 -30.9 -27.9 -25.6 -23.0 -18.7 

-1.0 -32.0 -31.7 -29.0 -26.2 -24.3 -21.8 -17.6 

-1.5 -29.3 -29.1 -26.9 -24.7 -22.8 -20.2 -16.1 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=90°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

3.5 -0.6 -2.5 -4.6 -5.8 -5.7 -4.7 -3.6 -2.9 -2.9 -3.1 -3.3 -3.1 -2.8 

3.0 -3.0 -5.6 -8.4 -10.0 -9.8 -8.5 -7.0 -6.0 -5.6 -5.6 -5.5 -5.1 -4.5 

2.5 -5.5 -8.5 -11.4 -13.3 -13.5 -12.6 -11.4 -10.3 -9.5 -9.0 -8.4 -7.6 -6.6 

2.0 -7.9 -10.5 -12.9 -14.8 -16.0 -16.4 -16.3 -15.4 -14.1 -12.8 -11.6 -10.4 -9.1 

1.5 -10.1 -12.1 -13.8 -15.6 -17.7 -19.7 -20.7 -20.3 -18.6 -16.5 -14.6 -13.0 -11.4 

1.0 -12.3 -13.9 -15.2 -16.8 -19.3 -22.1 -23.9 -24.1 -22.4 -19.7 -17.2 -15.2 -13.5 

0.5 -13.7 -15.2 -16.5 -18.1 -20.3 -22.9 -25.2 -26.2 -25.1 -22.4 -19.4 -16.9 -15.0 

0 -13.5 -15.1 -16.7 -18.1 -19.7 -21.8 -24.5 -26.6 -26.6 -24.3 -21.0 -18.1 -15.8 

-0.5 -11.8 -13.8 -15.7 -17.0 -18.0 -19.8 -22.9 -26.1 -27.1 -25.4 -22.1 -18.8 -16.2 

-1.0 -9.6 -12.1 -14.4 -15.8 -16.8 -18.8 -22.3 -25.9 -27.4 -26.1 -22.8 -19.2 -16.4 

-1.5 -7.6 -10.3 -12.9 -14.7 -16.4 -19.0 -22.7 -25.9 -27.1 -25.9 -22.9 -19.3 -16.5 

-2.0 -5.5 -8.0 -10.5 -12.7 -15.2 -18.6 -22.2 -24.9 -25.6 -24.4 -21.7 -18.6 -15.9 

-2.5 -3.3 -5.2 -7.3 -9.8 -12.8 -16.4 -19.8 -22.0 -22.4 -21.3 -19.2 -16.7 -14.4 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=120°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

2.5 -9.8 -13.6 -17.6 -21.2 -23.6 -24.4 -24.0 -22.5 -19.9 -16.5 -12.7 -9.3 -6.5 

2.0 -10.4 -15.1 -20.1 -24.7 -27.8 -29.0 -28.7 -27.3 -24.6 -20.7 -16.3 -12.1 -8.7 

1.5 -10.0 -15.5 -21.5 -27.0 -30.7 -32.2 -32.2 -31.1 -28.9 -25.3 -20.6 -15.8 -11.7 

1.0 -9.0 -15.1 -21.8 -27.9 -32.0 -33.8 -33.9 -33.4 -32.2 -29.5 -25.1 -20.0 -15.3 

0.5 -8.1 -14.7 -21.5 -27.5 -31.7 -33.6 -34.0 -34.2 -34.1 -32.5 -28.7 -23.7 -18.6 

0 -7.7 -14.6 -20.7 -25.9 -29.8 -31.9 -32.7 -33.7 -34.5 -33.6 -30.5 -25.8 -20.7 

-0.5 -6.8 -13.5 -18.7 -23.1 -26.9 -29.3 -30.8 -32.3 -33.7 -33.5 -30.9 -26.6 -21.6 

-1.0 -3.9 -9.9 -14.7 -18.8 -22.8 -25.7 -27.8 -30.0 -31.9 -32.3 -30.3 -26.3 -21.2 

-1.5 0.2 -4.7 -9.0 -13.0 -17.0 -20.3 -23.0 -25.8 -28.4 -29.4 -28.1 -24.5 -19.8 

-2.0 3.2 -0.3 -3.7 -7.0 -10.1 -13.0 -16.1 -19.6 -22.9 -24.6 -24.1 -21.3 -17.3 

-2.5 4.2 2.0 -0.1 -2.1 -4.0 -6.2 -9.2 -13.1 -16.8 -19.0 -19.1 -17.2 -14.2 

 
 



B-20 

 

Guanine–Histidine Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 HIS' HIS R1 1 2 3 4 5 A B C D E R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.2  -22.2 4.0   -6.5        2.0 4.7 -18.2 -8.4  -12.0 -7.6           

3.3 -10.1 -23.0 4.1   -8.7   -8.7 -16.2 -11.2   2.1 -2.9 -22.5 -13.1  -15.4 -12.1           

3.4 -10.5 -22.7 4.2 -15.0  -9.7   -12.5 -19.0 -13.3 -5.6 -5.2 2.2 -7.7 -24.6 -15.7  -17.1 -14.7   -18.0        

3.5 -10.0  4.3 -17.1  -10.1   -14.5 -20.3 -14.2 -6.9 -7.8 2.3 -10.5 -25.3 -17.0  -17.7 -16.0   -20.8    -14.8    

   4.4 -18.1 -12.2 -9.9   -15.4 -20.5 -14.4 -7.3 -9.0 2.4 -11.9 -24.9 -17.3  -17.5 -16.4   -21.9    -18.6    

   4.5 -18.2 -13.9 -9.5 -0.4 -5.6 -15.4 -20.2 -14.1 -7.2 -9.5 2.5 -12.3 -24.0 -17.0  -16.8 -16.2   -21.8 -16.1   -20.5    

   4.6 -17.8 -14.8 -8.8 -2.1 -7.3 -14.9 -19.4 -13.5 -6.7 -9.4 2.6 -12.1 -22.6 -16.3  -15.8 -15.6   -21.0 -17.6   -21.1    

   4.7 -17.0 -14.9  -3.1 -8.1 -14.2 -18.4 -12.7 -6.1 -8.9 2.7 -11.5 -21.1 -15.4  -14.7 -14.8 9.1  -19.8 -18.0   -20.9   8.9 

   4.8 -16.1 -14.7  -3.6 -8.4    -5.4 -8.3 2.8 -10.6 -19.4 -14.4  -13.6 -14.0 2.5  -18.3 -17.7   -20.1   5.9 

   4.9  -14.2  -3.7 -8.3      2.9 -9.6 -17.8 -13.3  -12.5 -13.0 -1.8  -16.8 -17.0   -19.1   4.1 

   5.0  -13.6  -3.5 -7.9      3.0 -8.6 -16.3 -12.3 -11.0 -11.4 -12.1 -4.4  -15.2 -16.1   -17.9   3.1 

   5.1    -3.3 -7.5      3.1    -12.4   -5.9  -13.7 -14.9   -16.6   2.6 

              3.2    -13.0   -6.6  -12.2 -13.8 -0.1 -7.4 -15.3   2.4 

              3.3    -12.9   -6.9   -12.7 -1.6 -8.2 -14.1 -12.1  2.4 

              3.4    -12.5   -6.8   -11.6 -2.6 -8.5  -13.2  2.6 

              3.5    -11.8   -6.5   -10.6 -3.2 -8.5  -13.6 1.8 2.7 

              3.6    -11.1   -6.1    -3.5 -8.3  -13.4 1.4 2.9 

              3.7    -10.3   -5.7    -3.7 -8.1  -13.0 1.1 3.1 

              3.8    -9.4       -3.7 -7.7  -12.3 1.0  

              3.9    -8.6       -3.6 -7.3  -11.6 0.9  

              4.0    -7.9       -3.4 -6.9  -10.8 0.8  

              4.1           -3.2 -6.5  -10.0 0.8  

              4.2           -3.0 -6.1  -9.2 0.8  

              4.3              -8.5 0.9  

              …                 

              5.0        3.2         

              5.1        3.1         

              5.2        3.0         

              5.3        2.9         

              5.4        2.8         

              5.5        2.7         

              5.6        2.6         

              5.7        2.5         

              5.8        2.5         

              5.9        2.4         

              6.0        2.3         

 



B-21 

 

 
  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

   HIS' HIS  1 2 3 4 5 A B C D E  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -10.5 -23.0  -18.2 -14.9 -10.1 -3.7 -8.4 -15.4 -20.5 -14.4 -7.3 -9.5  -12.3 -25.3 -17.3 -13.0 -17.7 -16.4 -6.9  -21.9 -18.0 -3.7 -8.5 -21.1 -13.6 0.8 2.4 

30  -10.6 -15.4  -19.7 -16.9 -12.0 -2.8 -8.7 -17.8 -25.2 -17.2 -6.6 -10.8  -22.6 -22.0 -13.9 -6.1 -20.2 -12.2 -2.2  -26.5 -15.5 -3.2 -3.8 -16.2 -6.3 1.3 -5.3 

60  -15.1 -11.5  -19.2 -16.9 -11.5 -2.7 -8.0 -16.1 -25.6 -18.6 -4.8 -10.1  -30.1 -21.6 -11.2 -2.8 -22.0 -8.3 1.4  -30.2 -13.2 -1.7 -3.8 -12.7 -0.4 1.6 -12.2 

90  -23.7 -11.2  -17.1 -14.8 -8.8 -3.8 -7.0 -13.3 -21.8 -17.3 -4.3 -9.1  -35.8 -21.7 -9.5 -1.6 -23.3 -5.0 4.2  -34.4 -12.4 -1.8 -2.7 -11.5 3.8 2.2 -17.3 

120  -29.5 -13.9  -15.1 -10.8 -6.0 -5.9 -7.2 -12.3 -16.6 -13.3 -6.0 -9.4  -42.5 -22.1 -8.0 -6.1 -24.2 -3.3 9.3  -39.1 -13.5 -7.3 -2.1 -12.8 6.3 3.0 -20.5 

150  -29.7 -18.7  -15.2 -6.9 -6.0 -8.5 -10.0 -14.1 -13.5 -9.5 -8.1 -11.9  -44.4 -24.1 -7.2 -13.4 -23.9 -3.7 12.4  -39.7 -15.3 -12.0 -6.1 -14.9 5.7 3.4 -19.9 

180  -27.8 -20.7  -16.9 -4.5 -8.1 -10.5 -13.8 -18.9 -14.1 -7.4 -10.4 -16.3  -35.4 -24.4 -10.2 -10.8 -22.3 -6.4 6.6  -35.3 -15.9 -8.3 -4.1 -16.1 1.6 3.0 -14.2 

210  -26.8 -22.3  -18.1 -3.5 -9.6 -11.5 -15.9 -23.3 -15.9 -6.4 -12.1 -19.6  -23.8 -24.3 -14.2 -6.4 -20.2 -10.1 -1.2  -28.8 -15.3 -3.2 -2.3 -16.9 -4.6 1.9 -6.2 

240  -25.8 -25.4  -17.7 -3.1 -9.0 -11.6 -15.3 -23.1 -14.3 -4.2 -13.6 -19.2  -16.4 -22.7 -17.6 -3.6 -18.6 -13.8 -6.5  -24.1 -14.6 -2.0 0.2 -18.0 -10.7 0.8 0.8 

270  -22.8 -29.8  -16.1 -3.9 -7.0 -10.5 -12.5 -19.2 -12.3 -3.7 -13.7 -16.1  -10.3 -21.5 -19.8 -2.7 -17.3 -16.8 -11.3  -20.9 -15.2 -0.6 0.9 -19.6 -15.7 0.1 6.2 

300  -18.3 -32.4  -14.8 -6.7 -5.5 -8.2 -9.2 -14.8 -12.8 -6.2 -11.4 -11.9  -4.8 -24.3 -20.8 -8.8 -16.0 -18.9 -13.8  -18.5 -17.1 -0.5 -5.4 -22.4 -19.3 -0.1 9.1 

330  -13.1 -30.0  -15.8 -11.0 -6.9 -5.6 -7.8 -13.4 -15.5 -10.1 -8.8 -9.2  -5.2 -27.5 -20.4 -16.7 -15.8 -19.0 -11.5  -18.7 -18.8 -3.6 -11.5 -24.2 -19.0 0.2 8.1 

 



B-22 

 

 
Stacked (HIS R1=3.3 Å, α=300°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -17.5 -21.4 -25.4 -29.0 -32.0 -33.7 -33.6 

1.0 -22.4 -26.2 -29.2 -31.5 -33.8 -33.4 -35.3 

0.5 -25.3 -29.8 -32.6 -33.0 -32.8 -32.9 -32.2 

0 -23.9 -29.2 -32.9 -32.4 -29.8 -28.0 -26.7 

-0.5 -20.6 -25.7 -30.2 -30.3 -27.5 -25.0 -23.2 

-1.0 -19.9 -23.5 -27.2 -27.8 -26.3 -24.5 -22.2 

-1.5 -21.6 -23.2 -24.6 -24.9 -24.6 -23.7 -21.3 

 
 

 Amino Acid Edge T-shaped (θ=B, R1=4.4 Å, α=60°)  
Y ↓ 
X → 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

2.5 -13.4 -15.1 -16.7 -17.9 -18.9 -20.3 -22.2 -23.6 -23.5 -22.2 -20.0 -16.9 -12.9 -8.8 -5.3 

2.0 -14.6 -16.3 -18.0 -19.5 -20.6 -21.9 -23.5 -24.3 -23.7 -22.3 -20.3 -17.1 -12.8 -8.4 -4.7 

1.5 -15.0 -17.1 -19.4 -21.2 -22.5 -23.8 -24.7 -24.4 -23.1 -21.6 -19.7 -16.6 -12.4 -8.0 -4.3 

1.0 -14.6 -17.6 -20.8 -23.1 -24.6 -25.8 -26.2 -24.8 -22.6 -20.8 -19.0 -16.0 -12.0 -8.1 -4.5 

0.5 -13.8 -17.8 -21.9 -24.5 -26.2 -27.4 -27.4 -25.4 -22.7 -20.7 -18.6 -15.6 -12.1 -8.7 -5.5 

0 -12.5 -17.1 -21.6 -24.3 -26.2 -27.7 -27.7 -25.6 -22.9 -20.9 -18.6 -15.3 -12.1 -9.4 -6.7 

-0.5 -10.8 -15.0 -19.1 -22.0 -24.3 -26.3 -26.6 -24.9 -22.9 -21.2 -18.6 -15.0 -11.9 -9.8 -7.8 

-1.0 -8.5 -11.7 -15.1 -18.3 -21.4 -23.8 -24.3 -23.2 -22.0 -20.8 -18.3 -15.0 -12.1 -10.2 -8.8 

-1.5 -6.0 -8.2 -11.1 -14.5 -18.0 -20.5 -21.1 -20.6 -20.1 -19.4 -17.8 -15.4 -13.1 -11.2 -9.6 

-2.0 -3.7 -5.1 -7.5 -10.7 -14.1 -16.5 -17.4 -17.5 -17.5 -17.3 -16.8 -15.8 -14.2 -12.2 -9.8 

 
 

Nucleobase Edge T-shaped (θ=A, R1=2.5 Å, α=30°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.0 -14.1 -20.3 -26.7 -32.5 -36.9 -39.7 -40.1 -36.7 -29.7 

1.5 -14.1 -21.3 -29.1 -36.3 -41.5 -43.9 -42.9 -38.3 -30.9 

1.0 -13.4 -21.0 -29.8 -38.1 -44.0 -46.4 -44.9 -39.7 -32.3 

0.5 -12.3 -19.8 -28.6 -37.1 -43.3 -46.0 -44.7 -39.8 -32.8 

0 -11.1 -18.1 -26.2 -34.0 -39.7 -42.3 -41.4 -37.3 -31.1 

-0.5 -10.0 -16.4 -23.4 -29.9 -34.6 -36.6 -35.8 -32.5 -27.4 

-1.0 -8.7 -14.4 -20.2 -25.5 -29.3 -30.6 -29.6 -26.7 -22.6 

-1.5 -7.0 -12.0 -16.8 -21.2 -24.2 -25.0 -23.7 -21.1 -17.6 

-2.0 -5.2 -9.5 -13.5 -17.1 -19.5 -19.8 -18.4 -16.0 -13.3 



B-23 

 

Guanine–Phenylalanine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 PHE R1 1 A R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.3 -24.1 4.7 -7.4 -11.6 2.0 -13.4 -16.3 -5.6  -19.7 -2.0           

3.4 -24.5 4.8 -9.3 -12.4 2.1 -20.5 -22.2 -10.6  -22.4 -7.1   -19.3        

3.5 -23.9 4.9 -10.2 -12.5 2.2 -24.8 -25.7 -13.7  -23.5 -10.3   -26.0        

  5.0 -10.5 -12.1 2.3 -27.0 -27.4 -15.4  -23.7 -12.1   -29.7        

  5.1 -10.4 -11.5 2.4 -27.7 -27.8 -16.0  -23.1 -13.0   -31.4        

  5.2 -10.0 -10.8 2.5 -27.5 -27.4 -16.0  -22.0 -13.2   -31.6 -14.5   -17.6    

  5.3 -9.4 -10.0 2.6 -26.6 -26.4 -15.6  -20.7 -13.0   -30.9 -16.6   -19.1    

     2.7 -25.2 -25.1 -14.9  -19.3 -12.5   -29.5 -17.5   -19.5   -1.4 

     2.8 -23.7 -23.6 -14.0  -17.8 -11.8   -27.8 -17.7   -19.2   -4.5 

     2.9 -22.0 -22.0 -13.0  -16.4 -11.0   -26.0 -17.2   -18.5   -6.2 

     3.0 -20.3 -20.4 -12.0 -2.3 -15.0 -10.2 5.0  -24.1 -16.4 8.2  -17.5   -7.1 

     3.1    -5.7   2.4  -22.1 -15.5 3.6  -16.3   -7.3 

     3.2    -7.7   0.8   -14.4 0.4 -1.2 -15.1   -7.2 

     3.3    -8.8   -0.2   -13.3 -1.8 -3.0 -13.9 -2.3  -6.8 

     3.4    -9.2   -0.7   -12.2 -3.3 -4.1 -12.7 -4.7  -6.3 

     3.5    -9.2   -1.0   -11.1 -4.2 -4.7 -11.6 -6.0 3.2 -5.7 

     3.6    -9.0   -1.0    -4.8 -5.1  -6.7 2.6 -5.2 

     3.7    -8.5   -0.9    -5.0 -5.2  -6.8 2.3 -4.6 

     3.8    -8.0   -0.8    -5.1 -5.1  -6.6 2.0  

     3.9    -7.4   -0.6    -5.0 -4.9  -6.3 1.9  

     4.0    -6.8   -0.4    -4.8 -4.7  -5.8 1.8  

     4.1            -4.4  -5.3 1.8  

     4.2            -4.1  -4.8 1.8  

     4.3              -4.3 1.8  

     4.4               1.8  

     4.5               1.9  

     …                 
     7.0        0.9         

     7.1        0.9         

     7.2        0.8         

     7.3        0.8         

     7.4        0.8         

     7.5        0.7         

     7.6        0.7         

     7.7        0.7         

     7.8        0.7         

     7.9        0.7         

     8.0        0.6         

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  PHE  1 A  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -24.5  -10.5 -12.5  -27.7 -27.8 -16.0 -9.2 -23.7 -13.2 -1.0  -31.6 -17.7 -5.1 -5.2 -19.5 -6.8 1.8 -7.3 

30  -24.4  -11.5 -14.2  -28.2 -28.1 -16.3 -9.4 -23.7 -13.2 -1.1  -31.6 -17.7 -5.4 -5.5 -19.6 -6.8 1.8 -7.4 

60    -11.1 -13.7                  

90    -9.6 -12.1                  

120    -8.3 -10.7                  

150    -8.8 -10.7                  

 



B-24 

 

 
Stacked (R1=3.4 Å, α=0°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -12.8 -14.9 -16.9 -18.7 -20.5 -22.3 -22.9 

1.0 -16.6 -18.9 -20.8 -21.8 -22.9 -24.5 -24.7 

0.5 -18.8 -22.1 -24.1 -23.9 -23.3 -23.7 -23.4 

0 -18.2 -22.4 -25.3 -24.5 -22.4 -21.4 -20.6 

-0.5 -17.0 -21.1 -24.5 -24.2 -22.0 -20.3 -18.7 

-1.0 -18.0 -21.0 -23.5 -23.4 -22.0 -20.4 -18.0 

-1.5 -20.7 -21.9 -22.3 -21.7 -20.9 -19.6 -17.0 

 
 

    Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=30°) 
Y ↓ 
X → 

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

2.5 -5.7 -6.8 -7.5 -8.1 -8.6 -9.0 -9.2 -9.5 -9.6 -9.3 -8.4 -7.2 -5.9 -4.6 -3.3 -2.2 -1.5 

2.0 -5.9 -7.1 -8.0 -8.8 -9.5 -10.1 -10.6 -10.9 -11.0 -10.6 -9.7 -8.7 -7.5 -5.9 -4.2 -2.8 -1.9 

1.5 -5.8 -7.1 -8.3 -9.5 -10.5 -11.3 -11.9 -12.4 -12.5 -11.9 -11.1 -10.2 -8.8 -6.8 -4.8 -3.2 -2.2 

1.0 -5.5 -7.0 -8.7 -10.5 -12.0 -12.7 -13.3 -13.8 -13.7 -13.0 -12.0 -10.9 -9.3 -7.2 -5.1 -3.5 -2.4 

0.5 -5.2 -7.0 -9.2 -11.5 -13.1 -13.7 -14.1 -14.5 -14.3 -13.4 -12.2 -10.9 -9.2 -7.2 -5.3 -3.9 -2.8 

0 -4.9 -6.9 -9.3 -11.5 -13.0 -13.7 -14.2 -14.4 -14.2 -13.3 -12.2 -10.8 -9.1 -7.3 -5.7 -4.3 -3.0 

-0.5 -4.6 -6.5 -8.6 -10.5 -11.9 -12.9 -13.7 -14.1 -13.9 -13.4 -12.6 -11.3 -9.5 -7.7 -6.1 -4.6 -3.2 

-1.0 -4.2 -5.9 -7.5 -9.1 -10.6 -12.1 -13.4 -13.8 -13.6 -13.4 -12.8 -11.5 -9.6 -7.8 -6.1 -4.5 -3.1 

-1.5 -3.7 -5.0 -6.3 -7.7 -9.3 -11.2 -12.6 -13.0 -12.9 -12.7 -12.2 -10.9 -9.1 -7.4 -5.8 -4.4 -3.2 

-2.0 -3.1 -4.1 -5.1 -6.4 -8.0 -9.6 -10.8 -11.3 -11.3 -11.2 -10.7 -9.7 -8.4 -7.0 -5.7 -4.5 -3.5 

-2.5 -2.5 -3.3 -4.2 -5.2 -6.4 -7.6 -8.4 -9.0 -9.4 -9.5 -9.3 -8.7 -7.9 -6.9 -5.7 -4.5 -3.5 

 
 

Nucleobase Edge T-shaped (θ=A, R1=2.5 Å, α=30°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -13.0 -15.1 -16.4 -17.0 -16.9 -15.8 -13.6 -11.0 -8.2 

2.0 -15.1 -17.7 -19.6 -20.8 -21.0 -19.9 -17.6 -14.5 -11.2 

1.5 -17.2 -20.4 -23.0 -24.7 -25.2 -24.1 -21.7 -18.4 -14.4 

1.0 -18.9 -22.8 -26.0 -28.1 -28.6 -27.6 -25.2 -21.8 -17.4 

0.5 -19.8 -24.3 -27.9 -30.2 -30.8 -29.8 -27.5 -24.0 -19.6 

0 -19.8 -24.6 -28.3 -30.7 -31.6 -30.8 -28.5 -24.9 -20.3 

-0.5 -19.0 -23.8 -27.5 -29.9 -31.0 -30.4 -27.9 -24.1 -19.6 

-1.0 -17.3 -21.9 -25.5 -27.8 -28.7 -28.0 -25.6 -21.8 -17.4 

-1.5 -14.8 -18.9 -22.2 -24.2 -24.8 -24.1 -21.9 -18.6 -14.3 

-2.0 -11.9 -15.3 -18.0 -19.5 -19.8 -19.2 -17.8 -15.1 -11.2 

-2.5 -9.1 -11.7 -13.6 -14.6 -14.4 -13.9 -13.2 -11.4 -7.9 

 
 
 
 
 
 
 
 



B-25 

 

Guanine–Tyrosine Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TYR' TYR R1 1 2 3 4 5 6 A B C D E F R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.3 -28.1 -19.5 4.5  -15.7    -9.3       2.0 -2.2 -19.0 3.0  -14.5 3.6           

3.4 -28.4 -20.3 4.6  -17.1    -11.0       2.1 -14.0 -24.7 -3.9  -18.7 -2.9           

3.5 -27.6 -20.0 4.7  -17.6    -11.8 -6.6 -7.2   -9.6 -4.3 2.2 -21.5 -27.7 -8.5  -21.0 -7.2   -22.5        

   4.8  -17.4    -12.0 -9.4 -10.6   -11.4 -6.1 2.3 -25.8 -28.9 -11.2  -21.9 -9.8   -26.2    -13.2    

   4.9  -16.8    -11.7 -11.0 -12.5   -12.2 -7.1 2.4 -27.9 -28.8 -12.7  -21.9 -11.2   -28.0    -17.1    

   5.0  -16.0 -9.8  -9.2 -11.2 -11.6 -13.4 -9.6 -8.7 -12.4 -7.4 2.5 -28.5 -27.9 -13.4  -21.2 -11.8   -28.3 -15.1   -19.2    

   5.1 -6.7 -15.0 -11.3  -10.6 -10.6 -11.6 -13.6 -11.8 -11.0 -12.1 -7.3 2.6 -28.2 -26.6 -13.4  -20.2 -11.9   -27.8 -17.0   -20.0    

   5.2 -8.1  -11.9  -11.3  -11.2 -13.3 -12.9 -12.2 -11.6 -7.0 2.7 -27.1 -24.9 -13.1  -19.0 -11.6   -26.7 -17.7   -19.9   -10.1 

   5.3 -8.6  -12.0 -9.9 -11.4  -10.7 -12.8 -13.2 -12.5 -10.9 -6.5 2.8 -25.7 -23.2 -12.5  -17.6 -11.0   -25.2 -17.7   -19.2   -11.8 

   5.4 -8.5  -11.7 -10.7 -11.1    -13.0 -12.4   2.9 -24.0 -21.5 -11.8  -16.3 -10.4   -23.6 -17.1   -18.3   -12.5 

   5.5 -8.1  -11.2 -10.9 -10.6    -12.4 -11.9   3.0 -22.3 -19.7 -11.0 -14.5 -15.0 -9.7 12.5 2.1 -21.9 -16.3 18.5 -11.3 -17.1   -12.5 

   5.6 -7.5  -10.6 -10.7 -10.0    -11.7 -11.2   3.1    -17.2   7.7 1.4 -20.1 -15.3 9.6 -14.7 -15.9   -12.0 

   5.7 -6.8   -10.3         3.2    -18.2   4.4 1.0 -18.5 -14.2 3.3 -16.4 -14.6   -11.2 

   5.8    -9.7         3.3    -18.3   2.3 0.9  -13.1 -1.0 -17.1 -13.4 -3.8  -10.4 

   5.9    -9.1         3.4    -17.7   1.0 0.9  -12.1 -4.0 -17.0  -5.3  -9.4 

                3.5    -16.8   0.2 1.0  -11.1 -5.9 -16.4  -6.1 0.8 -8.5 

                3.6    -15.6   -0.2 1.0   -7.1 -15.5  -6.4 0.7 -7.6 

                3.7    -14.4   -0.4 1.1   -7.7 -14.4  -6.3 0.7 -6.8 

                3.8    -13.2   -0.4 1.2   -8.0 -13.3  -5.9 0.7  

                3.9    -11.9   -0.4 1.3   -7.9 -12.2  -5.5 0.8  

                4.0    -10.8   -0.2 1.3   -7.7 -11.1  -5.0 1.0  

                4.1              -4.5 1.1  

                4.2              -4.0 1.2  

                4.3              -3.5 1.4  

                4.4               1.5  

                4.5               1.6  

 
 

 Stacked Amino Acid Edge T-shaped Nucleobase Edge T-shaped 

 TYR' TYR 1 2 3 4 5 6 A B C D E F 1 2 3 4 5 6 7 8 A B C D E F G H 

0 -28.4 -20.3 -8.6 -17.6 -12.0 -10.9 -11.4 -12.0 -11.6 -13.6 -13.2 -12.5 -12.4 -7.4 -28.5 -28.9 -13.4 -18.3 -21.9 -11.9 -0.4 0.9 -28.3 -17.7 -8.0 -17.1 -20.0 -6.4 0.7 -12.5 

30 -24.4 -23.3 -9.1 -19.9 -13.6 -12.0 -12.2 -12.0 -12.7 -16.1 -15.4 -14.4 -13.8 -9.9 -25.9 -26.7 -14.4 -17.8 -22.2 -13.1 -1.4 1.8 -26.6 -18.5 -8.5 -19.1 -20.5 -7.8 0.6 -9.7 

60 -20.9 -24.7 -6.9 -20.5 -13.0 -11.6 -11.9 -12.6 -14.0 -15.5 -14.6 -14.0 -13.9 -10.4 -25.3 -24.5 -15.3 -11.5 -22.5 -13.6 -2.3 2.3 -28.2 -18.0 -6.8 -7.2 -19.7 -8.5 0.9 -6.6 

90 -18.3 -28.1 -4.3 -18.0 -10.9 -9.9 -10.5 -12.3 -15.2 -12.6 -12.3 -12.5 -13.1 -9.0 -23.7 -25.5 -16.2 -8.7 -22.0 -14.0 -3.5 2.6 -28.8 -17.2 -5.2 -3.8 -19.6 -9.8 0.7 -3.0 

120 -21.8 -29.8 -4.2 -13.6 -8.8 -8.4 -9.0 -10.9 -16.0 -9.8 -10.4 -10.9 -11.6 -7.2 -20.7 -26.7 -16.8 -6.3 -21.1 -14.3 -5.5 2.8 -28.4 -16.5 -2.1 -0.7 -20.0 -11.4 0.1 -0.3 

150 -25.7 -27.6 -6.8 -12.8 -9.0 -8.6 -8.9 -9.4 -16.5 -8.9 -10.1 -10.5 -10.2 -9.0 -20.0 -28.6 -16.2 -8.2 -20.9 -13.9 -5.7 2.4 -28.8 -16.9 -0.6 -3.3 -21.3 -12.0 0.2 -0.3 

180 -28.0 -24.8 -11.4 -15.4 -10.6 -10.1 -10.1 -8.7 -17.3 -10.2 -11.8 -12.0 -10.7 -12.5 -28.7 -29.9 -15.4 -18.4 -21.4 -12.8 0.3 1.2 -31.5 -18.1 -14.2 -2.7 -22.9 -10.5 1.5 -4.8 

210 -24.4 -24.8 -15.3 -18.4 -11.3 -11.0 -11.1 -8.6 -18.0 -11.5 -13.5 -13.8 -12.0 -12.9 -30.0 -30.1 -16.0 -18.0 -22.2 -11.7 1.7 0.4 -32.6 -18.3 -15.0 -6.1 -22.1 -8.2 2.2 -7.2 

240 -24.6 -27.4 -16.4 -16.7 -10.8 -10.6 -10.8 -8.2 -17.2 -10.9 -13.0 -13.2 -11.5 -11.0 -27.8 -28.8 -15.1 -11.4 -22.5 -11.0 -0.1 0.1 -32.5 -17.6 -6.8 -3.6 -19.7 -6.3 2.0 -7.7 

270 -26.2 -28.8 -13.8 -13.1 -9.3 -9.2 -9.6 -8.5 -15.8 -9.6 -11.7 -11.5 -10.4 -8.4 -29.8 -27.2 -14.0 -8.4 -23.1 -10.4 -0.4 -0.1 -33.0 -16.4 -4.8 -4.5 -17.7 -4.8 1.5 -9.8 

300 -31.4 -26.4 -9.9 -10.4 -8.3 -8.2 -8.7 -9.4 -14.4 -8.9 -10.6 -10.2 -10.0 -6.0 -33.2 -25.4 -13.2 -6.1 -23.9 -9.9 0.0 -0.3 -34.4 -15.4 -4.7 -2.4 -16.5 -3.7 1.2 -13.2 

330 -33.4 -21.6 -8.1 -12.4 -9.5 -9.0 -9.6 -10.9 -12.4 -10.2 -10.9 -10.5 -10.7 -5.5 -34.1 -25.5 -13.1 -7.8 -23.7 -10.2 0.1 -0.1 -34.7 -15.8 -6.6 -0.1 -17.3 -4.1 1.0 -14.8 

 



B-26 

 

 
Stacked (TYR' R1=3.4 Å, α=330°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -16.7 -20.4 -23.9 -26.1 -27.3 -28.5 -29.0 

1.0 -19.7 -24.1 -28.6 -30.6 -30.3 -29.9 -29.3 

0.5 -21.0 -25.6 -31.0 -33.2 -31.8 -29.7 -27.9 

0 -22.2 -26.0 -31.1 -33.4 -32.1 -29.9 -27.3 

-0.5 -25.1 -27.6 -30.8 -32.1 -31.4 -30.0 -27.5 

-1.0 -28.6 -30.1 -30.8 -30.2 -29.4 -28.7 -26.6 

-1.5 -29.7 -30.9 -30.2 -28.3 -26.8 -25.7 -23.7 

 
 

Amino Acid Edge T-shaped (θ=A, R1=5.1 Å, α=90°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 

2.5 -15.2 -16.6 -17.3 -17.4 -17.0 -16.2 

2.0 -17.3 -18.8 -19.0 -18.2 -16.6 -14.7 

1.5 -19.1 -20.8 -20.7 -19.0 -16.5 -13.6 

1.0 -19.9 -21.8 -21.6 -19.6 -16.8 -13.8 

0.5 -19.3 -21.2 -21.0 -19.2 -17.0 -14.6 

0 -17.2 -18.9 -18.8 -17.6 -16.4 -15.2 

-0.5 -14.2 -15.8 -15.8 -15.3 -15.2 -14.9 

-1.0 -11.0 -12.5 -13.1 -13.5 -14.0 -14.2 

-1.5 -7.8 -9.5 -10.8 -11.9 -12.8 -13.2 

-2.0 -4.8 -6.5 -8.1 -9.6 -10.6 -11.3 

 
 

Nucleobase Edge T-shaped (θ=A, R1=2.4 Å, α=300°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -9.1 -12.4 -15.8 -18.4 -19.3 -18.0 -14.7 -10.4 -6.3 -3.3 -10.4 

2.5 -10.5 -14.7 -18.8 -21.6 -22.1 -19.8 -15.9 -11.9 -8.7 -6.1 -11.9 

2.0 -11.8 -16.9 -21.9 -25.2 -25.5 -22.7 -18.5 -14.7 -11.9 -9.4 -14.7 

1.5 -12.6 -18.4 -24.2 -28.2 -28.9 -26.3 -22.3 -18.6 -15.6 -12.8 -18.6 

1.0 -12.7 -18.9 -25.0 -29.6 -31.3 -29.8 -26.6 -23.1 -19.7 -16.2 -23.1 

0.5 -12.4 -18.4 -24.6 -29.6 -32.3 -32.5 -30.7 -27.5 -23.5 -19.1 -14.6 

0 -12.1 -17.9 -24.0 -29.3 -33.1 -34.7 -33.9 -31.0 -26.5 -21.2 -31.0 

-0.5 -12.4 -18.1 -24.2 -29.8 -34.1 -36.2 -35.7 -32.7 -28.0 -22.2 -16.4 

-1.0 -12.8 -18.5 -24.5 -30.1 -34.3 -36.2 -35.5 -32.6 -27.9 -22.0 -32.6 

-1.5 -12.4 -17.9 -23.7 -28.8 -32.5 -34.0 -33.2 -30.5 -26.1 -20.5 -30.5 

-2.0 -10.5 -15.8 -21.2 -25.6 -28.5 -29.6 -29.0 -26.7 -22.8 -18.0 -26.7 

-2.5 -7.6 -12.6 -17.6 -21.2 -23.2 -23.9 -23.6 -21.8 -18.7 -14.8 -21.8 

-3.0 -4.2 -9.0 -13.4 -16.1 -17.3 -17.8 -17.8 -16.8 -14.5 -11.6 -16.8 



B-27 

 

Guanine–Tryptophan Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TRP' TRP R1 1 2 3 A B C D E F G R1 1 2 3 4 5 6 7 8 A B C D E F G H 

3.3 -35.6 -24.8 4.6    -13.5       2.0 -22.5 -22.3 -7.4  -23.0 2.2           

3.4 -36.7 -25.8 4.7    -16.0       2.1 -29.4 -28.8 -12.4  -26.2 -4.5           

3.5 -36.2 -25.4 4.8    -17.1   -11.7    2.2 -33.3 -32.4 -15.4  -27.5 -8.9   -35.9        

   4.9    -17.3   -13.4    2.3 -35.2 -34.1 -17.0  -27.7 -11.5   -38.7        

   5.0    -16.8 -15.2  -14.1    2.4 -35.5 -34.4 -17.5  -27.0 -12.8   -39.6        

   5.1    -16.0 -17.6  -14.1 -10.8  -10.6 2.5 -34.9 -33.7 -17.4  -25.9 -13.3   -39.2 -20.1   -24.4    

   5.2    -15.0 -18.6  -13.7 -12.2  -11.8 2.6 -33.6 -32.4 -16.8  -24.4 -13.3   -38.0 -21.5   -24.7    

   5.3     -18.8 -14.4 -13.0 -12.7  -12.2 2.7 -31.9 -30.8 -16.0  -22.9 -12.8   -36.2 -21.9   -24.3   -9.0 

   5.4     -18.4 -16.0 -12.2 -12.6  -12.0 2.8 -30.1 -29.0 -15.1  -21.2 -12.2   -34.1 -21.5   -23.3   -11.5 

   5.5     -17.6 -16.6  -12.2 -7.2 -11.5 2.9 -28.1 -27.1 -14.0  -19.6 -11.4   -31.9 -20.7   -22.0   -12.8 

   5.6  -7.6 -7.6  -16.6 -16.5  -11.5 -9.7 -10.7 3.0 -26.1 -25.2 -13.0 -8.7 -18.0 -10.6 2.7  -29.7 -19.6 -0.8  -20.6   -13.2 

   5.7 -11.6 -9.1 -9.0   -15.9  -10.8 -11.0 -9.9 3.1    -11.9   0.9 1.1 -27.4 -18.4 -3.9  -19.1   -13.0 

   5.8 -13.0 -9.8 -9.6   -15.0   -11.4  3.2    -13.6   -0.1 0.8 -25.3 -17.1 -5.9 -5.7 -17.6   -12.5 

   5.9 -13.6 -9.9 -9.7   -14.1   -11.3  3.3    -14.3   -0.5 0.7  -15.8 -7.2 -7.5 -16.2 -4.8  -11.7 

   6.0 -13.7 -9.7 -9.4      -10.8  3.4    -14.4   -0.6 0.8  -14.6 -7.9 -8.5 -14.8 -6.2  -10.8 

   6.1 -13.4 -9.2 -8.9      -10.2  3.5    -14.0   -0.4 0.9  -13.4 -8.3 -9.0 -13.5 -6.8 3.4 -10.0 

   6.2 -12.8 -8.7 -8.3        3.6    -13.3   -0.2 1.1   -8.4 -9.1  -6.8 3.1 -9.1 

   6.3 -12.2          3.7    -12.5   0.2 1.2   -8.2 -8.9  -6.6 3.0 -8.3 

              3.8    -11.6   0.5 1.4   -8.0 -8.6  -6.1 2.9  

              3.9    -10.7   0.9 1.5   -7.7 -8.2  -5.5 2.9  

              4.0    -9.8   1.2 1.6   -7.3 -7.7  -4.9 3.0  

              4.1        1.7    -7.1  -4.2 3.1  

              4.2            -6.6  -3.6 3.1  

              4.3              -3.0 3.2  

              4.4               3.3  

              4.5               3.3  

 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  TRP' TRP  1 2 3 A B C D E F G  1 2 3 4 5 6 7 8 A B C D E F G H 

0  -36.7 -25.8  -13.7 -9.9 -9.7 -17.3 -18.8 -16.6 -14.1 -12.7 -11.4 -12.2  -35.5 -34.4 -17.5 -14.4 -27.7 -13.3 -0.6 0.7 -39.6 -21.9 -8.4 -9.1 -24.7 -6.8 2.9 -13.2 

30  -35.4 -30.8  -15.8 -10.9 -10.3 -20.7 -21.8 -20.0 -16.3 -14.1 -13.0 -14.0  -33.5 -37.4 -15.1 -23.8 -26.3 -15.4 3.1 1.9 -40.2 -25.5 -13.1 -13.2 -29.8 -10.6 3.5 -11.2 

60  -29.3 -37.6  -15.2 -10.6 -9.8 -17.9 -20.7 -19.7 -16.0 -12.9 -12.5 -13.4  -31.5 -38.1 -15.5 -27.0 -25.5 -17.2 2.4 3.5 -39.6 -26.3 -14.2 -13.9 -32.5 -14.3 2.8 -8.7 

90  -25.5 -39.0  -12.4 -9.2 -8.6 -14.6 -17.9 -16.1 -14.2 -10.8 -11.1 -11.4  -26.3 -37.0 -18.7 -22.1 -24.6 -18.5 -5.0 4.8 -36.7 -25.0 -10.3 -11.5 -32.3 -16.8 1.6 -3.6 

120  -26.2 -35.7  -9.4 -8.0 -7.9 -13.9 -14.6 -11.8 -11.7 -8.7 -10.1 -10.2  -22.6 -34.5 -19.9 -14.9 -24.2 -18.9 -9.0 5.5 -34.1 -23.1 -2.8 -9.0 -29.7 -16.7 0.9 -0.2 

150  -28.2 -31.2  -8.5 -8.8 -9.1 -15.8 -15.9 -9.4 -10.6 -9.9 -10.5 -11.9  -24.8 -32.3 -21.9 -10.5 -25.4 -18.0 -8.7 5.1 -33.2 -21.4 -5.0 -6.4 -26.3 -14.5 0.9 -1.3 

180  -28.7 -28.1  -9.5 -10.7 -11.6 -21.1 -19.2 -11.3 -12.3 -12.8 -12.7 -16.4  -29.0 -33.8 -19.6 -14.9 -26.3 -16.7 -3.1 3.9 -36.0 -22.7 -8.7 -8.2 -26.6 -12.1 2.2 -5.7 

210  -28.9 -26.0  -10.2 -11.6 -13.1 -25.6 -21.0 -13.5 -14.2 -14.7 -14.7 -19.0  -32.1 -37.9 -16.1 -23.8 -25.6 -15.5 2.0 2.3 -39.3 -25.6 -13.7 -13.0 -29.9 -10.8 3.5 -10.7 

240  -26.9 -29.8  -9.4 -11.2 -12.6 -26.5 -20.3 -11.8 -13.4 -14.6 -14.1 -17.6  -37.0 -40.0 -14.8 -26.6 -25.6 -13.8 4.5 0.6 -42.3 -25.7 -14.3 -14.2 -30.4 -8.9 3.6 -16.4 

270  -29.6 -29.0  -7.9 -9.7 -10.5 -22.9 -17.6 -9.0 -11.9 -12.8 -12.2 -13.9  -42.7 -38.8 -13.4 -21.9 -27.4 -11.8 6.3 -0.7 -46.6 -23.6 -11.8 -10.9 -27.5 -6.3 3.3 -20.5 

300  -32.2 -26.6  -7.6 -8.2 -8.4 -17.1 -15.1 -7.4 -10.7 -10.9 -10.3 -9.9  -43.4 -35.9 -13.6 -14.8 -28.3 -10.8 4.5 -1.0 -47.1 -21.2 -10.0 -4.9 -23.8 -4.4 3.1 -20.4 

330  -35.9 -24.5  -10.0 -8.4 -8.3 -15.0 -14.8 -10.8 -11.4 -10.3 -9.9 -9.7  -40.3 -33.2 -16.4 -10.1 -28.8 -11.5 0.9 -0.1 -42.7 -19.8 -6.5 -6.0 -21.8 -4.3 2.6 -17.2 

 



B-28 

 

 
Stacked (TRP' R1=3.4 Å, α=0°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -19.1 -23.0 -27.4 -31.8 -35.2 -36.8 -37.7 

1.0 -24.8 -28.4 -32.8 -37.8 -40.9 -40.7 -39.4 

0.5 -30.9 -32.6 -35.2 -39.6 -42.5 -41.3 -38.3 

0 -34.9 -34.5 -34.0 -36.7 -39.4 -38.5 -36.1 

-0.5 -36.1 -35.1 -33.2 -34.3 -36.1 -35.6 -34.5 

-1.0 -35.6 -35.9 -34.9 -35.3 -35.3 -34.0 -33.1 

-1.5 -34.1 -35.5 -36.1 -36.3 -34.8 -32.1 -30.2 

 
 

    Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=240°) 
Y ↓ 
X → 

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

3.0 -9.5 -11.2 -12.8 -14.2 -15.3 -16.2 -17.4 -19.1 -20.5 -20.9 -20.3 -18.8 -16.4 -13.2 -9.7 -6.6 -4.2 

2.5 -11.0 -12.7 -14.4 -15.8 -16.9 -17.8 -19.1 -21.0 -22.6 -23.2 -22.7 -21.1 -18.3 -14.4 -10.3 -6.7 -3.9 

2.0 -12.1 -13.9 -15.7 -17.3 -18.7 -19.9 -21.3 -22.9 -23.9 -24.0 -23.4 -21.8 -18.8 -14.7 -10.3 -6.4 -3.4 

1.5 -12.4 -14.4 -16.6 -18.8 -20.7 -22.4 -23.9 -24.8 -24.7 -23.9 -22.6 -20.8 -18.0 -14.2 -10.0 -6.2 -3.1 

1.0 -11.9 -14.3 -17.4 -20.4 -23.0 -25.1 -26.6 -26.8 -25.5 -23.4 -21.3 -19.2 -16.7 -13.6 -10.1 -6.6 -3.4 

0.5 -10.7 -13.7 -17.9 -21.9 -24.9 -27.1 -28.5 -28.3 -26.2 -23.4 -20.8 -18.4 -16.0 -13.5 -10.8 -7.7 -4.6 

0 -9.2 -12.6 -17.3 -21.8 -25.1 -27.4 -28.7 -28.5 -26.5 -23.9 -21.4 -18.8 -16.2 -13.9 -11.6 -9.1 -6.3 

-0.5 -7.7 -10.8 -15.0 -19.4 -22.9 -25.6 -27.2 -27.2 -25.9 -24.2 -22.1 -19.5 -16.6 -14.1 -12.0 -10.2 -8.1 

-1.0 -6.1 -8.5 -11.8 -15.5 -19.1 -22.3 -24.3 -24.8 -24.3 -23.4 -22.1 -19.9 -17.1 -14.5 -12.5 -11.1 -9.8 

-1.5 -4.5 -6.1 -8.4 -11.4 -14.9 -18.3 -20.7 -21.7 -21.8 -21.5 -20.8 -19.6 -17.9 -15.8 -13.8 -12.1 -10.9 

-2.0 -3.0 -4.0 -5.5 -7.9 -11.0 -14.2 -16.7 -18.1 -18.7 -18.8 -18.8 -18.8 -18.5 -17.3 -15.2 -12.8 -10.7 

-2.5 -1.7 -2.3 -3.3 -5.0 -7.4 -10.0 -12.4 -14.1 -15.2 -15.7 -16.3 -17.2 -17.9 -17.5 -15.5 -12.4 -9.5 

-3.0 -0.7 -1.0 -1.5 -2.6 -4.2 -6.1 -7.9 -9.5 -10.8 -11.9 -13.0 -14.5 -15.8 -15.9 -14.1 -11.0 -7.7 

 
 

Nucleobase Edge T-shaped (θ=A, R1=2.4 Å, α=300°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

2.5 -24.8 -20.7 -23.7 -25.8 -26.9 -26.8 -25.4 -22.5 -18.8 -15.0 -11.2 -7.6 -4.4 

2.0 -21.3 -26.2 -30.1 -32.7 -33.9 -33.6 -31.4 -27.6 -23.2 -18.7 -14.6 -10.9 -7.5 

1.5 -24.8 -30.9 -35.7 -38.7 -40.2 -39.8 -37.2 -32.8 -27.6 -22.7 -18.4 -14.8 -11.3 

1.0 -26.9 -34.0 -39.5 -43.0 -44.8 -44.6 -42.3 -37.9 -32.5 -27.2 -22.7 -18.7 -15.0 

0.5 -27.7 -35.3 -41.2 -45.0 -46.9 -47.2 -45.8 -42.4 -37.4 -32.1 -27.1 -22.4 -18.0 

0 -27.5 -35.0 -40.9 -44.6 -46.6 -47.3 -47.1 -45.1 -41.1 -36.1 -31.0 -25.8 -20.7 

-0.5 -26.5 -33.1 -38.5 -42.1 -44.1 -45.5 -46.3 -45.5 -42.5 -38.3 -33.4 -28.1 -22.6 

-1.0 -24.0 -29.7 -34.7 -38.2 -40.4 -42.4 -44.1 -44.2 -42.0 -38.2 -33.5 -28.3 -22.7 

-1.5 -19.4 -24.6 -29.4 -33.1 -35.8 -38.3 -40.5 -41.2 -39.5 -35.9 -31.2 -26.0 -20.7 

-2.0 -13.2 -17.9 -22.4 -26.1 -29.2 -32.3 -35.0 -36.2 -35.1 -31.7 -27.2 -22.3 -17.4 

-2.5 -7.2 -10.8 -14.3 -17.4 -20.7 -24.4 -27.8 -29.5 -29.0 -26.2 -22.2 -17.9 -13.7 

 
 



B-29 

 

Thymine–Histidine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 HIS' HIS R1 1 2 3 4 5 A B C D E R1 1 2 3 4 5 6 A B C D E F 

3.3 -18.0 -9.9 4.0   -12.1        2.0 -22.1  -5.8   -3.6       

3.4 -18.8 -11.2 4.1   -13.9   -1.0  -14.7   2.1 -25.2  -10.3   -9.3       

3.5 -18.7 -11.5 4.2   -14.7   -4.9 -11.7 -16.4 -7.5 -2.9 2.2 -26.5  -12.9   -12.7      -11.4 

3.6  -11.2 4.3 -6.6  -14.8   -7.1 -13.0 -17.0 -8.9 -5.6 2.3 -26.6  -14.1   -14.6     -1.5 -17.1 

   4.4 -8.1 -8.0 -14.5   -8.2 -13.4 -16.9 -9.4 -7.1 2.4 -26.0  -14.4   -15.4     -5.8 -20.3 

   4.5 -8.7 -9.7 -13.8 -0.7 -1.4 -8.5 -13.2 -16.3 -9.4 -7.7 2.5 -24.8  -14.1   -15.4     -8.4 -21.8 

   4.6 -8.8 -10.5 -13.0 -2.4 -3.1 -8.4 -12.7 -15.4 -9.0 -7.7 2.6 -23.4  -13.5   -15.0 -4.4 10.6 1.3  -9.8 -22.1 

   4.7 -8.5 -10.8  -3.4 -4.1 -7.9 -11.9 -14.5 -8.4 -7.4 2.7 -21.9  -12.6   -14.3 -8.6 5.7 -3.2  -10.4 -21.6 

   4.8 -8.0 -10.7  -3.9 -4.6    -7.7 -6.9 2.8 -20.3  -11.7   -13.5 -11.1 2.5 -6.0  -10.4 -20.7 

   4.9  -10.3  -4.0 -4.7      2.9 -18.8  -10.7   -12.5 -12.3 0.6 -7.5  -10.1 -19.5 

   5.0  -9.8  -3.9 -4.6      3.0 -17.3 1.3 -9.7 1.8 6.9 -11.6 -12.8 -0.5 -8.2 4.7 -9.6 -18.2 

   5.1    -3.7 -4.3      3.1  0.6  1.1 2.3  -12.7 -1.0 -8.3 3.3 -9.0 -16.9 

              3.2  0.2  0.8 -0.7  -12.3 -1.2 -8.1 2.5 -8.3 -15.5 

              3.3  0.0  0.6 -2.4  -11.7 -1.1 -7.7 2.1 -7.6  

              3.4  -0.1  0.6 -3.4  -11.0 -1.0 -7.2 1.8   

              3.5  -0.1  0.7 -3.8  -10.2 -0.8 -6.7 1.7   

              3.6  0.0  0.7 -3.8  -9.5 -0.5 -6.1 1.7   

              3.7  0.0  0.8 -3.7     1.7   

              3.8  0.1  0.9 -3.4     1.7   

              3.9  0.2  1.0 -3.1     1.8   

              4.0  0.2  1.0 -2.7     1.8   

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  HIS' HIS  1 2 3 4 5 A B C D E  1 2 3 4 5 6 A B C D E F 

0  -18.8 -11.5  -8.8 -10.8 -14.8 -4.0 -4.7 -8.5 -13.4 -17.0 -9.4 -7.7  -26.6 -0.1 -14.4 0.6 -3.8 -15.4 -12.8 -1.2 -8.3 1.7 -10.4 -22.1 

30  -21.9 -10.5  -8.8 -7.7 -14.7 -6.2 -6.7 -9.1 -10.9 -14.7 -10.7 -9.4  -21.2 0.9 -16.6 0.6 -5.9 -15.1 -4.9 -5.8 -4.0 -1.6 -11.7 -20.4 

60  -23.6 -14.2  -8.4 -4.7 -13.9 -8.3 -8.0 -9.1 -8.5 -10.7 -11.1 -10.3  -17.0 1.9 -18.6 0.5 -7.6 -15.6 1.3 -9.6 -0.8 -4.9 -13.0 -19.1 

90  -25.2 -18.7  -7.6 -3.1 -12.7 -9.1 -8.0 -8.8 -7.2 -7.3 -10.7 -10.1  -13.5 2.4 -19.1 0.1 -9.0 -16.4 5.4 -11.6 1.2 -7.3 -14.6 -18.5 

120  -25.5 -22.0  -6.9 -1.9 -11.6 -9.5 -7.9 -8.6 -5.5 -5.5 -11.4 -10.1  -9.2 2.4 -16.4 -0.2 -9.9 -17.6 7.8 -12.2 2.9 -8.0 -17.0 -19.6 

150  -21.4 -23.5  -7.2 -1.2 -12.2 -9.9 -8.4 -10.2 -5.5 -6.3 -13.4 -11.5  -7.7 2.1 -12.9 -0.2 -9.7 -18.6 7.0 -11.0 2.9 -7.0 -18.0 -20.8 

180  -16.1 -24.3  -8.0 -2.7 -13.6 -9.1 -8.6 -12.1 -7.7 -9.0 -14.4 -12.2  -12.9 1.8 -13.8 0.0 -8.4 -17.1 1.2 -7.7 -0.8 -5.1 -15.7 -19.6 

210  -12.6 -22.9  -8.7 -6.2 -14.5 -7.0 -7.5 -10.7 -8.9 -11.4 -13.0 -10.3  -20.5 1.4 -16.7 0.4 -6.7 -15.2 -6.6 -4.1 -6.2 -2.6 -12.0 -17.8 

240  -12.1 -20.0  -8.9 -9.4 -14.7 -5.1 -5.9 -9.1 -9.7 -12.5 -10.2 -7.8  -26.2 0.9 -19.2 0.8 -5.3 -13.4 -13.0 -1.3 -10.5 -0.1 -9.3 -17.5 

270  -13.1 -17.2  -8.5 -10.4 -14.2 -4.3 -4.1 -7.9 -10.1 -12.2 -8.0 -5.7  -30.2 0.2 -20.0 0.9 -3.9 -12.7 -17.2 0.6 -12.8 1.9 -7.9 -18.9 

300  -11.8 -15.8  -7.9 -10.9 -13.5 -3.6 -3.0 -6.3 -10.4 -13.1 -6.9 -4.6  -32.4 -0.4 -17.6 0.8 -2.6 -13.9 -19.6 2.1 -13.4 3.4 -7.9 -21.4 

330  -13.6 -14.9  -8.2 -11.7 -14.0 -3.2 -3.2 -6.5 -12.1 -15.7 -7.6 -5.5  -31.1 -0.6 -14.2 0.6 -2.5 -15.3 -18.8 2.0 -12.2 3.6 -9.1 -22.9 

 



B-30 

 

 
Stacked (HIS' R1=3.4 Å, α=120°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -17.8 -18.1 -19.2 -20.4 -21.0 -20.6 -19.1 

1.0 -19.7 -20.9 -21.7 -22.5 -23.5 -23.7 -22.1 

0.5 -22.0 -24.4 -24.6 -24.6 -25.7 -26.1 -24.0 

0 -24.1 -26.8 -26.3 -25.5 -25.9 -25.8 -23.4 

-0.5 -24.2 -26.4 -25.8 -24.7 -24.2 -23.2 -20.6 

-1.0 -22.1 -23.8 -24.2 -23.7 -22.4 -20.3 -17.8 

-1.5 -19.4 -21.3 -22.9 -23.2 -21.4 -18.4 -15.9 

 
 

Amino Acid Edge T-shaped (θ=C, R1=4.3 Å, α=0°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -6.7 -7.5 -9.7 -12.0 -13.4 -13.7 -13.1 -12.1 -10.9 -9.7 -8.5 

2.0 -6.3 -7.2 -9.9 -13.2 -15.9 -17.3 -17.2 -15.8 -13.8 -11.8 -9.9 

1.5 -5.2 -5.3 -8.3 -12.5 -16.1 -18.3 -18.8 -17.5 -15.1 -12.6 -10.2 

1.0 -2.2 -1.2 -5.0 -10.7 -15.4 -18.2 -19.1 -18.2 -16.0 -13.0 -9.9 

0.5 -0.9 0.5 -3.9 -10.5 -15.5 -17.9 -18.7 -18.2 -16.3 -12.9 -8.8 

0 -4.4 -3.9 -7.7 -12.9 -16.1 -17.1 -17.0 -16.5 -14.7 -11.1 -6.5 

-0.5 -9.7 -10.4 -12.7 -15.2 -16.2 -15.7 -14.7 -13.7 -11.7 -8.1 -3.8 

-1.0 -12.6 -13.9 -15.1 -15.8 -15.8 -15.2 -14.0 -12.4 -9.8 -6.3 -2.6 

-1.5 -12.8 -14.3 -15.1 -15.4 -15.6 -15.7 -14.8 -12.6 -9.6 -6.2 -3.1 

-2.0 -11.5 -12.9 -13.9 -14.6 -15.2 -15.5 -14.7 -12.4 -9.4 -6.4 -4.1 

-2.5 -9.5 -10.9 -12.1 -13.0 -13.6 -13.6 -12.7 -10.8 -8.5 -6.3 -4.8 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=300°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.0 -12.3 -16.5 -21.0 -25.3 -28.8 -30.5 -29.4 -24.7 -17.4 

1.5 -14.2 -19.1 -24.0 -28.5 -31.9 -33.6 -32.7 -28.2 -20.5 

1.0 -15.7 -21.1 -26.3 -30.5 -33.2 -34.2 -33.0 -28.6 -21.0 

0.5 -16.2 -22.0 -27.3 -31.2 -33.1 -33.1 -31.1 -26.5 -19.4 

0 -15.3 -21.3 -26.7 -30.5 -32.4 -32.0 -29.3 -24.3 -17.6 

-0.5 -13.4 -19.3 -24.7 -28.7 -31.0 -30.8 -27.9 -22.9 -16.8 

-1.0 -11.0 -16.6 -21.8 -25.8 -28.3 -28.4 -25.9 -21.5 -16.3 

-1.5 -8.8 -13.6 -18.1 -21.7 -23.8 -24.0 -22.3 -19.0 -15.0 

-2.0 -6.7 -10.6 -14.1 -16.8 -18.3 -18.5 -17.5 -15.4 -12.7 



B-31 

 

Thymine–Phenylalanine Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 PHE R1 1 A R1 1 2 3 4 5 6 A B C D E F 

3.4 -20.0 4.7 -4.5 -8.7 2.0 -19.2  -11.2   -2.6       

3.5 -20.6 4.8 -6.4 -9.6 2.1 -22.4  -15.4   -9.4       

3.6 -20.2 4.9 -7.4 -9.8 2.2 -24.0  -17.7   -13.7      -7.6 

  5.0 -7.8 -9.6 2.3 -24.3  -18.8   -16.2      -14.9 

  5.1 -7.8 -9.2 2.4 -23.9  -18.9   -17.5      -19.3 

  5.2 -7.6 -8.6 2.5 -22.9  -18.4   -17.9  16.0 15.3  -10.6 -21.6 

  5.3 -7.2 -7.9 2.6 -21.6  -17.5   -17.7  7.6 7.0  -12.6 -22.5 

     2.7 -20.2  -16.5   -17.1  2.0 1.5  -13.6 -22.5 

     2.8 -18.7  -15.2   -16.3  -1.6 -1.9  -13.9 -21.9 

     2.9 -17.2  -14.0   -15.3  -3.7 -4.0  -13.7 -20.9 

     3.0 -15.7  -12.8 2.7 6.0 -14.3 -6.4 -4.9 -5.2 0.0 -13.2 -19.6 

     3.1    1.8 0.6  -6.8 -5.5 -5.6 -1.5 -12.5 -18.3 

     3.2    1.3 -2.9  -6.8 -5.6 -5.7 -2.3 -11.7 -16.9 

     3.3    1.0 -5.0  -6.5 -5.4 -5.5 -2.7 -10.9  

     3.4    0.9 -6.3  -6.1 -5.1 -5.2 -2.8 -10.1  

     3.5    0.9 -6.8  -5.6 -4.6 -4.7 -2.7 -9.3  

     3.6    0.9 -6.9  -5.0   -2.5   

     3.7    0.9 -6.8  -4.5   -2.3   

     3.8    0.9 -6.5  -4.0   -2.0   

     3.9    1.0 -6.1  -3.6   -1.7   

     4.0    1.0 -5.6  -3.2   -1.5   

     …             
     5.0  1.2           

     5.1  1.2           

     5.2  1.1           

     5.3  1.1           

     5.4  1.1           

     5.5  1.0           

     5.6  1.0           

     5.7  0.9           

     5.8  0.9           

     5.9  0.9           

     6.0  0.8           

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  PHE  1 A  1 2 3 4 5 6 A B C D E F 

0  -20.6  -7.8 -9.8  -24.3  -18.9 0.9 -6.9 -17.9 -6.8 -5.6 -5.7 -2.8 -13.9 -22.5 

30  -20.8  -8.1 -9.8  -24.4  -18.9 0.9 -6.9 -18.2 -6.9 -5.6 -5.7 -2.8 -13.9 -22.7 

60    -8.0 -8.9              

90    -7.4 -7.8              

120    -6.9 -7.4              

150    -7.2 -8.4              

 



B-32 

 

 
Stacked (R1=3.5 Å, α=30°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -13.9 -14.3 -15.4 -16.3 -16.3 -15.6 -14.5 

1.0 -15.5 -16.6 -17.7 -18.5 -19.0 -18.9 -17.5 

0.5 -18.1 -19.8 -20.2 -20.4 -21.1 -21.3 -19.6 

0 -20.8 -22.1 -21.5 -20.8 -21.2 -21.3 -19.5 

-0.5 -21.7 -22.4 -21.3 -20.2 -20.0 -19.6 -17.8 

-1.0 -20.8 -21.5 -21.0 -20.2 -19.3 -17.9 -16.0 

-1.5 -19.3 -20.4 -21.0 -20.7 -19.1 -16.9 -14.7 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=0°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 

2.5 0.4 0.0 -2.8 -6.1 -8.1 -8.6 -8.3 -7.8 -7.2 -6.1 

2.0 -1.9 -2.7 -5.0 -7.5 -9.1 -9.6 -9.4 -8.8 -7.9 -6.8 

1.5 -2.4 -3.1 -5.2 -7.5 -9.3 -10.2 -10.2 -9.5 -8.5 -7.4 

1.0 -0.9 -1.1 -3.6 -6.7 -9.1 -10.5 -10.7 -10.2 -9.1 -8.1 

0.5 0.0 0.0 -2.7 -6.3 -9.1 -10.4 -10.8 -10.3 -9.5 -8.6 

0 -1.2 -1.5 -3.8 -6.8 -8.8 -9.7 -9.8 -9.5 -9.0 -8.3 

-0.5 -3.2 -3.8 -5.3 -7.0 -8.1 -8.5 -8.5 -8.4 -8.1 -7.8 

-1.0 -4.3 -5.0 -5.9 -6.6 -7.2 -7.7 -7.9 -7.9 -7.7 -7.6 

-1.5 -4.3 -5.0 -5.6 -6.0 -6.6 -7.3 -7.6 -7.7 -7.5 -7.5 

-2.0 -3.8 -4.5 -5.0 -5.5 -6.0 -6.6 -6.9 -6.9 -6.8 -6.9 

-2.5 -3.2 -3.7 -4.3 -4.7 -5.1 -5.4 -5.5 -5.6 -5.7 -5.9 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=30°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 1.6 -0.6 -2.7 -3.9 -4.6 -5.6 -6.6 -6.8 -6.2 

2.0 -1.3 -4.8 -7.6 -8.7 -8.9 -9.5 -10.2 -10.0 -8.7 

1.5 -4.3 -8.2 -11.6 -13.1 -13.5 -13.9 -14.1 -13.3 -11.4 

1.0 -7.0 -10.7 -14.3 -16.6 -17.8 -18.3 -18.0 -16.6 -14.1 

0.5 -9.8 -13.3 -16.9 -19.9 -21.7 -22.2 -21.5 -19.4 -16.6 

0 -12.3 -15.8 -19.5 -22.6 -24.4 -24.5 -23.3 -21.1 -18.1 

-0.5 -13.6 -17.3 -20.9 -23.7 -25.0 -24.7 -23.4 -21.2 -18.3 

-1.0 -13.6 -17.3 -20.7 -23.0 -23.8 -23.6 -22.4 -20.4 -17.6 

-1.5 -12.5 -16.1 -19.2 -21.1 -21.8 -21.8 -21.0 -19.1 -16.3 

-2.0 -10.7 -13.9 -16.6 -18.4 -19.2 -19.4 -18.8 -17.1 -14.4 

-2.5 -8.5 -11.1 -13.4 -15.0 -15.9 -16.2 -15.7 -14.3 -12.1 



B-33 

 

Thymine–Tyrosine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TYR' TYR R1 1 2 3 4 5 6 A B C D E F R1 1 2 3 4 5 6 A B C D E F 

3.3 -14.8 -17.0 4.5  -10.6    -8.7       2.0 -13.3  -2.0   -0.3       

3.4 -17.4 -19.5 4.6  -12.0    -10.3       2.1 -17.8  -8.2   -8.7       

3.5 -18.5 -20.5 4.7  -12.6    -11.0 -0.9 -3.8   -7.5 -7.3 2.2 -20.2  -12.0   -14.0      -15.7 

3.6 -18.5 -20.4 4.8  -12.5    -11.1 -3.9 -7.0   -9.3 -8.9 2.3 -21.2  -14.1   -17.1     -8.6 -21.0 

3.7 -17.9 -19.7 4.9  -12.1    -10.9 -5.7 -8.8   -10.1 -9.6 2.4 -21.3  -15.0   -18.6     -12.6 -23.8 

   5.0  -11.5 -6.0  -6.4 -10.4 -6.5 -9.7 -5.7 -6.1 -10.3 -9.8 2.5 -20.7  -15.1   -19.1     -14.9 -25.1 

   5.1 -4.4 -10.7 -7.5  -7.8 -9.7 -6.8 -9.9 -8.2 -8.4 -10.1 -9.5 2.6 -19.7  -14.7   -18.9  -1.9 9.5  -16.0 -25.1 

   5.2 -5.9  -8.3  -8.5  -6.7 -9.8 -9.5 -9.6 -9.7 -9.0 2.7 -18.5  -14.0   -18.2  -5.7 4.0  -16.3 -24.5 

   5.3 -6.5  -8.6 -6.9 -8.7  -6.4 -9.3 -10.0 -10.1 -9.0 -8.4 2.8 -17.2  -13.0   -17.3  -8.0 0.5  -16.0 -23.3 

   5.4 -6.7  -8.5 -7.8 -8.6    -10.0 -10.0   2.9 -15.9  -12.0   -16.2  -9.1 -1.6  -15.4 -21.9 

   5.5 -6.5  -8.1 -8.1 -8.2    -9.6 -9.6   3.0 -14.6 2.1 -11.0 0.6 2.9 -15.1 -4.3 -9.4 -2.9 -4.2 -14.6 -20.4 

   5.6 -6.1  -7.7 -8.0 -7.7    -9.1 -9.1   3.1  1.3  -0.1 -1.7  -4.8 -9.2 -3.5 -5.0 -13.7 -18.9 

   5.7 -5.5   -7.8         3.2  0.8  -0.4 -4.5  -4.9 -8.8 -3.7 -5.3 -12.7 -17.3 

   5.8    -7.3         3.3  0.6  -0.5 -6.2  -4.8 -8.1 -3.6 -5.3 -11.7  

   5.9    -6.9         3.4  0.5  -0.4 -7.1  -4.5 -7.4 -3.4 -5.0   

                3.5  0.5  -0.3 -7.4  -4.2 -6.7 -3.1 -4.6   

                3.6  0.5  -0.2 -7.4  -3.8 -6.0 -2.8 -4.2   

                3.7  0.6  -0.1 -7.1  -3.4   -3.7   

                3.8  0.6  0.1 -6.7  -3.0   -3.3   

                3.9  0.7  0.2 -6.3  -2.7   -2.9   

                4.0  0.8  0.3 -5.8  -2.4   -2.5   

 
 

  Stacked  Amino Acid Edge T-shaped Nucleobase Edge T-shaped 

  TYR' TYR  1 2 3 4 5 6 A B C D E F  1 2 3 4 5 6 A B C D E F 

0  -18.5 -20.5  -6.7 -12.6 -8.6 -8.1 -8.7 -11.1 -6.8 -9.9 -10.0 -10.0 -9.7 -9.6  -21.3 0.5 -15.1 -0.5 -7.4 -19.1 -4.9 -9.4 -3.7 -5.3 -16.3 -25.1 

30  -17.7 -25.4  -7.7 -11.0 -8.9 -8.2 -8.3 -9.3 -9.0 -9.4 -9.9 -9.8 -8.8 -13.2  -22.6 0.1 -14.3 -0.5 -6.6 -19.5 -6.5 -7.9 -4.1 -4.1 -15.7 -25.2 

60  -20.3 -24.6  -8.7 -9.5 -8.5 -8.0 -7.8 -7.9 -11.1 -7.8 -8.8 -8.8 -7.7 -13.8  -23.7 0.3 -16.4 0.0 -6.7 -17.7 -7.7 -6.3 -5.3 -3.1 -14.1 -23.7 

90  -21.3 -25.1  -9.4 -8.7 -7.0 -7.2 -7.6 -8.3 -11.8 -6.1 -7.3 -7.8 -7.3 -9.7  -25.3 0.6 -18.5 0.4 -6.8 -16.6 -9.3 -4.5 -7.2 -2.2 -12.4 -22.7 

120  -22.4 -25.8  -9.8 -6.8 -6.1 -6.6 -7.2 -7.9 -11.3 -5.0 -6.6 -7.3 -6.9 -7.5  -27.6 0.8 -20.4 0.4 -6.6 -15.5 -11.2 -3.2 -9.4 -2.2 -11.3 -22.2 

150  -23.8 -23.7  -10.4 -6.8 -6.7 -6.9 -7.1 -6.8 -11.1 -5.6 -7.8 -8.1 -7.1 -10.3  -27.3 0.7 -19.8 0.0 -6.8 -15.8 -11.9 -2.6 -10.2 -2.3 -12.0 -22.5 

180  -24.6 -19.1  -10.9 -8.6 -8.0 -7.7 -7.6 -6.9 -10.4 -7.3 -9.6 -9.4 -7.9 -13.1  -22.1 0.4 -15.2 -0.3 -7.5 -17.3 -10.5 -2.5 -8.9 -2.2 -15.0 -23.2 

210  -24.2 -17.4  -10.2 -9.9 -8.5 -8.2 -8.5 -9.3 -7.9 -8.6 -9.8 -9.7 -8.7 -10.9  -20.5 0.5 -14.2 -0.4 -8.0 -18.1 -8.7 -2.8 -7.5 -2.8 -15.9 -22.5 

240  -20.6 -20.5  -9.2 -10.5 -8.5 -8.2 -8.9 -10.9 -6.6 -8.6 -8.9 -9.2 -9.0 -7.0  -21.5 1.0 -16.4 -0.3 -8.2 -17.5 -6.8 -4.1 -6.3 -4.1 -14.6 -21.8 

270  -21.3 -25.4  -8.0 -9.0 -8.5 -7.7 -8.0 -10.1 -7.2 -7.7 -7.9 -8.3 -8.4 -5.0  -21.2 1.4 -18.3 0.0 -8.6 -17.5 -4.8 -6.4 -5.1 -5.2 -14.0 -21.7 

300  -24.5 -23.8  -6.6 -8.0 -8.0 -7.2 -7.4 -9.8 -7.1 -7.2 -7.5 -7.8 -8.1 -4.2  -20.4 1.6 -20.0 0.1 -9.1 -17.5 -3.2 -9.3 -4.2 -6.5 -14.7 -21.8 

330  -23.4 -20.0  -5.9 -10.3 -8.1 -7.5 -8.0 -10.9 -6.3 -8.5 -8.6 -8.8 -8.9 -6.1  -20.2 1.2 -19.4 -0.1 -8.8 -18.2 -3.2 -10.7 -3.8 -6.8 -15.8 -23.0 

 



B-34 

 

 
Stacked (TYR R1=3.5 Å, α=120°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -16.2 -18.0 -18.8 -17.8 -16.3 -15.6 -15.9 

1.0 -17.9 -20.0 -21.3 -21.1 -19.8 -18.6 -18.0 

0.5 -20.3 -22.1 -23.5 -24.3 -23.8 -22.1 -19.9 

0 -23.1 -23.9 -24.6 -25.8 -26.1 -24.0 -20.4 

-0.5 -24.4 -24.1 -23.8 -24.8 -25.3 -23.3 -19.5 

-1.0 -23.7 -23.2 -22.6 -22.9 -22.9 -21.2 -18.0 

-1.5 -21.9 -22.2 -22.0 -21.6 -20.5 -18.8 -16.5 

 
 

Amino Acid Edge T-shaped (θ=F, R1=4.9 Å, α=60°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 

2.5 -1.1 -3.4 -3.8 -3.1 -2.6 -3.1 -4.4 -6.0 -7.3 -8.0 

2.0 -1.4 -3.8 -4.6 -4.8 -5.2 -6.1 -7.0 -8.1 -9.2 -9.8 

1.5 -3.3 -4.3 -4.7 -5.7 -7.2 -8.2 -8.6 -9.2 -10.2 -10.7 

1.0 -4.8 -4.2 -4.5 -6.5 -8.8 -9.9 -9.9 -10.2 -10.8 -10.7 

0.5 -5.3 -4.3 -5.0 -7.8 -10.6 -11.8 -11.8 -11.7 -11.3 -10.1 

0 -5.6 -5.2 -6.6 -9.4 -12.1 -13.5 -13.8 -13.1 -11.2 -8.6 

-0.5 -6.5 -6.9 -8.2 -10.2 -12.2 -13.9 -14.5 -13.1 -9.8 -6.3 

-1.0 -7.6 -8.4 -9.2 -10.0 -11.4 -13.2 -13.7 -11.6 -7.6 -3.9 

-1.5 -8.3 -9.1 -9.5 -9.8 -10.8 -12.1 -12.1 -9.6 -5.6 -2.3 

-2.0 -8.3 -9.2 -9.7 -10.0 -10.7 -11.3 -10.5 -7.9 -4.4 -1.8 

-2.5 -7.8 -8.9 -9.6 -10.1 -10.5 -10.4 -9.0 -6.5 -3.8 -1.8 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.4 Å, α=120°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -6.6 -10.5 -15.0 -18.8 -20.5 -19.2 -15.2 -10.6 -6.9 -4.4 -2.7 

2.5 -6.4 -10.9 -16.2 -21.0 -23.4 -22.3 -18.1 -13.2 -9.2 -6.4 -4.5 

2.0 -6.0 -10.7 -16.3 -21.5 -24.2 -23.5 -20.1 -16.0 -12.3 -9.3 -7.0 

1.5 -6.0 -10.7 -16.3 -21.3 -24.0 -23.8 -21.8 -19.0 -15.9 -12.8 -9.9 

1.0 -6.9 -11.6 -17.0 -21.8 -24.6 -25.1 -24.0 -22.1 -19.4 -16.1 -12.7 

0.5 -7.8 -12.7 -18.0 -22.7 -25.7 -26.8 -26.3 -24.6 -22.1 -18.8 -15.0 

0 -8.1 -13.2 -18.4 -22.8 -26.0 -27.6 -27.5 -26.1 -23.7 -20.4 -16.5 

-0.5 -7.4 -12.7 -17.7 -21.7 -24.9 -26.9 -27.4 -26.3 -24.0 -20.8 -16.7 

-1.0 -6.0 -11.4 -16.1 -19.9 -22.8 -25.1 -26.1 -25.3 -23.0 -19.6 -15.7 

-1.5 -4.1 -9.1 -13.7 -17.2 -20.0 -22.3 -23.5 -23.0 -20.7 -17.4 -13.7 

-2.0 -1.8 -6.0 -10.1 -13.5 -16.3 -18.6 -19.8 -19.5 -17.5 -14.5 -11.3 

-2.5 0.4 -2.7 -6.2 -9.4 -12.2 -14.4 -15.6 -15.4 -13.8 -11.4 -8.7 

-3.0 1.6 -0.4 -3.0 -5.8 -8.4 -10.4 -11.5 -11.4 -10.2 -8.4 -6.4 



B-35 

 

Thymine–Tryptophan Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TRP' TRP R1 1 2 3 A B C D E F G R1 1 2 3 4 5 6 A B C D E F 

3.2 -32.4  4.6    -5.5       2.0 -18.0  -12.4   -3.1       

3.3 -33.4 -29.7 4.7    -8.3       2.1 -21.4  -17.0   -11.5       

3.4 -32.9 -31.0 4.8    -9.7   -9.7    2.2 -22.9  -19.5   -16.9      -20.2 

3.5  -30.9 4.9    -10.2   -11.4    2.3 -23.2  -20.5   -20.1      -25.3 

   5.0    -10.1 -0.4  -12.1    2.4 -22.6  -20.6   -21.8      -28.1 

   5.1    -9.7 -4.9  -12.1 -4.9  -8.7 2.5 -21.5  -20.0   -22.3  9.4 13.1  -18.0 -29.2 

   5.2    -9.0 -7.5  -11.8 -7.5  -9.8 2.6 -20.1  -19.1   -22.1  1.6 5.5  -19.2 -29.1 

   5.3     -8.9 -12.2 -11.2 -8.8  -10.1 2.7 -18.6  -17.9   -21.5  -3.4 0.5  -19.5 -28.2 

   5.4     -9.5 -13.5 -10.4 -9.4  -10.0 2.8 -17.0  -16.6   -20.5  -6.4 -2.6  -19.2 -26.9 

   5.5     -9.5 -13.9  -9.5 -5.6 -9.6 2.9 -15.4  -15.2   -19.4  -8.1 -4.4  -18.5 -25.4 

   5.6  -5.6 -6.0  -9.2 -13.7  -9.2 -8.1 -8.9 3.0 -13.8 2.9 -13.9 0.6 -7.1 -18.1 -5.7 -8.8 -5.4 -6.4 -17.7 -23.7 

   5.7 -6.7 -7.2 -7.4   -13.2  -8.7 -9.5 -8.2 3.1  2.1  0.0 -10.0  -6.0 -9.0 -5.7 -7.0 -16.6 -22.0 

   5.8 -8.2 -7.9 -8.1   -12.4   -10.0  3.2  1.7  -0.3 -11.6  -5.9 -8.7 -5.6 -7.1 -15.6 -20.3 

   5.9 -8.9 -8.2 -8.2   -11.5   -9.9  3.3  1.5  -0.3 -12.3  -5.5 -8.2 -5.3 -6.9 -14.5  

   6.0 -9.1 -8.1 -8.0      -9.6  3.4  1.5  -0.2 -12.3  -5.1 -7.6 -4.9 -6.4 -13.4  

   6.1 -8.9 -7.8 -7.7      -9.0  3.5  1.5  0.0 -12.0  -4.5 -6.9 -4.4 -5.9 -12.4  

   6.2 -8.6 -7.3 -7.2        3.6  1.6  0.2 -11.4  -4.0   -5.3   

   6.3 -8.1          3.7  1.6  0.4 -10.7  -3.5   -4.7   

              3.8  1.7  0.5 -9.9  -3.0   -4.2   

              3.9  1.8  0.7 -9.1  -2.5   -3.7   

              4.0  1.9  0.9 -8.4  -2.1   -3.2   

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  TRP' TRP  1 2 3 A B C D E F G  1 2 3 4 5 6 A B C D E F 

0  -33.4 -31.0  -9.1 -8.2 -8.2 -10.2 -9.5 -13.9 -12.1 -9.5 -10.0 -10.1  -23.2 1.5 -20.6 -0.3 -12.3 -22.3 -6.0 -9.0 -5.7 -7.1 -19.5 -29.2 

30  -28.9 -36.0  -8.4 -8.9 -8.8 -11.7 -11.2 -11.6 -11.5 -10.5 -10.2 -11.0  -22.4 0.6 -15.3 -0.5 -11.3 -23.1 -9.2 -7.4 -7.0 -4.3 -21.0 -33.8 

60  -25.1 -34.9  -7.0 -9.1 -9.0 -12.0 -12.0 -7.7 -9.7 -10.8 -9.5 -9.7  -24.8 0.0 -15.4 -0.6 -10.5 -23.2 -13.1 -6.6 -9.7 -3.3 -21.8 -36.1 

90  -19.7 -31.6  -5.4 -8.2 -9.1 -10.8 -9.7 -7.1 -8.7 -9.3 -8.5 -10.8  -29.7 0.0 -19.3 -0.3 -9.7 -21.5 -16.4 -5.3 -12.7 -2.7 -19.6 -35.0 

120  -21.8 -25.6  -4.2 -7.6 -8.7 -10.1 -8.2 -5.7 -7.6 -8.3 -8.1 -10.1  -32.0 0.4 -22.2 0.1 -9.5 -20.0 -16.9 -4.4 -13.3 -2.5 -16.4 -32.0 

150  -31.8 -23.3  -4.5 -8.1 -8.8 -12.8 -9.9 -5.7 -8.5 -9.8 -9.2 -10.6  -31.5 0.7 -24.1 0.4 -9.9 -20.3 -14.9 -4.6 -11.9 -3.0 -15.5 -28.8 

180  -36.4 -26.0  -5.9 -8.9 -9.0 -15.4 -11.4 -7.4 -10.2 -11.2 -10.6 -10.8  -27.2 0.7 -20.8 0.1 -10.6 -22.1 -11.9 -5.5 -9.3 -3.4 -17.5 -29.9 

210  -30.8 -28.9  -7.6 -8.8 -9.2 -13.5 -10.3 -10.3 -11.3 -10.7 -10.3 -11.1  -23.1 0.6 -15.4 -0.6 -11.2 -22.9 -9.9 -6.7 -7.7 -3.9 -20.7 -33.5 

240  -28.7 -29.1  -8.6 -8.4 -8.7 -11.5 -8.5 -12.0 -11.1 -9.3 -9.1 -10.4  -21.3 0.8 -15.3 -1.0 -12.1 -23.8 -7.9 -9.3 -6.8 -6.4 -23.5 -35.2 

270  -27.0 -30.5  -8.4 -8.1 -7.3 -10.3 -9.8 -10.1 -9.7 -9.7 -7.6 -7.8  -19.0 1.4 -18.8 -0.9 -13.3 -24.5 -4.7 -12.1 -5.5 -9.1 -24.0 -34.2 

300  -27.5 -30.5  -8.0 -7.6 -6.3 -7.9 -9.2 -9.2 -8.9 -9.2 -7.0 -6.1  -18.6 2.0 -21.6 -0.5 -14.0 -23.4 -2.6 -12.8 -4.4 -9.8 -22.1 -31.3 

330  -33.4 -28.2  -8.6 -7.6 -7.0 -7.8 -9.0 -11.9 -10.5 -9.1 -8.2 -7.8  -21.4 2.1 -23.6 -0.2 -13.5 -22.8 -3.2 -11.5 -4.6 -9.5 -19.9 -28.1 

 



B-36 

 

 
Stacked (TRP' R1=3.3 Å, α=180°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -19.5 -17.7 -16.6 -18.3 -21.1 -23.0 -23.0 

1.0 -18.7 -19.0 -21.1 -24.2 -26.2 -27.2 -27.6 

0.5 -21.8 -24.4 -29.1 -32.0 -31.2 -29.7 -29.7 

0 -27.3 -30.5 -35.3 -36.4 -33.0 -29.5 -28.5 

-0.5 -30.4 -32.6 -35.7 -35.6 -32.1 -28.8 -27.1 

-1.0 -30.8 -32.1 -33.2 -32.9 -31.3 -29.5 -27.4 

-1.5 -31.1 -32.2 -32.0 -31.5 -31.2 -30.3 -27.4 

 
 

Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=180°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 

2.5 2.2 1.1 -4.5 -10.7 -14.7 -16.1 -16.0 -15.5 -14.2 -12.1 

2.0 -1.9 -3.5 -7.8 -12.6 -16.3 -18.2 -18.5 -17.6 -15.7 -13.0 

1.5 -3.9 -5.4 -8.8 -12.9 -16.8 -19.6 -20.5 -19.3 -16.7 -13.7 

1.0 -2.7 -3.5 -6.9 -11.5 -16.0 -19.5 -20.9 -19.7 -16.8 -13.8 

0.5 -0.7 -0.7 -4.4 -9.6 -14.3 -17.6 -18.9 -18.0 -15.6 -13.0 

0 -1.0 -1.0 -4.3 -8.9 -12.6 -14.7 -15.4 -14.9 -13.6 -11.9 

-0.5 -3.2 -3.9 -6.5 -9.6 -11.7 -12.4 -12.4 -12.4 -12.2 -11.5 

-1.0 -5.0 -6.4 -8.5 -10.5 -11.5 -11.4 -10.9 -11.1 -11.6 -11.5 

-1.5 -5.1 -7.0 -9.0 -10.7 -11.3 -10.9 -10.2 -10.3 -10.9 -11.3 

-2.0 -4.1 -6.0 -8.0 -9.7 -10.3 -10.0 -9.4 -9.2 -9.6 -10.4 

-2.5 -2.5 -4.1 -5.9 -7.4 -8.3 -8.4 -8.2 -8.0 -8.2 -9.5 

 
 

Nucleobase Edge T-shaped (θ=F, R1=2.5 Å, α=60°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

2.5 -17.1 -19.5 -20.7 -20.9 -19.9 -18.1 -15.7 -12.9 -9.7 -6.5 -3.6 -1.4 0.3 

2.0 -19.8 -22.1 -23.6 -24.2 -23.5 -21.9 -19.8 -17.4 -14.3 -10.7 -7.2 -4.0 -1.5 

1.5 -21.7 -24.1 -25.8 -26.5 -25.8 -24.5 -23.4 -21.9 -19.2 -15.5 -11.4 -7.4 -3.9 

1.0 -23.2 -25.8 -27.5 -27.9 -27.4 -27.0 -27.2 -26.4 -23.7 -19.9 -15.5 -10.8 -6.5 

0.5 -23.8 -26.6 -28.3 -28.7 -29.1 -30.5 -31.9 -30.9 -27.4 -23.1 -18.7 -13.9 -9.2 

0 -23.1 -26.0 -27.8 -28.8 -30.7 -34.0 -36.1 -34.3 -29.9 -25.4 -21.4 -16.7 -11.9 

-0.5 -20.9 -23.8 -26.0 -27.8 -30.9 -34.9 -37.0 -35.0 -30.8 -27.2 -23.7 -18.9 -13.8 

-1.0 -17.8 -20.7 -23.2 -25.6 -28.7 -32.2 -33.9 -32.7 -30.0 -27.6 -24.4 -19.5 -14.3 

-1.5 -14.4 -17.3 -19.9 -22.3 -25.0 -27.6 -29.0 -28.7 -27.4 -25.7 -22.5 -18.0 -13.6 

-2.0 -11.1 -13.7 -16.2 -18.4 -20.6 -22.7 -24.2 -24.6 -23.8 -22.1 -19.3 -15.8 -12.9 

-2.5 -8.3 -10.4 -12.5 -14.4 -16.3 -18.2 -19.7 -20.4 -19.9 -18.4 -16.2 -14.0 -12.4 

 
 



B-37 

 

Uracil–Histidine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 HIS' HIS R1 1 2 3 4 5 A B C D E R1 1 2 3 4 5 6 A B C D E F 

3.3 -15.1 -9.1 3.9   -8.4   18.0 7.6 -4.5   2.0 -22.4  -6.3  6.6 -4.9       

3.4 -16.0 -10.3 4.0 9.3  -11.8   8.1 -0.7 -10.3 2.7 12.3 2.1 -25.5  -10.8  1.1 -9.5       

3.5 -15.9 -10.6 4.1 2.6  -13.6   1.6 -6.1 -13.8 2.7 4.7 2.2 -26.8  -13.3  -2.4 -12.2      -11.5 

3.6 -15.3 -10.3 4.2 -1.8  -14.5   -2.5 -9.2 -15.6 -5.3 -0.2 2.3 -26.9  -14.5  -4.4 -13.6     1.7 -17.2 

   4.3 -4.6 -4.0 -14.6   -4.9 -10.9 -16.3 -6.9 -3.3 2.4 -26.2  -14.8  -5.5 -14.0     -3.9 -20.4 

   4.4 -6.2 -7.0 -14.2 3.6 3.1 -6.2 -11.6 -16.2 -7.6 -5.0 2.5 -25.1  -14.5  -5.9 -13.9     -7.3 -21.8 

   4.5 -6.9 -8.8 -13.6 0.8 0.1 -6.7 -11.6 -15.7 -7.8 -5.8 2.6 -23.6  -13.9  -5.9 -13.3 -4.5 10.0 1.2  -9.3 -22.1 

   4.6 -7.1 -9.7 -12.8 -1.0 -1.8 -6.8 -11.3 -14.9 -7.5 -6.0 2.7 -22.1  -13.0  -5.6 -12.6 -8.7 5.1 -3.4  -10.2 -21.7 

   4.7 -7.0 -10.0 -11.9 -2.1 -2.9 -6.5 -10.7 -14.0 -7.1 -5.9 2.8 -20.5  -12.0  -5.1 -11.8 -11.2 2.0 -6.1  -10.4 -20.7 

   4.8 -6.7 -10.0 -11.0 -2.6 -3.4 -6.0 -10.0 -13.1 -6.5 -5.5 2.9 -18.9  -11.0  -4.6 -10.9 -12.4 0.1 -7.7  -10.2 -19.5 

   4.9 -6.2 -9.7 -10.1 -2.8 -3.6 -5.5 -9.2 -12.1 -5.9 -5.1 3.0 -17.5  -10.0  -4.1 -10.0 -12.9 -1.0 -8.4 4.0 -9.7 -18.2 

   5.0 -5.7 -9.3  -2.8 -3.6    -5.3 -4.6 3.1       -12.8 -1.5 -8.5 3.1 -9.1 -16.9 

   5.1  -8.8  -2.7 -3.4      3.2       -12.4 -1.6 -8.3 2.5 -8.3 -15.5 

   5.2  -8.3  -2.5 -3.2      3.3       -11.8 -1.5 -7.9 2.2 -7.6  

   5.3  -7.7  -2.2 -2.9      3.4       -11.1 -1.4 -7.4 2.1   

   5.4    -1.9 -2.5      3.5       -10.4 -1.1 -6.9 2.0   

              3.6       -9.6 -0.9 -6.3 2.0   

              3.7          2.1   

              3.8          2.1   

              3.9          2.2   

              4.0          2.2   

              …             

              5.0  0.2  1.1         

              5.1  0.2  1.1         

              5.2  0.2  1.0         

              5.3  0.2  1.0         

              5.4  0.2  1.0         

              5.5  0.2  1.0         

              5.6  0.2  0.9         

              5.7  0.2  0.9         

              5.8  0.1  0.9         

              5.9  0.1  0.8         

              6.0  0.1  0.8         

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  HIS' HIS  1 2 3 4 5 A B C D E  1 2 3 4 5 6 A B C D E F 

0  -16.0 -10.6  -7.1 -10.0 -14.6 -2.8 -3.6 -6.8 -11.6 -16.3 -7.8 -6.0  -26.9  -14.8  -5.9 -14.0 -12.9 -1.6 -8.5 2.0 -10.4 -22.1 

30  -18.9 -8.7  -7.6 -7.4 -15.2 -4.7 -5.9 -8.4 -10.8 -14.1 -9.2 -8.3  -21.5  -16.8  -10.9 -14.8 -5.1 -6.1 -4.0 -2.4 -11.5 -20.6 

60  -21.3 -10.9  -7.2 -4.3 -14.5 -6.7 -7.2 -9.3 -9.6 -10.4 -10.2 -9.8  -17.3  -18.5  -15.0 -15.5 1.1 -9.7 -0.6 -6.4 -13.2 -19.3 

90  -24.4 -15.6  -5.9 -2.2 -12.5 -7.8 -6.9 -8.3 -7.1 -6.8 -10.3 -9.3  -13.8  -19.0  -18.3 -16.6 5.2 -11.6 1.6 -9.2 -15.5 -18.9 

120  -24.9 -20.0  -4.8 -0.7 -10.9 -8.5 -6.5 -7.3 -3.8 -4.2 -11.1 -8.8  -9.6  -16.2  -20.0 -18.1 7.5 -12.1 3.3 -10.6 -17.9 -20.1 

150  -20.7 -22.6  -5.1 0.0 -11.4 -8.9 -7.2 -8.5 -3.7 -4.7 -12.7 -10.0  -8.2  -12.8  -19.3 -19.0 6.6 -10.9 3.2 -9.9 -18.7 -21.3 

180  -14.6 -23.0  -6.3 -1.2 -13.3 -8.3 -8.0 -10.3 -5.7 -7.0 -13.3 -11.1  -13.4  -13.7  -16.3 -17.6 0.7 -7.7 -0.7 -6.8 -16.3 -19.9 

210  -10.4 -21.3  -7.4 -4.5 -14.8 -6.4 -7.5 -10.5 -7.9 -9.8 -11.9 -10.1  -20.9  -16.8  -12.3 -15.2 -7.0 -4.1 -6.3 -2.8 -12.6 -18.1 

240  -10.4 -18.6  -7.5 -7.5 -15.0 -4.5 -5.7 -10.0 -9.7 -11.6 -9.8 -8.1  -26.5  -19.4  -8.9 -13.1 -13.4 -1.5 -10.8 0.7 -9.6 -17.7 

270  -11.3 -16.1  -6.6 -8.7 -13.7 -3.4 -3.4 -7.5 -9.6 -11.6 -7.9 -5.3  -30.5  -20.5  -5.9 -11.9 -17.5 0.3 -13.2 3.3 -8.0 -19.0 

300  -10.9 -15.2  -5.8 -9.5 -12.6 -2.7 -1.7 -4.5 -9.2 -12.7 -6.5 -3.2  -32.6  -18.1  -3.1 -12.0 -19.9 1.7 -13.9 5.2 -8.2 -21.4 

330  -12.5 -14.1  -6.1 -10.4 -13.2 -2.3 -1.8 -4.7 -10.6 -15.1 -6.7 -3.8  -31.3  -14.7  -2.6 -13.1 -19.0 1.6 -12.6 5.0 -9.4 -22.8 

 



B-38 

 

Stacked (HIS' R1=3.4 Å, α=120°) 
Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -18.3 -18.9 -19.8 -20.9 -21.5 -20.8 -18.9 

1.0 -21.6 -22.0 -22.2 -23.3 -24.5 -24.0 -21.2 

0.5 -24.7 -24.7 -24.1 -25.1 -26.4 -25.5 -22.0 

0 -25.8 -25.6 -24.6 -24.9 -25.6 -24.2 -20.5 

-0.5 -24.3 -24.5 -24.0 -23.7 -23.1 -21.2 -18.0 

-1.0 -21.7 -23.1 -23.7 -23.0 -21.0 -18.6 -16.0 

-1.5 -19.7 -22.0 -23.4 -22.5 -19.6 -16.8 -14.5 

 
 

Amino Acid Edge T-shaped (θ=C, R1=4.3 Å, α=0°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

3.5 -3.9 -3.4 -2.8 -2.4 -2.5 -2.9 -3.4 -3.8 -4.0 

3.0 -7.1 -7.4 -7.7 -7.7 -7.7 -7.6 -7.4 -7.1 -6.5 

2.5 -9.7 -11.0 -12.2 -13.0 -12.9 -12.1 -10.9 -9.7 -8.4 

2.0 -11.0 -12.9 -15.0 -16.4 -16.2 -14.8 -12.9 -11.0 -9.2 

1.5 -11.5 -13.5 -16.0 -17.7 -17.7 -16.1 -13.8 -11.4 -9.0 

1.0 -12.3 -14.2 -16.5 -18.2 -18.4 -17.1 -14.6 -11.3 -8.0 

0.5 -14.0 -15.5 -17.0 -18.0 -18.2 -17.2 -14.4 -10.3 -6.1 

0 -15.5 -16.4 -16.6 -16.5 -16.3 -15.2 -12.3 -7.9 -3.5 

-0.5 -16.0 -16.3 -15.8 -15.0 -14.1 -12.5 -9.4 -5.3 -1.5 

-1.0 -15.7 -15.9 -15.8 -15.1 -13.7 -11.3 -8.0 -4.4 -1.3 

-1.5 -15.1 -15.7 -16.1 -15.8 -14.1 -11.2 -7.9 -4.9 -2.4 

-2.0 -14.1 -14.8 -15.3 -15.0 -13.3 -10.6 -7.7 -5.3 -3.6 

-2.5 -12.1 -12.9 -13.1 -12.5 -11.2 -9.2 -7.2 -5.7 -4.8 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=300°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.0 -12.3 -16.6 -21.3 -25.7 -29.3 -31.0 -29.9 -25.2 -17.8 

1.5 -14.3 -19.2 -24.3 -28.9 -32.4 -34.2 -33.2 -28.7 -20.9 

1.0 -15.7 -21.2 -26.6 -30.9 -33.6 -34.7 -33.5 -29.0 -21.4 

0.5 -16.2 -22.1 -27.5 -31.5 -33.5 -33.6 -31.6 -26.9 -19.7 

0 -15.2 -21.4 -26.8 -30.7 -32.6 -32.3 -29.7 -24.7 -18.0 

-0.5 -13.1 -19.2 -24.8 -28.9 -31.2 -31.1 -28.3 -23.3 -17.2 

-1.0 -10.7 -16.4 -21.7 -25.9 -28.4 -28.6 -26.2 -21.8 -16.6 

-1.5 -8.3 -13.3 -18.0 -21.6 -23.8 -24.2 -22.5 -19.2 -15.2 

-2.0 -6.2 -10.2 -13.9 -16.7 -18.2 -18.5 -17.5 -15.4 -12.7 



B-39 

 

Uracil–Phenylalanine Dimers 
 
 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 PHE R1 1 A R1 1 2 3 4 5 6 A B C D E F 

3.3 -16.4 4.4  5.4 2.0 -19.6  -11.3  -3.9 -10.5       

3.4 -18.2 4.5  -0.7 2.1 -22.8  -15.5  -8.5 -14.4       

3.5 -18.7 4.6  -4.5 2.2 -24.4  -17.9  -11.3 -16.7      -7.9 

3.6 -18.4 4.7 -3.2 -6.7 2.3 -24.7  -18.9  -12.8 -17.7     2.0 -15.1 

  4.8 -5.1 -7.9 2.4 -24.2  -19.0  -13.4 -18.0     -5.1 -19.5 

  4.9 -6.2 -8.3 2.5 -23.2  -18.6  -13.4 -17.7     -9.6 -21.8 

  5.0 -6.7 -8.3 2.6 -23.2  -17.7  -13.0 -17.0 4.9 7.5 7.1  -12.3 -22.8 

  5.1 -6.8 -8.0 2.7 -20.5  -16.6  -12.4 -16.1 -0.4 1.8 1.6  -13.7 -22.7 

  5.2 -6.7 -7.6 2.8 -19.0  -15.4  -11.6 -15.1 -3.8 -1.7 -1.9  -14.2 -22.1 

  5.3 -6.4 -7.0 2.9 -17.4  -14.1  -10.8 -14.0 -5.7 -3.9 -4.0  -14.1 -21.0 

  5.4 -6.0 -6.4 3.0 -16.0  -12.9  -10.0 -13.0 -6.8 -5.1 -5.1 -1.6 -13.7 -19.8 

  5.5 -5.5  3.1       -7.1 -5.6 -5.6 -2.6 -13.0 -18.4 

  5.6 -5.1  3.2       -7.1 -5.7 -5.7 -3.1 -12.2 -17.0 

     3.3       -6.8 -5.6 -5.5 -3.3 -11.3  

     3.4       -6.3 -5.2 -5.2 -3.2   

     3.5       -5.8 -4.8 -4.7 -3.0   

     3.6       -5.3 -4.4 -4.3 -2.8   

     3.7          -2.5   

     3.8          -2.2   

     3.9          -2.0   

     4.0          -1.7   

     …             
     5.0  1.1  1.2         

     5.1  1.0  1.2         

     5.2  1.0  1.2         

     5.3  1.0  1.1         

     5.4  0.9  1.1         

     5.5  0.9  1.1         

     5.6  0.9  1.0         

     5.7  0.8  1.0         

     5.8  0.8  1.0         

     5.9  0.8  0.9         

     6.0  0.7  0.9         

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  PHE  1 A  1 2 3 4 5 6 A B C D E F 

0  -18.7  -6.8 -8.3  -24.7  -19.0  -13.4 -18.0 -7.1 -5.7 -5.7 -3.3 -14.2 -22.8 

30  -18.7  -7.4 -8.8  -24.7  -19.1  -13.4 -18.0 -7.2 -5.8 -5.7 -3.3 -14.3 -22.8 

60    -7.2 -8.4              

90    -6.3 -7.0              

120    -5.6 -6.0              

150    -5.9 -7.0              

 



B-40 

 

 
Stacked (R1=3.5 Å, α=0°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -12.3 -13.1 -14.0 -14.8 -15.1 -14.8 -13.9 

1.0 -15.3 -15.6 -16.1 -17.2 -18.2 -18.0 -16.3 

0.5 -18.4 -17.9 -17.6 -18.7 -20.1 -19.8 -17.4 

0 -19.8 -18.9 -18.0 -18.7 -19.8 -19.3 -16.8 

-0.5 -19.5 -18.9 -18.1 -18.3 -18.5 -17.6 -15.4 

-1.0 -18.6 -19.1 -19.1 -18.7 -17.7 -16.1 -14.2 

-1.5 -17.9 -19.4 -20.0 -19.2 -17.2 -15.0 -13.1 

 
 

 Amino Acid Edge T-shaped (θ=A, R1=4.9 Å, α=30°) 
Y ↓ 
X → 

-2.5  -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -4.4 -5.2 -5.8 -6.6 -7.4 -7.8 -7.6 -6.9 -6.0 -4.9 

2.0 -4.3 -5.2 -6.3 -7.3 -8.1 -8.4 -8.2 -7.7 -7.0 -6.0 

1.5 -4.2 -5.2 -6.7 -8.0 -8.7 -8.7 -8.6 -8.6 -8.1 -7.1 

1.0 -4.1 -5.4 -7.2 -8.6 -9.1 -9.0 -9.1 -9.4 -9.1 -7.9 

0.5 -4.2 -5.7 -7.4 -8.6 -9.0 -9.0 -9.4 -9.7 -9.4 -8.3 

0 -4.4 -5.7 -7.0 -7.8 -8.3 -8.8 -9.3 -9.4 -9.1 -8.2 

-0.5 -4.3 -5.3 -6.0 -6.6 -7.7 -8.7 -9.2 -9.2 -8.8 -8.2 

-1.0 -4.1 -4.7 -5.2 -6.0 -7.5 -8.9 -9.3 -9.1 -8.7 -8.2 

-1.5 -3.6 -4.2 -4.7 -5.8 -7.3 -8.5 -8.8 -8.6 -8.2 -7.8 

-2.0 -3.1 -3.6 -4.3 -5.2 -6.3 -7.1 -7.4 -7.3 -7.1 -6.7 

-2.5 -2.5 -3.0 -3.7 -4.3 -4.9 -5.4 -5.7 -5.9 -5.9 -5.7 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.3 Å, α=30°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 1.4 -0.9 -3.0 -4.2 -4.9 -5.9 -6.8 -7.0 -6.3 

2.0 -1.6 -5.1 -8.0 -9.1 -9.3 -9.9 -10.5 -10.2 -8.9 

1.5 -4.6 -8.6 -12.0 -13.5 -13.9 -14.3 -14.4 -13.6 -11.6 

1.0 -7.3 -11.1 -14.7 -17.1 -18.2 -18.7 -18.4 -16.9 -14.4 

0.5 -10.1 -13.7 -17.3 -20.3 -22.1 -22.6 -21.8 -19.8 -16.8 

0 -12.6 -16.2 -19.9 -23.0 -24.7 -24.9 -23.7 -21.4 -18.3 

-0.5 -13.9 -17.6 -21.3 -24.1 -25.3 -25.1 -23.7 -21.5 -18.5 

-1.0 -13.8 -17.6 -21.0 -23.3 -24.2 -23.9 -22.7 -20.7 -17.7 

-1.5 -12.7 -16.3 -19.4 -21.4 -22.1 -22.1 -21.3 -19.3 -16.4 

-2.0 -10.8 -14.0 -16.8 -18.6 -19.4 -19.6 -19.0 -17.2 -14.5 

-2.5 -8.5 -11.2 -13.5 -15.1 -16.0 -16.3 -15.8 -14.3 -12.1 



B-41 

 

Uracil–Tyrosine Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TYR' TYR R1 1 2 3 4 5 6 A B C D E F R1 1 2 3 4 5 6 A B C D E F 

3.3 -14.8 -14.4 4.2  6.7           2.0 -13.7  -2.1  1.8 -8.4       

3.4 -17.1 -16.7 4.3  -0.7    0.9       2.1 -18.2  -8.3  -4.3 -13.3       

3.5 -18.0 -17.7 4.4  -5.5    -3.9      9.1 2.2 -20.6  -12.1  -8.3 -16.1      -15.6 

3.6 -17.9 -17.7 4.5  -8.5    -6.9      1.2 2.3 -21.6  -14.2  -10.6 -17.6     -6.6 -20.9 

   4.6  -10.2    -8.7 6.3 4.3    -3.8 2.4 -21.6  -15.1  -11.8 -18.1     -11.6 -23.8 

   4.7  -10.9    -9.5 1.3 -1.4   -5.1 -6.8 2.5 -21.0  -15.2  -12.2 -18.0     -14.5 -25.0 

   4.8  -11.0 2.2  2.1 -9.8 -1.9 -5.0 8.1  -7.2 -8.5 2.6 -20.0  -14.8  -12.2 -17.4 7.2 -2.0 9.6  -16.0 -25.1 

   4.9 5.1 -10.8 -2.2  -2.2 -9.7 -3.8 -7.2 1.0 0.8 -8.3 -9.2 2.7 -18.8  -14.1  -11.7 -16.5 1.9 -5.9 4.2  -16.5 -24.5 

   5.0 0.3 -10.3 -4.9 3.5 -4.9 -9.3 -4.8 -8.3 -3.6 -3.6 -8.7 -9.3 2.8 -17.5  -13.2  -11.1 -15.5 -1.5 -8.1 0.7  -16.3 -23.4 

   5.1 -2.6 -9.6 -6.5 -1.0 -6.5 -8.8 -5.2 -8.7 -6.4 -6.3 -8.7 -9.1 2.9 -16.2  -12.2  -10.4 -14.5 -3.5 -9.2 -1.5  -15.8 -22.0 

   5.2 -4.3 -8.9 -7.4 -4.0 -7.3 -8.2 -5.2 -8.7 -7.9 -7.8 -8.4 -8.6 3.0 -14.8  -11.1  -9.6 -13.4 -4.6 -9.5 -2.8 -6.4 -14.9 -20.5 

   5.3 -5.2  -7.7 -5.7 -7.6 -7.6 -5.0 -8.5 -8.6 -8.4 -8.0 -8.1 3.1       -5.1 -9.4 -3.4 -6.6 -14.0 -18.9 

   5.4 -5.4  -7.7 -6.7 -7.6  -4.6 -8.0 -8.7 -8.6 -7.4 -7.4 3.2       -5.2 -8.9 -3.6 -6.5 -13.0 -17.4 

   5.5 -5.3  -7.4 -7.1 -7.3  -4.2 -7.5 -8.5 -8.4 -6.9  3.3       -5.1 -8.3 -3.6 -6.2 -12.0  

   5.6 -5.0  -7.0 -7.1 -6.9  -3.8 -6.9 -8.1 -8.0 -6.3  3.4       -4.8 -7.6 -3.4 -5.7   

   5.7 -4.6  -6.6 -6.9 -6.5    -7.6 -7.4 -5.7  3.5       -4.4 -6.9 -3.1 -5.2   

   5.8 -4.1  -6.1 -6.6 -6.0    -7.0 -6.9   3.6       -4.0 -6.1 -2.8 -4.6   

   5.9 -3.7   -6.2      -6.3   3.7          -4.1   

   6.0    -5.7         3.8          -3.6   

                3.9          -3.2   

                …             
                5.0  0.8  1.1         

                5.1  0.8  1.1         

                5.2  0.8  1.0         

                5.3  0.8  1.0         

                5.4  0.8  1.0         

                5.5  0.8  1.0         

                5.6  0.8  0.9         

                5.7  0.7  0.9         

                5.8  0.7  0.9         

                5.9  0.7  0.9         

                6.0  0.7  0.8         

 
 

  Stacked  Amino Acid Edge T-shaped Nucleobase Edge T-shaped 

  TYR' TYR  1 2 3 4 5 6 A B C D E F  1 2 3 4 5 6 A B C D E F 

0  -18.0 -17.7  -5.4 -11.0 -7.7 -7.1 -7.6 -9.8 -5.2 -8.7 -8.7 -8.6 -8.7 -9.3  -21.6  -15.2  -12.2 -18.1 -5.2 -9.5 -3.6 -6.6 -16.5 -25.1 

30  -16.6 -22.5  -7.2 -11.1 -8.3 -7.6 -7.7 -8.2 -6.3 -8.6 -9.2 -8.8 -8.0 -12.6  -23.0  -14.5  -10.7 -17.9 -6.9 -8.2 -4.1 -5.0 -15.5 -25.2 

60  -18.0 -23.9  -8.6 -10.1 -7.7 -7.2 -7.2 -6.8 -8.1 -7.3 -8.7 -8.2 -6.8 -13.1  -24.0  -16.7  -11.1 -17.0 -8.0 -6.5 -5.4 -3.3 -13.8 -23.8 

90  -19.3 -24.0  -8.9 -8.2 -5.8 -6.1 -6.4 -6.8 -8.8 -5.1 -7.0 -6.9 -5.8 -9.3  -25.6  -18.7  -11.1 -16.0 -9.6 -4.7 -7.4 -1.5 -12.5 -22.8 

120  -22.5 -25.2  -9.1 -5.3 -4.5 -5.3 -5.8 -6.6 -8.6 -3.4 -5.7 -6.0 -5.4 -6.7  -27.8  -20.6  -10.6 -15.0 -11.5 -3.4 -9.5 -0.3 -12.1 -22.2 

150  -23.8 -21.9  -9.9 -5.3 -5.2 -5.6 -5.9 -5.9 -8.8 -4.0 -6.5 -6.7 -5.9 -8.7  -27.7  -20.0  -10.7 -15.1 -12.2 -2.8 -10.2 -0.5 -13.4 -22.5 

180  -24.3 -17.2  -10.8 -7.4 -6.8 -6.6 -6.6 -5.8 -8.0 -5.8 -8.1 -8.0 -6.8 -11.7  -22.5  -15.3  -12.0 -16.9 -10.8 -2.7 -8.8 -1.8 -16.0 -23.2 

210  -22.1 -14.6  -10.7 -9.9 -7.8 -7.4 -7.7 -7.4 -6.2 -7.5 -8.7 -8.8 -7.9 -10.8  -21.0  -14.4  -13.1 -17.7 -9.0 -3.0 -7.4 -2.9 -16.6 -22.7 

240  -17.3 -17.1  -9.8 -10.7 -7.8 -7.4 -7.9 -8.5 -5.4 -7.9 -8.5 -8.8 -8.7 -7.8  -21.8  -16.4  -13.7 -17.3 -7.2 -4.2 -6.2 -3.6 -15.6 -22.0 

270  -17.9 -21.6  -7.7 -8.0 -7.2 -6.6 -6.7 -8.1 -5.8 -6.9 -7.4 -7.6 -7.8 -5.6  -21.6  -18.3  -14.7 -17.2 -5.1 -6.5 -5.0 -5.1 -15.0 -21.9 

300  -21.8 -20.9  -5.0 -6.3 -6.6 -5.9 -5.9 -8.4 -5.8 -6.2 -6.7 -6.5 -7.0 -4.8  -20.7  -20.0  -15.9 -17.2 -3.5 -9.4 -4.1 -7.4 -15.1 -22.0 

330  -22.4 -17.5  -4.3 -8.1 -6.9 -6.2 -6.5 -9.5 -5.4 -7.4 -7.5 -7.4 -8.0 -6.4  -20.5  -19.5  -15.5 -17.5 -3.4 -10.8 -3.6 -8.4 -15.9 -23.2 

 



B-42 

 

 
Stacked (TYR' R1=3.5 Å, α=180°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -15.3 -16.3 -17.3 -18.2 -18.5 -17.9 -16.3 

1.0 -17.9 -18.4 -18.9 -19.9 -20.7 -20.4 -18.3 

0.5 -20.5 -20.7 -20.9 -22.2 -23.5 -23.1 -20.5 

0 -22.8 -22.8 -22.9 -24.3 -25.7 -25.1 -21.8 

-0.5 -23.4 -23.4 -23.3 -24.4 -25.5 -24.6 -21.4 

-1.0 -22.0 -22.6 -22.7 -23.2 -23.4 -22.1 -19.4 

-1.5 -20.3 -21.8 -22.5 -22.3 -21.2 -19.5 -17.4 

 
 

 Amino Acid Edge T-shaped (θ=F, R1=5.0 Å, α=60°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -2.3 -2.2 -2.5 -3.3 -4.3 -5.5 -6.7 -7.6 -7.6 -6.9 

2.0 -2.8 -3.7 -5.1 -6.2 -6.9 -7.5 -8.4 -9.1 -8.9 -7.8 

1.5 -2.7 -4.6 -7.0 -8.3 -8.6 -8.8 -9.4 -9.9 -9.3 -7.9 

1.0 -2.6 -5.3 -8.3 -9.9 -10.2 -10.2 -10.4 -10.1 -9.0 -7.2 

0.5 -3.4 -6.4 -9.6 -11.4 -12.0 -11.9 -11.2 -9.8 -7.9 -5.9 

0 -5.3 -7.8 -10.6 -12.5 -13.4 -13.1 -11.4 -8.7 -6.2 -4.3 

-0.5 -7.2 -8.8 -10.7 -12.6 -13.7 -12.9 -10.2 -6.8 -4.2 -2.6 

-1.0 -8.3 -9.1 -10.3 -11.9 -12.7 -11.5 -8.3 -4.8 -2.5 -1.4 

-1.5 -8.8 -9.2 -10.0 -11.1 -11.3 -9.7 -6.6 -3.5 -1.5 -0.7 

-2.0 -8.8 -9.3 -9.9 -10.4 -9.9 -8.0 -5.3 -2.8 -1.3 -0.7 

-2.5 -8.5 -9.2 -9.6 -9.5 -8.5 -6.7 -4.4 -2.5 -1.3 -0.8 

 
 

Nucleobase Edge T-shaped (θ=1, R1=2.4 Å, α=120°) 
Y ↓ 
X → 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 

3.0 -6.6 -10.5 -15.0 -18.9 -20.7 -19.4 -15.5 -10.7 -6.8 -4.1 -2.4 

2.5 -6.4 -10.8 -16.2 -21.0 -23.6 -22.5 -18.4 -13.3 -9.1 -6.2 -4.2 

2.0 -6.0 -10.7 -16.3 -21.5 -24.3 -23.7 -20.4 -16.1 -12.2 -9.1 -6.7 

1.5 -6.2 -10.8 -16.4 -21.4 -24.2 -24.1 -22.0 -19.1 -15.8 -12.6 -9.6 

1.0 -7.1 -11.8 -17.2 -22.0 -24.8 -25.3 -24.2 -22.2 -19.4 -16.0 -12.5 

0.5 -8.1 -13.0 -18.3 -23.0 -26.0 -27.1 -26.5 -24.8 -22.2 -18.8 -14.9 

0 -8.4 -13.6 -18.7 -23.2 -26.3 -27.8 -27.7 -26.3 -23.8 -20.5 -16.4 

-0.5 -7.7 -13.1 -18.1 -22.1 -25.2 -27.2 -27.7 -26.6 -24.2 -20.8 -16.7 

-1.0 -6.4 -11.8 -16.6 -20.3 -23.2 -25.5 -26.4 -25.6 -23.2 -19.7 -15.7 

-1.5 -4.5 -9.5 -14.1 -17.6 -20.4 -22.7 -23.9 -23.2 -20.9 -17.5 -13.7 

-2.0 -2.1 -6.4 -10.5 -13.9 -16.7 -19.0 -20.2 -19.8 -17.7 -14.6 -11.3 

-2.5 0.1 -3.0 -6.5 -9.7 -12.5 -14.7 -15.9 -15.7 -14.0 -11.4 -8.7 

-3.0 1.4 -0.6 -3.3 -6.1 -8.7 -10.7 -11.7 -11.6 -10.3 -8.4 -6.4 



B-43 

 

Uracil–Tryptophan Dimers 
 

 Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 
R1 TRP' TRP R1 1 2 3 A B C D E F G R1 1 2 3 4 5 6 A B C D E F 

3.2 -28.7 -21.7 4.4    11.5       2.0 -21.2  -11.9  -4.6 -11.7       

3.3 -30.1 -24.9 4.5    3.3       2.1 -24.6  -16.6  -10.4 -16.9       

3.4 -30.0 -26.2 4.6    -1.9   1.8    2.2 -26.1  -19.2  -14.0 -19.9      -20.7 

3.5 -28.8 -26.1 4.7    -5.2   -3.8    2.3 -26.3  -20.3  -16.0 -21.5     -13.0 -25.9 

3.6 -27.1 -25.3 4.8    -6.9 15.3  -7.3    2.4 -25.8  -20.4  -16.9 -22.0     -17.5 -28.6 

   4.9    -7.8 5.8  -9.2 5.6  0.0 2.5 -24.7  -19.9  -17.0 -21.8     -20.0 -29.6 

   5.0    -8.0 -0.5  -10.2 -0.4  -4.2 2.6 -23.3  -19.0  -16.7 -21.1 4.2 1.7 5.7  -21.1 -29.5 

   5.1    -7.8 -4.4 -2.0 -10.4 -4.3  -6.6 2.7 -21.7  -17.8  -16.0 -20.1 -0.7 -3.3 0.7  -21.2 -28.6 

   5.2    -7.3 -6.7 -7.1 -10.3 -6.6  -8.0 2.8 -20.1  -16.5  -15.1 -19.0 -3.8 -6.4 -2.5  -20.8 -27.3 

   5.3    -6.8 -8.0 -10.2 -9.8 -7.9 9.1 -8.5 2.9 -18.5  -15.2  -14.1 -17.8 -5.5 -8.1 -4.3  -20.0 -25.7 

   5.4  2.6 2.1 -6.1 -8.4 -11.8 -9.3 -8.4 1.7 -8.5 3.0 -16.9  -13.9  -13.1 -16.6 -6.3 -8.9 -5.2 -6.3 -18.9 -24.0 

   5.5 1.2 -1.6 -1.9  -8.4 -12.4 -8.6 -8.5 -3.0 -8.2 3.1       -6.6 -9.0 -5.6 -6.8 -17.7 -22.3 

   5.6 -2.9 -4.3 -4.5  -8.2 -12.4 -7.9 -8.3 -5.9 -7.7 3.2       -6.4 -8.8 -5.5 -6.9 -16.5 -20.6 

   5.7 -5.6 -5.9 -6.0  -7.7 -12.0  -7.9 -7.5 -7.1 3.3       -6.1 -8.3 -5.2 -6.7 -15.3  

   5.8 -7.1 -6.8 -6.7  -7.1 -11.3  -7.4 -8.2 -6.4 3.4       -5.6 -7.7 -4.8 -6.3   

   5.9 -7.9 -7.1 -7.0   -10.6  -6.8 -8.4 -5.8 3.5       -5.0 -7.0 -4.3 -5.8   

   6.0 -8.2 -7.1 -6.9   -9.8   -8.2  3.6       -4.4 -6.3 -3.8 -5.3   

   6.1 -8.2 -6.9 -6.7   -9.0   -7.8  3.7          -4.8   

   6.2 -7.9 -6.5 -6.3      -7.3  3.8          -4.3   

   6.3 -7.5 -6.1 -5.8      -6.7  3.9          -3.8   

   6.4 -7.1 -5.6 -5.3        …             

   6.5 -6.6          5.0  2.9  1.8         

              5.1  2.8  1.7         

              5.2  2.8  1.7         

              5.3  2.8  1.6         

              5.4  2.7  1.6         

              5.5  2.7  1.5         

              5.6  2.6  1.5         

              5.7  2.6  1.5         

              5.8  2.5  1.4         

              5.9  2.5  1.4         

              6.0  2.4  1.3         

 
 

  Stacked  Amino Acid Edge T-shaped  Nucleobase Edge T-shaped 

  TRP' TRP  1 2 3 A B C D E F G  1 2 3 4 5 6 A B C D E F 

0  -30.1 -26.2  -8.2 -7.1 -7.0 -8.0 -8.4 -12.4 -10.4 -8.5 -8.4 -8.5  -26.3  -20.4  -17.0 -22.0 -6.6 -9.0 -5.6 -6.9 -21.2 -29.6 

30  -26.9 -30.4  -8.1 -8.1 -8.0 -10.3 -10.6 -10.9 -10.3 -10.0 -9.1 -9.9  -25.4  -15.3  -14.8 -23.0 -9.8 -7.6 -7.0 -4.9 -23.1 -34.1 

60  -24.7 -31.7  -6.6 -8.1 -8.2 -11.4 -11.1 -7.5 -8.9 -10.3 -9.0 -9.6  -27.8  -15.9  -13.1 -22.4 -13.7 -6.9 -9.9 -3.5 -23.4 -36.0 

90  -16.6 -30.9  -4.4 -6.9 -7.7 -9.6 -8.3 -4.6 -7.0 -8.5 -8.0 -8.5  -32.8  -19.8  -11.5 -20.6 -16.9 -5.7 -12.9 -1.6 -21.2 -34.8 

120  -18.5 -25.1  -2.7 -6.0 -7.3 -8.5 -6.0 -3.2 -5.8 -7.0 -7.1 -8.3  -35.0  -22.7  -11.0 -19.2 -17.2 -4.8 -13.4 -0.4 -18.2 -31.8 

150  -27.9 -20.8  -2.9 -6.6 -7.5 -10.8 -7.3 -3.7 -6.9 -8.2 -8.0 -9.2  -34.6  -24.4  -12.2 -19.0 -15.2 -5.0 -11.9 -1.1 -16.7 -28.8 

180  -30.6 -23.6  -4.7 -7.8 -8.1 -13.2 -9.4 -6.1 -8.6 -9.8 -9.2 -10.3  -30.4  -20.8  -13.6 -20.7 -12.2 -5.9 -9.3 -2.7 -18.8 -30.2 

210  -28.0 -24.3  -6.8 -8.1 -8.6 -12.7 -9.4 -10.2 -10.0 -9.7 -9.4 -11.3  -26.4  -15.4  -14.4 -22.8 -10.3 -7.1 -7.5 -4.5 -22.9 -33.8 

240  -26.7 -25.7  -7.7 -7.7 -7.9 -11.6 -8.3 -12.3 -10.1 -8.6 -8.8 -10.3  -24.6  -15.6  -16.2 -23.6 -8.2 -9.7 -6.6 -7.6 -25.8 -35.2 

270  -26.0 -29.9  -7.1 -6.8 -6.1 -9.3 -7.5 -10.0 -8.4 -7.6 -7.2 -7.2  -22.4  -18.9  -19.1 -23.4 -5.0 -12.3 -5.1 -10.5 -25.9 -34.2 

300  -26.0 -28.0  -6.5 -6.1 -4.8 -5.6 -7.1 -7.8 -7.3 -7.3 -6.1 -4.7  -22.0  -21.7  -20.4 -22.5 -2.9 -12.9 -4.1 -11.0 -23.8 -31.4 

330  -30.3 -24.9  -7.2 -6.3 -5.4 -5.7 -7.5 -10.2 -8.9 -7.7 -6.9 -6.0  -24.7  -23.5  -19.5 -21.7 -3.7 -11.5 -4.4 -9.6 -21.3 -28.3 

 



B-44 

 

 
Stacked (TRP R1=3.4 Å, α=60°) 

Y ↓ 
X → 

-1.5 -1.0 -0.5 0 0.5 1.0 1.5 

1.5 -22.5 -24.9 -25.3 -24.8 -25.0 -25.6 -24.9 

1.0 -27.3 -29.5 -29.1 -27.4 -26.8 -27.7 -27.2 

0.5 -30.4 -32.1 -31.4 -29.3 -27.9 -27.9 -26.9 

0 -31.9 -33.2 -33.3 -31.7 -29.7 -28.0 -25.7 

-0.5 -32.2 -33.3 -34.5 -33.9 -31.3 -28.0 -24.6 

-1.0 -31.3 -32.4 -33.6 -33.1 -30.4 -26.6 -22.9 

-1.5 -29.8 -30.8 -31.0 -29.8 -27.2 -23.9 -20.5 

 
 

 Amino Acid Edge T-shaped (θ=A, R1=5.0 Å, α=180°) 
Y ↓ 
X → 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 

2.5 -10.4 -12.6 -14.3 -15.1 -15.0 -14.2 -12.5 -10.2 -7.9 

2.0 -10.7 -13.3 -15.7 -17.1 -17.0 -15.7 -13.5 -10.9 -8.5 

1.5 -10.6 -13.5 -16.5 -18.3 -18.3 -16.6 -14.0 -11.4 -9.0 

1.0 -10.2 -13.1 -16.1 -18.0 -18.0 -16.3 -13.8 -11.3 -9.2 

0.5 -9.9 -12.3 -14.6 -16.0 -16.0 -14.6 -12.6 -10.7 -9.0 

0 -9.7 -11.5 -12.7 -13.2 -13.2 -12.6 -11.5 -10.1 -8.8 

-0.5 -9.8 -11.0 -11.3 -11.1 -11.1 -11.2 -10.8 -10.0 -8.9 

-1.0 -9.6 -10.6 -10.5 -9.9 -9.8 -10.3 -10.5 -10.1 -9.4 

-1.5 -8.8 -9.8 -9.5 -8.9 -8.8 -9.3 -9.8 -10.1 -10.0 

-2.0 -7.1 -8.0 -8.0 -7.7 -7.6 -7.9 -8.7 -9.9 -10.7 

-2.5 -4.6 -5.6 -6.2 -6.3 -6.4 -6.7 -7.9 -9.9 -11.6 

 
 

Nucleobase Edge T-shaped (θ=F, R1=2.5 Å, α=60°) 
Y ↓ 
X → 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 

2.5 -17.5 -19.9 -21.1 -21.1 -20.1 -18.2 -15.6 -12.6 -9.3 -5.9 -3.0 -0.7 1.0 

2.0 -20.3 -22.6 -24.1 -24.6 -23.8 -22.0 -19.9 -17.2 -13.9 -10.1 -6.4 -3.2 -0.6 

1.5 -22.2 -24.6 -26.3 -27.0 -26.2 -24.8 -23.6 -21.8 -18.8 -14.9 -10.6 -6.4 -2.8 

1.0 -23.6 -26.3 -28.0 -28.4 -27.8 -27.4 -27.4 -26.3 -23.3 -19.2 -14.6 -9.7 -5.3 

0.5 -24.3 -27.1 -28.8 -29.2 -29.5 -30.9 -32.0 -30.7 -26.8 -22.3 -17.6 -12.7 -7.9 

0 -23.6 -26.5 -28.3 -29.2 -31.1 -34.2 -36.0 -33.9 -29.0 -24.4 -20.1 -15.4 -10.5 

-0.5 -21.4 -24.4 -26.5 -28.3 -31.2 -23.8 -36.7 -34.3 -29.8 -25.9 -22.3 -17.5 -12.3 

-1.0 -18.2 -21.2 -23.8 -26.1 -29.0 -32.3 -33.6 -31.9 -28.9 -26.2 -22.9 -17.9 -12.6 

-1.5 -14.7 -17.6 -20.3 -22.7 -25.2 -27.6 -28.7 -28.0 -26.3 -24.2 -21.0 -16.3 -11.9 

-2.0 -11.3 -13.9 -16.4 -18.6 -20.7 -22.6 -23.8 -23.8 -22.7 -20.7 -17.8 -14.2 -11.2 

-2.5 -8.4 -10.5 -12.5 -14.4 -16.1 -17.8 -19.1 -19.5 -18.7 -17.0 -14.7 -12.5 -10.7 

 
 

 



 

 

 

 

 

Appendix C 

Summary of the Strongest MP2/6-31G*(0.25) Interactions (kJ mol–1) for All Nucleobase–Amino 
Acid Dimers as Determined from Potential Energy Surface Scans that  Vary R1 (Å), α (°), and R2 (X-

axis Shift (Å), Y-axis Shift (Å)) 

 

 Page 

 Stacked Dimers C-2–C-3 

 T-shaped Dimers C-4–C17 

 Adenine Dimers C-4 

 Cytosine Dimers C-6 

 Guanine Dimers C-8 

 Thymine Dimers C-10 

 Uracil Dimers C-12 

 1,N6-ethenoadenine and 3-methyladenine Dimers C-14 

   

   

   

   



C-2 

 

Stacked Dimers 

Adenine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

A:HIS′ 3.3 –24.3 120 –27.0 –2.7 0, –0.5 –27.2 –0.2 
A:HIS 3.3 –18.1 180 –28.3 –10.2 0, –1.0 –29.7 –1.4 
A:PHE 3.4 –24.3 0 –24.3 — 0, 0 –24.3 — 
A:TYR′ 3.4 –24.4 180 –29.3 –4.9 0, –0.5 –30.7 –1.4 
A:TYR 3.4 –26.3 330 –28.1 –1.8 0, 0.5 –28.9 –0.8 
A:TRP′ 3.5 –25.5 240 –30.5 –5.0 –0.5, –1.0 –35.0 –4.5 
A:TRP 3.5 –26.9 300 –29.8 –2.9 –0.5, –1.0 –32.0 –2.2 

 

Cytosine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

C:HIS′ 3.4 –24.5 0 –24.5 — –1.5, 0 –26.0 –1.5 
C:HIS 3.5 –7.9 150 –24.2 –16.3 –0.5, –1.5 –26.9 –2.7 
C:PHE 3.5 –15.1 0 –15.1 — –1.5, 0 –18.4 –3.3 
C:TYR′ 3.6 –14.1 180 –21.7 –7.6 –1.5, 0 –22.7 –1.0 
C:TYR 3.5 –18.3 330 –20.6 –2.3 –1.0, –1.0 –24.2 –3.6 
C:TRP′ 3.4 –18.5 180 –27.9 –9.4 –1.0, 0 –32.9 –5.0 
C:TRP 3.5 –23.6 300 –28.2 –4.6 –1.0, –0.5 –33.4 –5.2 

 

Guanine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

G:HIS′ 3.4 –10.5 150 –29.7 –19.2 –0.5, 0 –31.4 –1.7 
G:HIS 3.3 –23.0 300 –32.4 –9.4 1.5, 1.0 –35.3 –2.9 
G:PHE 3.4 –24.5 0 –24.5 — –0.5, 0 –25.3 –0.8 
G:TYR′ 3.4 –28.4 330 –33.4 –5.0 0, 0 –33.4 — 
G:TYR 3.4 –20.3 120 –29.8 –9.5 1.0, 0.5 –32.8 –3.0 
G:TRP′ 3.4 –36.7 0 –36.7 — 0.5, 0.5 –42.5 –5.8 
G:TRP 3.4 –25.8 90 –39.0 –13.2 –1.0, –1.0 –42.4 –3.4 

 

Thymine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

T:HIS′ 3.4 –18.8 120 –25.5 –6.7 –1.0, 0 –26.8 –1.3 
T:HIS 3.5 –11.5 180 –24.3 –12.8 –1.0, 0 –25.0 –0.7 
T:PHE 3.5 –20.6 30 –20.8 –0.2 –1.0, –0.5 –22.4 –1.6 
T:TYR′ 3.6 –18.5 180 –24.6 –6.1 –0.5, –0.5 –25.5 –0.9 
T:TYR 3.5 –20.5 120 –25.8 –5.3 0.5, 0 –26.1 –0.3 
T:TRP′ 3.3 –33.4 180 –36.4 –3.0 0, 0 –36.4 — 
T:TRP 3.4 –31.0 30 –36.0 –5.0 0, 0 –36.0 — 

 



C-3 

 

Uracil 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

U:HIS′ 3.4 –16.2 240 –24.7 –8.5 1.0, 90 –26.4 –1.7 
U:HIS 3.5 –10.4 180 –23.1 –12.7 0.5, 90 –24.6 –1.5 
U:PHE 3.5 –18.7 0 –18.7 — 1.0, 45 –19.9 –1.2 
U:TYR′ 3.5 –17.8 180 –24.4 –6.6 0.5, 180 –25.2 –0.8 
U:TYR 3.5 –17.7 240 –25.2 –7.5 0, 0 –25.2 — 
U:TRP′ 3.3 –30.4 30 –30.9 –0.5 0.5, 225 –32.6 –1.7 
U:TRP 3.5 –25.7 300 –30.6 –4.9 1.0, 90 –33.0 –2.4 

 

1,N6-ethenoadenine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

εA:HIS′ 3.4 –15.3 120 –35.5 –20.2 –0.5, –0.5 –36.5 –1.0 
εA:HIS 3.3 –26.2 300 –37.4 –11.2 0, 0 –37.4 — 
εA:PHE 3.3 –31.3 0 –31.3 — 0, 0 –31.3 — 
εA:TYR′ 3.4 –33.1 330 –35.8 –2.7 0, –0.5 –36.4 –0.6 
εA:TYR 3.4 –27.8 120 –37.7 –9.9 0.5, 0 –38.0 –0.3 
εA:TRP′ 3.4 –46.8 0 –46.8 — 0.5, 0 –49.2 –2.4 
εA:TRP 3.4 –34.1 60 –43.7 –9.6 0.5, –0.5 –47.5 –3.8 

 

3-methyladenine 

Dimer R1 ΔE α ΔE Δ(α–R1) R2 ΔE Δ(R2–α) 

3MeA:HIS′ 3.3 –32.9 180 –52.3 –19.4 –0.5, 0 –52.7 –0.4 
3MeA:HIS 3.3 –38.1 240 –51.7 –13.6 0, 0 –51.7 — 
3MeA:PHE 3.3 –47.2 0 –47.2 — 0, –0.5 –48.6 –1.4 
3MeA:TYR′ 3.3 –51.6 240 –53.6 –2.0 –0.5, –0.5 –55.0 –1.4 
3MeA:TYR 3.3 –52.0 180 –52.5 –0.5 0, –0.5 –53.9 –1.4 
3MeA:TRP′ 3.4 –62.1 270 –68.5 –6.4 0.5, 0 –69.7 –1.2 
3MeA:TRP 3.4 –64.3 120 –69.9 –5.6 –0.5, –0.5 –71.5 –1.6 

 



C-4 

 

Adenine T-shaped Dimers 

 

 

 Histidine 
 Adenine (face)  Adenine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 4.5 –16.4 240 –18.4 (–2, 0.5) –21.6  1 3.3 –7.6 330 –10.2 — — 

2 4.8 –10.2 300 –12.7 — —  2 2.6 –6.4 90 –7.4 — — 

3 4.4 –6.1 240 –8.8 — —  3 3.4 –0.6 150 –9.4 — — 

4 4.9 –6.1 120 –9.2 — —  4 2.3 –16.2 120 –29.5 (0.5, 1.0) –33.6 

5 4.9 –8.5 90 –12.5 — —  5 2.5 –9.2 150 –17.2 — — 

        6 3.3 –5.6 150 –7.0 — — 

        7 3.2 –7.7 300 –13.4 — — 

        8 2.4 –17.6 300 –22.5 (0, 0.5) –22.6 
A 4.4 –15.0 90 –21.8 (0, 1.0) –22.3  A 3.8 –3.7 150 –6.3 — — 

B 4.4 –17.2 270 –22.2 (0, 0.5) –22.5  B 3.7 –5.0 330 –6.4 — — 

C 4.4 –11.6 300 –15.0 (–0.5, –2.5) –18.7  C 3.5 0.0 120 –13.8 — — 

D 4.5 –6.9 120 –11.8 — —  D 2.6 –18.6 150 –22.6 (0.5, 0.5) –25.3 

E 4.5 –10.8 90 –16.8 — —  E 3.7 –3.5 150 –13.3 — — 

        F 3.4 –4.8 330 –6.8 — — 

        G 2.7 –14.7 330 –15.0 (0.5, 0.5) –17.2 
        H 3.4 –6.7 330 –9.5 — — 

 Phenylalanine 
 Adenine (face)  Adenine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.1 –8.9 60 –10.3 (0.5, 0) –10.6  1 3.5 –3.8 0 –3.8 — — 

        2 2.5 –7.9 0 –7.9 — — 

        3 3.4 –2.4 0 –2.4 — — 

        4 2.2 –25.6 0 –25.6 (0, 0) –25.6 

        5 2.4 –14.1 0 –14.1 — — 

        6 3.4 –4.2 0 –4.2 — — 

        7 3.4 –5.5 30 –5.8 — — 

        8 2.5 –15.3 0 –15.3 (0, –0.5) –16.0 

A 4.9 –11.3 90 –14.1 (0, 0) –14.1  A 3.9 –4.4 0 –4.4 — — 

        B 3.9 –4.3 0 –4.3 — — 

        C 3.4 –5.7 0 –5.7 — — 

        D 2.7 –20.6 30 –20.7 (–0.5, –0.5) –21.7 

        E 3.7 –6.8 30 –6.9 — — 

        F 3.5 –3.5 30 –3.6 — — 

        G 2.8 –15.3 0 –15.3 (0, 0) –15.3 

        H 3.5 –4.0 30 –4.1 — — 



C-5 

 

 

 

 

 

 

 

 

 Tyrosine 
 Adenine (face)  Adenine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.4 –7.1 90 –12.5 (0, –1.5) –14.7  1 3.3 –7.7 180 –8.2 — — 

2 4.8 –15.1 240 –17.6 (0.5, –0.5) –18.1  2 2.6 –6.8 300 –7.8 — — 

3 5.3 –9.4 240 –11.3 — —  3 3.2 –6.5 210 –7.2 — — 

4 5.6 –8.9 240 –10.4 — —  4 2.3 –23.2 300 –27.4 (0, –0.5) –27.8 

5 5.3 –9.2 240 –10.7 — —  5 2.5 –13.9 330 –14.4 — — 

6 4.8 –10.2 300 –11.8 — —  6 3.3 –9.3 30 –9.4 — — 

        7 3.8 –3.2 120 –6.2 — — 

        8 2.5 –12.8 120 –18.3 (0.5, 0) –18.4 

A 5.0 –14.7 90 –17.9 (–1.5, 0.5) –21.9  A 3.6 –7.9 0 –7.9 — — 

B 5.0 –11.7 270 –15.5 — —  B 3.8 –4.0 180 –7.1 — — 

C 5.3 –11.2 270 –14.6 — —  C 3.1 –12.7 0 –12.7 — — 

D 5.3 –11.1 240 –14.1 — —  D 2.6 –23.8 0 –23.8 (–0.5, 0.5) –25.5 

E 5.0 –11.1 270 –13.4 — —  E 3.5 –11.7 0 –11.7 — — 

F 5.0 –7.2 60 –10.2 — —  F 3.5 –4.4 210 –8.9 — — 

        G 2.8 –15.1 30 –15.4 (0, –0.5) –15.5 

        H 3.5 –4.5 180 –8.1 — — 

 Tryptophan 
 Adenine (face)  Adenine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 6.0 –10.1 270 –12.4 — —  1 3.3 –7.2 60 –13.7 — — 

2 5.9 –8.5 60 –10.2 — —  2 2.6 –8.3 330 –8.8 — — 

3 5.9 –8.4 60 –10.7 — —  3 3.3 –6.5 240 –12.1 — — 

        4 2.2 –30.5 300 –34.0 (–0.5, 0.5) –34.8 

        5 2.5 –17.3 300 –18.5 — — 

        6 3.2 –9.2 240 –15.4 — — 

        7 3.3 –5.9 150 –11.6 — — 

        8 2.4 –15.6 150 –22.2 (1.0, 0) –23.1 

A 4.9 –15.6 120 –22.9 (0.5, 0) –23.2  A 3.7 –6.9 240 –8.9 — — 

B 5.3 –16.9 240 –20.6 (0.5, –1.0) –22.9  B 3.7 –5.9 90 –8.2 — — 

C 5.6 –12.0 60 –15.1 (0, –0.5) –15.6  C 3.2 –11.0 270 –17.0 — — 

D 5.1 –11.6 240 –14.4 (–0.5, 0) –15.0  D 2.6 –27.4 240 –33.2 (0, 0) –33.2 

E 5.4 –10.7 240 –13.6 — —  E 3.5 –11.8 270 –15.8 — — 

F 5.8 –10.5 90 –14.1 — —  F 3.4 –5.1 60 –10.3 — — 

G 5.4 –10.9 60 –15.6 — —  G 2.7 –18.9 60 –21.6 (0, –0.5) –21.7 

        H 3.4 –5.0 90 –11.2 — — 



C-6 

 

Cytosine T-shaped Dimers 

 

 

 

 

 

 

 

 Histidine 
 Cytosine (face)  Cytosine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 4.5 –13.8 240 –17.3 — —  1 2.3 –26.0 300 –33.4 (0, 0.5) –33.6 

2 4.8 –6.7 240 –17.1 — —  2 — — — — — — 

3 4.4 –3.6 240 –8.2 — —  3 3.7 1.8 150 –23.0 — — 

4 4.8 –7.2 60 –11.9 — —  4 2.6 –4.1 120 –28.7 (0.5, 1) –31.2 

5 4.8 –8.7 60 –15.0 — —  5 2.5 –15.6 150 –22.3 — — 

        6 2.5 –18.4 330 –21.5 — — 

        7 2.5 –14.3 330 –14.3 — — 

A 4.5 –12.6 90 –21.0 (0.5, 0) –23.1  A 3.0 –12.3 300 –20.4 — — 

B 4.4 –13.1 270 –23.9 (1, –0.5) –26.4  B — — — — — — 

C 4.4 –7.3 270 –17.8 (–0.5, –2) –20.0  C — — — — — — 

D 4.6 –5.8 90 –12.4 — —  D 2.8 –12.7 150 –19.5 — — 

E 4.6 –10.1 90 –16.5 — —  E 2.6 –18.7 330 –20.8 — — 

        F 2.8 –13.0 330 –14.0 — — 

        G 2.6 –21.3 330 –22.9 — — 

 Phenylalanine 
 Cytosine (face)  Cytosine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.1 –7.6 60 –9.4 — —  1 2.3 –21.4 30 –21.5 (0, –0.5) –22.5 

        2 — — — — — — 

        3 3.6 –7.2 30 –7.4 — — 

        4 2.4 –17.8 0 –17.8 — — 

        5 2.5 –18.9 30 –19.5 (0, 0) –19.5 

        6 2.5 –16.8 30 –16.9 — — 

        7 2.5 –15.8 30 –15.8 — — 

A 4.9 –8.9 90 –11.1 (0.5, 0) –12.1  A 3.1 –5.2 30 –5.2 — — 

        B — — — — — — 

        C 3.5 –6.4 30 –7.0 — — 

        D 2.8 –16.3 30 –16.3 — — 

        E 2.7 –18.9 30 –19.0 (0, 0) –19.0 

        F 2.9 –12.9 30 –13.0 — — 

        G 2.7 –20.0 30 –20.1  (–0.5, 0.5) –20.2 



C-7 

 

 

 

 

 

 

 

 

 

 

 

 Tyrosine 
 Cytosine (face)  Cytosine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.5 –5.9 90 –15.5 (0.5, –1.5) –16.3  1 2.4 –18.1 120 –26.4 (0.5, 0) –26.7 

2 4.7 –13.0 240 –18.9 (1.5, 0) –19.9  2 — — — — — — 

3 5.3 –7.6 240 –11.4 — —  3 3.6 –11.3 330 –14.0 — — 

4 5.5 –7.4 240 –10.0 — —  4 2.5 –15.0 330 –24.3 (0.5, –0.5) –25.3 

5 5.3 –7.8 240 –10.6 — —  5 2.6 –19.1 210 –21.4 (0, –0.5) –22.1 

6 4.8 –8.6 240 –12.3 — —  6 2.4 –19.1 30 –19.4 — — 

        7 2.5 –15.9 30 –16.3 — — 

A 5.0 –14.9 240 –11.0 (1.5, –1) –22.5  A 3.2 –3.2 150 –10.9 — — 

B 5.2 –7.8 240 –12.4 — —  B 4.4 1.0 330 –0.5 — — 

C 5.4 –8.5 270 –11.5 — —  C 3.9 –2.5 330 –12.5 — — 

D 5.4 –8.7 270 –11.6 — —  D 2.8 –16.5 210 –17.2 — — 

E 5.1 –8.5 270 –12.1 — —  E 2.6 –19.7 30 –20.2  (–0.5, 0.5) –21.1 

F 5.0 –6.2 60 –9.9 — —  F 2.7 –15.9 30 –16.3 — — 

        G 2.6 –22.2 30 –22.6  (–0.5, 0.5) –23.7 

 Tryptophan 
 Cytosine (face)  Cytosine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 6.0 –7.6 240 –14.2 — —  1 2.3 –21.3 120 –32.7 (1, 0) –34.5 

2 5.9 –7.4 60 –9.8 — —  2 — — — — — — 

3 5.9 –7.9 60 –11.0 — —  3 3.4 –12.6 270 –19.1 — — 

        4 2.4 –23.2 300 –30.8  (–0.5, 0.5) –32.2 

        5 2.4 –24.3 0 –24.3 — — 

        6 2.5 –20.3 60 –26.0 — — 

        7 2.4 –18.6 60 –20.4 — — 

A 4.9 –14.4 90 –24.5 (1, –1) –27.4  A 3.1 –3.0 60 –10.9 — — 

B 5.4 –13.5 60 –18.0 — —  B 4.5 2.1 300 –0.3 — — 

C 5.6 –8.9 240 –16.8 — —  C 3.5 –11.0 300 –20.0 — — 

D 5.1 –9.2 240 –13.3 — —  D 2.7 –21.4 240 –24.8 — — 

E 5.5 –8.1 60 –11.5 — —  E 2.6 –23.5 60 –28.6 — — 

F 5.9 –8.7 60 –11.3 — —  F 2.7 –18.5 60 –24.0 — — 

G 5.4 –10.2 60 –14.8 — —  G 2.6 –25.2 60 –31.8 (0, –0.5) –32.4 



C-8 

 

Guanine T-shaped Dimers 

 

 

 

 

 

 Histidine 
 Guanine (face)  Guanine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 4.5 –18.2 30 –19.7 — —  1 2.5 –12.3 150 –44.4 (0, 0) –44.4 

2 4.7 –14.9 60 –16.9 — —  2 2.3 –25.3 330 –27.5 — — 

3 4.3 –10.1 30 –12.0 — —  3 2.4 –17.3 300 –20.8 — — 

4 4.9 –3.7 240 –11.6 — —  4 3.2 –13.0 330 –16.7 — — 

5 4.8 –8.4 210 –16.4 — —  5 2.3 –17.7 120 –24.2 (0.5, 1) –26.7 

        6 2.4 –16.4 330 –19.0 — — 

        7 3.3 –6.9 300 –13.8 — — 

        8 — — — — — — 

A 4.5 –15.4 210 –23.3  (–1.5, 0) –25.1  A 2.4 –21.9 150 –39.7 (0.5, 1) –46.4 

B 4.4 –20.5 60 –25.6  (–0.5, 0) –27.7  B 2.7 –18.0 330 –18.8 — — 

C 4.4 –14.4 60 –18.6  (2, 2) –21.8  C 3.8 –3.7 150 –12.0 — — 

D 4.4 –7.3 270 –13.7 — —  D 3.4 –8.5 330 –11.5 — — 

E 4.5 –9.5 210 –19.6 — —  E 2.6 –21.1 330 –24.2 (0.5, 0.5) –26.4 

        F 3.5 –13.6 300 –19.3 — — 

        G 4.2 0.8 300 –0.1 — — 

        H 3.3 2.4 120 –20.5 — — 

 Phenylalanine 
 Guanine(face)  Guanine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.0 –10.5 30 –11.5 — —  1 2.4 –27.7 30 –28.2  (–0.5, 1) –31.1 

        2 2.4 –27.8 30 –28.1 (0.5, –1) –31.3 

        3 2.4 –16.0 30 –16.3 — — 

        4 3.5 –9.2 30 –9.4 — — 

        5 2.3 –23.7 30 –23.7 (0, 0) –23.7 

        6 2.5 –13.2 0 –13.2 — — 

        7 3.5 –1.0 30 –1.1 — — 

        8 — — — — — — 

A 4.9 –12.5 30 –14.2  (–0.5, 0.5) –14.5  A 2.5 –31.6 30 –31.6 (0, 0) –31.6 

        B 2.8 –17.7 30 –17.7 — — 

        C 3.8 –5.1 30 –5.4 — — 

        D 3.7 –5.2 30 –5.5 — — 

        E 2.7 –19.5 30 –19.6 (0.5, –1) –21.0 

        F 3.7 –6.8 30 –6.8 — — 

        G 4.1 1.8 0 1.8 — — 

        H 3.1 –7.3 30 –7.4 — — 



C-9 

 

 

 

 

 

 

 

 

 Tyrosine 
 Guanine (face)  Guanine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.3 –8.6 240 –16.4 (1.5, 2.5) –18.5  1 2.5 –28.5 330 –34.1 (0.5, 0) –36.1 

2 4.7 –17.6 60 –20.5  (–1, 0) –20.9  2 2.3 –28.9 210 –30.1  (–1, 1.5) –32.8 

3 5.3 –12.0 30 –13.6 — —  3 2.6 –13.4 120 –16.8 — — 

4 5.5 –10.9 30 –12.0 — —  4 3.3 –18.3 180 –18.4 — — 

5 5.3 –11.4 30 –12.2 — —  5 2.3 –21.9 300 –23.9 (0, –0.5)  –24.3 

6 4.8 –12.0 60 –12.6 — —  6 2.6 –11.9 120 –14.3 — — 

        7 3.8 –0.4 150 –5.7 — — 

        8 3.4 0.9 300 –0.3 — — 

A 5.1 –11.6 90 –15.2 (–2, 1) –21.8  A 2.5 –28.3 330 –34.7 (0, –0.5) –36.2 

B 5.1 –13.6 30 –16.1 — —  B 2.7 –17.7 30 –18.5 — — 

C 5.3 –13.2 30 –15.4 — —  C 3.8 –8.0 210 –15.0 — — 

D 5.3 –12.5 30 –14.4 — —  D 3.3 –17.1 30 –19.1 — — 

E 5.0 –12.4 60 –13.9 — —  E 2.6 –20.0 180 –22.9 (–0.5, 0.5)  –24.6 

F 5.0 –7.4 210 –12.9 — —  F 3.6 –6.4 150 –12.0 — — 

        G 3.7 0.7 120 0.1 — — 

        H 2.9 –12.5 330 –14.8 — — 

 Tryptophan 
 Guanine (face)  Guanine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 6.0 –13.7 30 –15.8 — —  1 2.4 –35.5 300 –43.4 (0.5, 1) –46.8 

2 5.9 –9.9 210 –11.6 — —  2 2.4 –34.4 240 –40.0 — — 

3 5.9 –9.7 210 –13.1 — —  3 2.4 –17.5 150 –21.9 — — 

        4 3.4 –14.4 60 –27.0 — — 

        5 2.3 –27.7 330 –28.8  (–0.5, 0.5) –29.4 

        6 2.5 –13.3 120 –18.9 — — 

        7 3.4 –0.6 120 –9.0 — — 

        8 3.3 0.7 300 –1.0 — — 

A 4.9 –17.3 240 –26.5 (–1, 0) –28.7  A 2.4 –39.6 300 –47.1  (–0.5, 0) –47.3 

B 5.3 –18.8 30 –21.8 — —  B 2.7 –21.9 60 –26.3 — — 

C 5.5 –16.6 30 –20.0 — —  C 3.6 –8.4 240 –14.3 — — 

D 5.1 –14.1 30 –16.3 — —  D 3.6 –9.1 60 –13.9 — — 

E 5.3 –12.7 210 –14.7 — —  E 2.6 –24.7 60 –32.5  (0, 0) –32.5 

F 5.8 –11.4 210 –14.7 — —  F 3.6 –6.8 90 –16.8 — — 

G 5.3 –12.2 210 –19.0 — —  G 3.8 2.9 120 0.9 — — 

        H 3.0 –13.2 270 –20.5 — — 



C-10 

 

Thymine T-shaped Dimers 

 

 

 

 

 

 

 

 

 

 Histidine 
 Thymine (face)  Thymine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 4.6 –8.8 240 –8.9 — —  1 2.3 –26.6 300 –32.4 (0.5, 0.5) –34.2 

2 4.7 –10.8 330 –11.7 — —  2 3.4 –0.1 330 –0.6 — — 

3 4.3 –14.8 0 –14.8  (–1.5, –2.5) –16.7  3 2.4 –14.4 270 –20.0 (1, 1) –22.5 

4 4.9 –4.0 150 –9.9 — —  4 3.4 0.6 150 –0.2 — — 

5 4.9 –4.7 180 –8.6 — —  5 3.6 –3.8 120 –9.9 — — 

        6 2.5 –15.4 150 –18.6 — — 

A 4.5 –8.5 180 –12.1 — —  A 3.0 –12.8 300 –19.6 — — 

B 4.4 –13.4 0 –13.4 (0, 1.5) –18.7  B 3.2 –1.2 120 –12.2 — — 

C 4.3 –17.0 0 –17.0 (0, 1) –19.1  C 3.1 –8.3 300 –13.4 — — 

D 4.4 –9.4 180 –14.4 (0, 1) –15.9  D 3.6 1.7 120 –8.0 — — 

E 4.6 –7.7 180 –12.2 — —  E 2.8 –10.4 150 –18.0 — — 

        F 2.6 –22.1 330 –22.9 (1, 1) –28.8 

 Phenylalanine 
 Thymine (face)  Thymine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.1 –7.8 30 –8.1 — —  1 2.3 –24.3 30 –24.4 (0.5, –0.5) –24.7 

        2 — — — — — — 

        3 2.4 –18.9 30 –18.9 (0, 0) –18.9 

        4 3.5 0.9 0 0.9 — — 

        5 3.6 –6.9 30 –6.9 — — 

        6 2.5 –17.9 30 –18.2 — — 

A 4.9 –9.8 0 –9.8 (0, 0.5) –10.8  A 3.1 –6.8 30 –6.9 — — 

        B 3.2 –5.6 30 –5.6 — — 

        C 3.2 –5.7 30 –5.7 — — 

        D 3.4 –2.8 30 –2.8 — — 

        E 2.8 –13.9 30 –13.9 — — 

        F 2.6 –22.5 30 –22.7 (–0.5, 0.5) –23.1 



C-11 

 

 

 

 

 

 

 

 

 

 

 

 

 Tyrosine 
 Thymine (face)  Thymine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.4 –6.7 180 –10.9 (0, 1.5) –15.2  1 2.4 –21.3 120 –27.6 (0, 0) –27.6 

2 4.7 –12.6 0 –12.6  (–0.5, 2) –13.7  2 3.5 0.5 30 0.1 — — 

3 5.3 –8.6 30 –8.9 — —  3 2.5 –15.1 120 –20.4 (0, –0.5) –20.6 

4 5.5 –8.1 240 –8.2 — —  4 3.3 –0.5 0 –0.5 — — 

5 5.3 –8.7 240 –8.9 — —  5 3.5 –7.4 300 –9.1 — — 

6 4.8 –11.1 0 –11.1 (0, –0.5) –11.5  6 2.5 –19.1 30 –19.5 — — 

A 5.1 –6.8 0 –14.0 (0, 2) –15.7  A 3.2 –4.9 150 –11.9 — — 

B 5.1 –9.9 0 –9.9 — —  B 3.0 –9.4 330 –10.7 — — 

C 5.3 –10.0 0 –10.0 — —  C 3.2 –3.7 150 –10.2 — — 

D 5.4 –10.0 0 –10.0 — —  D 3.3 –5.3 330 –6.8 — — 

E 5.2 –9.7 0 –9.7 — —  E 2.7 –16.3 0 –16.3 — — 

F 4.9 –9.6 60 –13.8 (0, –0.5) –14.5  F 2.6 –25.1 0 –25.1  (–0.5, 0.5) –26.3 

 Tryptophan 
 Thymine (face)  Thymine (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 6.0 –9.1 0 –9.1 — —  1 2.3 –23.2 120 –32.0 (0, 0.5) –32.6 

2 5.9 –8.2 60 –9.1 — —  2 3.4 1.5 60 0.0 — — 

3 5.9 –8.2 210 –9.2 — —  3 2.4 –20.6 150 –24.1 (1, –1) –25.4 

        4 3.3 –0.3 240 –1.0 — — 

        5 3.4 –12.3 300 –14.0 — — 

        6 2.5 –22.3 270 –24.5 — — 

A 4.9 –10.2 180 –15.4 (0, 1) –20.9  A 3.1 –6.0 120 –16.9 — — 

B 5.5 –9.5 60 –12.0 — —  B 3.1 –9.0 300 –12.8 — — 

C 5.5 –13.9 0 –13.9 — —  C 3.1 –5.7 120 –13.3 — — 

D 5.1 –12.1 0 –12.1 — —  D 3.2 –7.1 300 –9.8 — — 

E 5.5 –9.5 180 –11.2 — —  E 2.7 –19.5 60 –21.8 — — 

F 5.8 –10.0 180 –10.6 — —  F 2.5 –29.2 60 –36.1 (0, –0.5) –37.0 

G 5.3 –10.1 210 –11.1 — —         



C-12 

 

Uracil T-shaped Dimers 

 

 

 

 

 

 

 

 

 

 

 Histidine 
 Uracil (face)  Uracil (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 4.6 –7.1 30 –7.6 — —  1 2.3 –26.9 300 –32.6 (0.5, 1) –34.7 

2 4.7 –10.0 330 –10.4 — —  2 — — — — — — 

3 4.3 –14.6 30 –15.2  (–2, –2.5) –18.0  3 2.4 –14.8 270 –20.5 (1, 1) –23.0 

4 4.9 –2.8 150 –8.9 — —  4 — — — — — — 

5 4.9 –3.6 180 –8.0 — —  5 2.5 –5.9 120 –20.0 — — 

        6 2.4 –14.0 150 –19.0 — — 

A 4.6 –6.8 210 –10.5 — —  A 3.0 –12.9 300 –19.9 — — 

B 4.5 –11.6 0 –11.6 (–1, 2) –17.3  B 3.2 –1.6 120 –12.1 — — 

C 4.3 –16.3 0 –16.3 (0, 1) –18.4  C 3.1 –8.5 300 –13.9 — — 

D 4.5 –7.8 180 –13.3  (–0.5, 0.5) –14.5  D 3.5 2.0 120 –10.6 — — 

E 4.6 –6.0 180 –11.1 — —  E 2.8 –10.4 150 –18.7 — — 

        F 2.6 –22.1 330 –22.8 (1, 1) –29.3 

 Phenylalanine 
 Uracil (face)  Uracil (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.1 –6.8 30 –7.4 — —  1 2.3 –24.7 30 –24.7 (0, –0.5) –25.3 

        2 — — — — — — 

        3 2.4 –19.0 30 –19.1 (0, 0) –19.1 

        4 — — — — — — 

        5 2.5 –13.4 0 –13.4 — — 

        6 2.4 –18.0 0 –18.0 — — 

A 4.9 –8.3 30 –8.8 (1, 0.5) –9.7  A 3.1 –7.1 30 –7.2 — — 

        B 3.2 –5.7 30 –5.8 — — 

        C 3.2 –5.7 30 –5.7 — — 

        D 3.3 –3.3 30 –3.3 — — 

        E 2.8 –14.2 30 –14.3 — — 

        F 2.6 –22.8 30 –22.8  (–0.5, 0.5) –23.4 



C-13 

 

 

 

 

 

 

 

 

 Tyrosine 
 Uracil (face)  Uracil (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 5.4 –5.4 60 –8.6 (1, –1) –14.9  1 2.4 –21.6 120 –27.8 (0, 0) –27.8 

2 4.8 –11.0 30 –11.1 (0.5, 1.5) –13.5  2 — — — — — — 

3 5.3 –7.7 30 –8.3 — —  3 2.5 –15.2 120 –20.6 (0, –0.5) –20.8 

4 5.6 –7.1 30 –7.6 — —  4 — — — — — — 

5 5.3 –7.6 240 –7.9 — —  5 2.5 –12.2 300 –15.9 — — 

6 4.8 –9.8 0 –9.8  (–0.5, –0.5) –10.6  6 2.4 –18.1 0 –18.1 — — 

A 5.2 –5.2 90 –8.8  (0, 2.5) –13.1  A 3.2 –5.2 150 –12.2 — — 

B 5.1 –8.7 0 –8.7 — —  B 3.0 –9.5 330 –10.8 — — 

C 5.4 –8.7 30 –9.2 (1, 0.5) –9.9  C 3.2 –3.6 150 –10.2 — — 

D 5.4 –8.6 240 –8.8 — —  D 3.1 –6.6 330 –8.4 — — 

E 5.0 –8.7 0 –8.7 — —  E 2.7 –16.5 210 –16.6 — — 

F 5.0 –9.3 60 –13.1 ( –0.5, –0.5) –13.7  F 2.6 –25.1 30 –25.2  (–0.5,0.5) –26.2 

 Tryptophan 
 Uracil (face)  Uracil (edge) 

θ R1 ΔE α ΔE R2 ΔE  θ R1 ΔE α ΔE R2 ΔE 

1 6.0 –8.2 0 –8.2 — —  1 2.3 –26.3 120 –35.0  (–0.5, 0.5) –35.7 

2 5.9 –7.1 210 –8.1 — —  2 — — — — — — 

3 5.9 –7.0 210 –8.6 — —  3 2.4 –20.4 150 –24.4 (1, –1) –25.7 

        4 — — — — — — 

        5 2.5 –17.0 300 –20.4 — — 

        6 2.4 –22.0 240 –23.6 — — 

A 5.0 –8.0 180 –13.2  (–0.5, 1.5) –18.3  A 3.1 –6.6 120 –17.2 — — 

B 5.5 –8.4 60 –11.1 — —  B 3.1 –9.0 300 –12.9 — — 

C 5.5 –12.4 0 –12.4 — —  C 3.1 –5.6 120 –13.4 — — 

D 5.1 –10.4 0 –10.4 — —  D 3.2 –6.9 300 –11.0 — — 

E 5.5 –8.5 60 –10.3 — —  E 2.7 –21.2 270 –25.9 — — 

F 5.9 –8.4 210 –9.4 — —  F 2.5 –29.6 60 –36.0 (0, –0.5) –36.7 

G 5.4 –8.5 210 –11.3 — —         



C-14 

 

1,N6-ethenoadenine and 3-methyladenine T-shaped Dimers 

 

 

 Phenylalanine (edge) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 5.0 –11.4 30 –11.9 — —  5.0 –11.0 90 –12.6 (0.5, 0) –13.5 
1+5º — — — — — —  5.0 –11.0 270 –13.2 — — 

1+10º — — — — — —  5.0 –11.3 270 –14.0 — — 
1+15º — — — — — —  5.0 –11.8 270 –14.7 — — 

1+20º — — — — — —  4.9 –12.5 270 –16.1 — — 
1+25º — — — — — —  4.9 –13.2 270 –16.5 — — 

A 4.8 –14.9 30 –16.0 (0, 0.5) –16.2  4.8 –13.7 90 –16.8 (0, 0) –16.8 

 

 Histidine (edge) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 4.5 –17.5 30 –18.2 — —  4.7 15.6 90 13.8 — — 
2 4.7 –15.7 30 –16.7 — —  4.7 –14.7 30 –15.4 — — 
3 4.2 –14.7 30 –15.5 — —  4.2 –53.3 90 –55.9 (0.5, –1.5) –61.6 
4 4.9 –4.2 210 –11.8 — —  4.8 –18.2 210 –27.2 — — 
5 4.8 –8.5 210 –17.8 — —  5.0 8.1 240 0.4 — — 
A 4.4 –17.0 210 –25.2 (0, 0.5) –26.7  4.7 16.1 240 6.8 — — 
B 4.3 –24.5 30 –26.9 (0, 1) –29.0  4.5 2.8 60 –0.3 — — 
C 4.2 –21.3 30 –23.8 (0, 0.5) –25.5  4.2 –48.2 60 –50.0 (–0.5, –1.0) –53.4 
D 4.4 –6.8 210 –17.8 — —  4.3 –40.1 240 –51.8 (–0.5, –1.0) –55.7 
E 4.5 –12.0 210 –20.6 — —  4.5 –7.8 120 –16.4 — — 



C-15 

 

 

 Tyrosine (edge) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 5.3 –7.9 210 –19.2 (0.5, 1) –21.0  5.3 –10.0 240 –23.8 (–1.0, 0) –26.1 
2 4.7 –21.2 30 –21.7 (0.5, 1) –22.4  4.8 –3.5 60 –6.5 — — 
3 5.3 –12.9 30 –13.9 — —  5.3 –9.2 60 –10.5 — — 
4 5.5 –11.8 30 –12.4 — —  5.5 –11.7 90 –13.3 — — 
5 5.3 –12.2 30 –12.3 — —  5.3 –13.9 300 –15.4 — — 
6 4.7 –13.6 60 –13.8 — —  4.7 –27.4 30 –28.1 (0, –0.5) –28.8 
A 5.0 –14.2 150 –17.7 (–2, 1) –25.9  5.1 –0.4 210 –5.2 — — 
B 5.0 –15.1 30 –17.1 (0,0) –17.1  5.0 –7.7 60 –9.9 — — 
C 5.2 –15.1 30 –16.7 — —  5.2 –13.4 300 –16.1 — — 
D 5.2 –15.0 30 –16.1 — —  5.3 –14.8 90 –17.9 — — 
E 4.9 –15.2 30 –15.7 — —  5.0 –18.7 90 –20.5 — — 
F 4.9 –12.2 30 –15.3 — —  4.8 –28.6 120 –33.1 (0, –0.5) –33.9 
 

 

  

 

 

           

 Tryptophan (edge) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 5.9 –14.5 30 –16.0 — —  6.0 –4.9 60 –6.5 — — 
2 5.9 –11.1 210 –12.1 — —  5.8 –21.9 90 –23.4 — — 
3 5.8 –10.7 210 –13.7 — —  5.8 –16.6 240 –21.0 — — 
A 4.8 –18.5 210 –28.7 (0, 1) –31.7  5.0 3.9 240 –9.6 — — 
B 5.3 –19.7 30 –21.5 — —  5.3 1.0 60 –0.4 — — 
C 5.5 –19.2 30 –20.9 — —  5.6 –15.8 60 –19.9 (0, 0) –19.9 
D 5.0 –16.8 30 –18.0 — —  5.0 –23.1 60 –26.1 (–0.5, 0) –26.6 
E 5.3 –14.2 210 –15.8 — —  5.2 –26.5 240 –27.0 (0.5, 0) –28.0 
F 5.8 –13.8 210 –16.1 — —  5.8 –22.7 270 –26.6 — — 
G 5.3 –14.0 210 –19.3 — —  5.4 –9.7 240 –17.9 — — 

 

 

 

 

 

 

 

 

 



C-16 

 

 

 Phenylalanine (face) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 2.5 –16.7 30 –16.8 (0, 0.5) –17.0  3.2 –20.2 0 –20.2 —  
2 2.5 –17.1 30 –17.4 (1, –2) –17.5  2.5 –33.4 30 –34.0 (–1.0, 2.0) –34.4 
3 3.3 –7.2 30 –7.3 — —  3.3 –27.2 0 –27.2 —  
4 2.2 –26.3 30 –26.3 (0, 0) –26.3  2.6 –40.0 30 –40.1 (0, 0.5) –41.9 
5 2.4 –14.7 0 –14.7 — —  2.2 –31.3 0 –31.3 —  
6 3.5 –2.3 30 –2.6 — —  3.2 –16.9 0 –16.9 —  
7 3.6 –1.4 30 –1.6 — —  3.2 –14.7 30 –15.4 —  
8 2.5 –10.1 0 –10.1 (0, 0) –10.1  2.3 –33.1 30 –33.3 —  
A 2.7 –17.1 30 –17.3 (0.5, –0.5) –17.3  3.6 –22.2 0 –22.2 —  
B 3.7 –8.5 30 –8.6 — —  2.6 –34.6 0 –34.6 (0, –0.5) –34.8 
C 3.4 –6.6 30 –6.7 (–1, 1.5) –11.9  2.7 –41.0 0 –41.0 (0, 1.0) –41.7 
D 2.7 –21.2 30 –21.3 (–0.5, 0.5) –22.5  2.5 –43.5 0 –43.5 (0, 1.0) –46.4 
E 3.7 –8.1 0 –8.1 — —  3.5 –19.0 0 –19.0 —  
F 3.9 1.1 — — — —  3.3 –14.4 30 –14.5 —  
G 3.7 –5.8 0 –5.8 — —  2.6 –37.1 30 –37.2 (0, 0) –37.2 
H 2.9 –11.7 30 –11.7 (–0.5, 1) –13.5  3.3 –16.1 30 –16.3 —  

 

 Histidine (face) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 2.5 –12.7 150 –19.2 (0, 0) –19.2  3.2 –18.1 330 –22.0 —  
2 2.4 –18.6 330 –21.6 (0, 0) –21.6  2.6 –22.0 120 –41.5 (0.5, 0.5) –42.1 
3 3.3 –4.7 150 –17.3 — —  3.3 –21.1 150 –27.6 —  
4 2.3 –18.7 120 –27.4 (1, 1.5) –31.7  2.3 –48.5 330 –51.8 (1.0, 1.0) –64.5 
5 2.5 –8.0 150 –19.7 — —  2.3 –21.5 150 –34.9 (1.0, 1.5) –36.4 
6 3.8 4.2 — — — —  3.1 –18.5 330 –21.4 —  
7 3.3 –5.9 300 –12.3 — —  3.1 –10.1 120 –17.5 —  
8 2.6 –5.2 120 –13.9 (0, 0) –13.9  2.3 –27.2 210 –29.7 —  
A 2.6 –16.1 330 –17.3 (0.5, 1) –20.5  3.6 –15.9 150 –29.2 —  
B 3.6 –11.3 330 –14.3 — —  2.5 –29.8 150 –33.9 (1.0, 1.0) –43.1 
C 3.4 –3.7 150 –11.9 (–0.5, –1) –14.5  2.6 –37.2 150 –40.7 (0.5, 1.0) –46.2 
D 2.6 –18.0 150 –25.2 (0.5, 0.5) –27.8  2.5 –34.3 150 –51.5 (0.5, 0.5) –55.8 
E 3.8 –0.5 120 –17.9 — —  3.5 –14.8 150 –24.4 —  
F 3.9 2.1 — — — —  3.2 –11.4 150 –17.4 —  
G 3.6 –10.9 330 –15.0 — —  2.5 –33.0 330 –33.3 (1.5, 2.0) –40.0 
H 2.8 –8.9 150 –16.0 (0.5, 0.5) –16.5  3.3 –10.4 150 –22.9 —  



C-17 

 

 

 Tyrosine (face) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 2.5 –17.9 0 –17.9 (–0.5, 2) –19.3  3.1 –27.0 210 –28.4 —  
2 2.5 –17.7 30 –18.6 (0, –0.5) –20.3  2.6 –34.6 210 –37.1 (0, –0.5) –38.4 
3 3.3 –13.1 210 –14.0 — —  3.2 –29.4 210 –30.2 —  
4 2.3 –24.1 300 –26.9 (0, –0.5) –27.4  2.7 –40.5 30 –47.2 (–0.5, –0.5) –48.6 
5 2.5 –14.3 300 –15.8 — —  2.3 –31.1 330 –31.5 —  
6 3.9 –0.5 — — — —  3.2 –24.2 30 –24.5 —  
7 3.8 –0.6 150 –5.2 — —  3.5 –12.1 210 –18.4 —  
8 2.6 –9.5 300 –11.1 (0, –0.5) –11.4  2.4 –30.1 240 –34.0 —  
A 2.6 –18.9 0 –18.9 (–0.5, 0.5) –20.1  3.4 –30.7 0 –30.7 —  
B 3.6 –8.7 180 –13.2 — —  2.5 –35.9 210 –37.5 (–0.5, 0.5) –39.2 
C 3.0 –14.5 0 –14.5 (1.5, 1) –17.7  2.6 –47.4 0 –47.4 (–0.5, 0.5) –49.6 
D 2.6 –24.6 0 –24.6 (–0.5, 0.5) –26.4  2.4 –49.3 0 –49.3 (–0.5, 0.5) –54.1 
E 3.5 –12.1 330 –13.6 — —  3.4 –26.5 0 –26.5 —  
F 3.9 –0.1 — — — —  3.3 –16.2 210 –23.7 —  
G 3.7 –5.4 150 –10.0 — —  2.6 –36.0 30 –36.3 (0, –0.5) –37.3 
H 2.8 –14.5 0 –14.5 (0, 0.5) –16.1  3.3 –18.9 210 –26.2 —  

 

 Tryptophan (face) 
 1,N

6
-ethenoadenine  3-methyladenine 

θ R1 ΔE α ΔE R2 ΔE  R1 ΔE α ΔE R2 ΔE 

1 2.5 –21.0 240 –23.6 (1, –0.5) –25.9  3.1 –32.5 240 –43.3 —  
2 2.5 –19.6 90 –22.5 (1.5, 0) –26.7  2.4 –46.7 0 –46.7 (–1, 0.5) –49.3 
3 3.2 –13.0 240 –21.7 — —  3.1 –43.8 240 –45.9 —  
4 2.2 –31.0 300 –33.2 (–0.5, 0.5) –34.0  2.6 –48.7 180 –57.0 (–1.0, 0) –60.6 
5 2.4 –18.5 300 –20.6 — —  2.3 –39.5 270 –41.6 —  
6 3.5 –4.6 300 –10.1 — —  3.1 –27.9 60 –38.7 —  
7 3.4 –1.8 150 –8.2 — —  3.0 –22.8 0 –22.8 —  
8 2.5 –12.4 300 –14.2 (0, 0) –15.6  2.2 –41.8 0 –41.8 —  
A 2.6 –22.5 240 –26.9 (0, 0) –26.9  3.4 –35.1 240 –43.3 —  
B 3.6 –11.7 60 –17.1 — —  2.5 –46.6 240 –52.0 (0, –0.5) –52.6 
C 3.2 –11.9 270 –17.0 (2, 0.5) –18.0  2.6 –57.6 240 –63.7 (–0.5, –0.5) –64.7 
D 2.6 –28.9 240 –34.8 (0, 0) –34.8  2.4 –60.7 240 –72.0 (0, 0) –72.0 
E 3.5 –14.2 270 –19.7 — —  3.4 –29.6 240 –36.0 —  
F 3.8 0.9 — — — —  3.2 –22.3 240 –29.1 —  
G 3.6 –6.0 90 –14.2 — —  2.5 –46.1 210 –50.1 (–0.5, 0) –51.2 
H 2.7 –17.3 240 –22.9 (0, 0) –22.9  3.2 –25.6 240 –33.2 —  

 

 

 

 



 

 

 

 

 

 

Appendix D 

Higher-level (MP2 and CCSD(T)) Interaction Energies (kJ mol–1) for All Nucleobase–Amino 
Acid Dimers 

 

Dimers Page 
Adenine  D-2 
Cytosine  D-3 
Guanine  D-4 
Thymine  D-5 
Uracil  D-6 
1,N6-ethenoadenine  D-7 
3-methyladenine  D-8 

 

 

 



D-2 
 

 
Adenine 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –29.7 –35.7 –37.7 –38.5 –20.9 –29.8 

HIS' 
stacked 

 –27.2 –33.5 –35.6 –36.4 –18.5 –27.8 

PHE 
stacked 

 –24.3 –31.5 –33.7 –34.6 –13.0 –23.3 

TYR 
stacked 

 –28.9 –36.2 –38.4 –39.3 –18.0 –28.4 

TYR' 
stacked 

 –30.7 –38.2 –40.2 –41.1 –19.6 –30.0 

TRP 
stacked 

 –32.0 –39.9 –41.7 –42.4 –20.2 –30.6 

TRP' 
stacked 

 –35.0 –42.4 –44.1 –44.8 –23.6 –33.5 

HIS edge B –22.5 –23.8 –25.1 –25.7 –19.2 –22.4 
PHE edge A –14.1 –17.1 –18.1 –18.5 –10.8 –15.2 
TYR edge A –21.9 –22.9 –23.7 –24.1 –20.3 –22.4 
TRP edge A –23.2 –25.3 –26.6 –27.2 –18.9 –22.9 
HIS face 4 

(8) 
–33.6  

(–22.6) 
–34.4 

(–23.8) 
–35.8 

(–25.2) 
–36.4 

(–25.9) 
–30.5 

(–20.3) 
–33.3 

(–23.6) 
PHE face 4 

(8) 
–25.6  

(–16.0) 
–27.5  

(–17.8) 
–30.3 

(–19.3) 
–31.5 

(–20.0) 
–20.5 

(–13.5) 
–26.4 

(–17.4) 
TYR face 4 

(8) 
–27.8  

(–18.4) 
–29.8  

(–20.5) 
–31.9 

(–21.8) 
–32.8 

(–22.4) 
–23.3 

(–16.0) 
–28.3 

(–20.0) 
TRP face 4 

(8) 
–34.8  

(–23.1) 
–37.5  

(–25.3) 
–39.8 

(–26.6) 
–40.8 

(–27.1) 
–28.8 

(–20.0) 
–34.8 

(–24.0) 

 



D-3 
 

 
Cytosine 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –26.9 –31.4 –32.4 –32.8 –23.6 –29.5 

HIS' 
stacked 

 –26.0 –30.3 –31.8 –32.5 –22.6 –29.1 

PHE 
stacked 

 –18.4 –24.1 –25.7 –26.4 –12.6 –20.6 

TYR 
stacked 

 –24.2 –29.7 –31.2 –31.8 –19.5 –27.1 

TYR' 
stacked 

 –22.7 –28.0 –29.3 –29.8 –17.8 –25.0 

TRP 
stacked 

 –33.4 –40.8 –42.5 –43.2 –25.6 –35.4 

TRP' 
stacked 

 –32.9 –41.2 –43.4 –44.3 –24.0 –35.4 

HIS edge B –26.4 –28.0 –29.1 –29.6 –24.3 –27.5 
PHE edge A –12.1 –14.8 –15.7 –16.2 –10.0 –14.0 
TYR edge A –22.5 –23.6 –24.3 –24.6 –21.6 –23.7 
TRP edge A –27.4 –29.7 –30.5 –30.9 –25.3 –28.8 
HIS face 1 

(4) 
–33.6 

(–31.2) 
–35.6 

(–33.8) 
–37.5 

(–34.7) 
–38.3 

(–35.0) 
–31.5 

(–29.8) 
–36.1 

(–33.7) 
PHE face 1 

(5) 
–22.5 

(–19.5) 
–25.2 

(–21.4) 
–27.7 

(–22.8) 
–28.7 

(–23.4) 
–19.1 

(–17.8) 
–25.4 

(–21.8) 
TYR face 1 

(4) 
–26.7 

(–25.3) 
–29.3 

(–28.5) 
–31.1 

(–30.0) 
–31.9 

(–30.7) 
–23.9 

(–22.8) 
–29.1 

(–28.2) 
TRP face 1 

(4) 
–34.5 

(–32.2) 
–37.5 

(–34.6) 
–39.2 

(–36.3) 
–40.0 

(–37.1) 
–31.1 

(–29.0) 
–36.6 

(–33.9) 

 



D-4 
 

 
Guanine 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –35.3 –40.3 –42.0 –42.7 –30.3 –37.8 

HIS' 
stacked 

 –31.4 –37.1 –38.7 –39.3 –24.8 –32.7 

PHE 
stacked 

 –25.3 –32.4 –34.6 –35.5 –15.1 –25.3 

TYR 
stacked 

 –32.8 –39.5 –41.6 –42.4 –25.6 –35.2 

TYR' 
stacked 

 –33.4 –40.7 –43.0 –43.9 –23.6 –34.1 

TRP 
stacked 

 –42.4 –51.0 –53.0 –53.9 –30.6 –42.1 

TRP' 
stacked 

 –42.5 –51.4 –53.8 –54.8 –30.8 –43.1 

HIS edge B –27.7 –29.1 –30.2 –30.7 –24.2 –27.2 
PHE edge A –14.5 –17.7 –18.5 –18.9 –11.5 –16.0 
TYR edge A –21.8 –22.6 –23.0 –23.2 –20.4 –21.8 
TRP edge A –28.7 –31.3 –32.3 –32.8 –24.8 –28.9 
HIS face 5 

(A) 
–26.7 

(–46.4) 
–27.5 

(–47.7) 
–29.0 

(–49.5) 
–29.6 

(–50.3) 
–23.8 

(–44.5) 
–26.7 

(–48.4) 
PHE face 5 

(A) 
–23.7 

(–31.6) 
–25.4 

(–33.0) 
–27.6 

(–35.4) 
–28.6 

(–36.5) 
–19.4 

(–28.4) 
–24.3 

(–33.2) 
TYR face E 

(A) 
–24.6 

(–36.2) 
–26.0 

(–37.7) 
–27.6 

(–40.1) 
–28.3 

(–41.1) 
–21.2 

(–33.0) 
–24.9 

(–37.8) 
TRP face E 

(A) 
–32.5 

(–47.3) 
–34.4 

(–50.2) 
–36.2 

(–52.9) 
–37.0 

(–54.1) 
–27.9 

(–42.8) 
–32.4 

(–49.5) 

 



D-5 
 

 
Thymine 

 θ MP2/ 
6-31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –25.0 –29.3 –30.8 –31.4 –20.7 –27.1 

HIS' 
stacked 

 –26.8 –31.8 –33.5 –34.2 –22.0 –29.3 

PHE 
stacked 

 –22.4 –28.1 –30.0 –30.8 –16.1 –24.5 

TYR 
stacked 

 –26.1 –31.1 –32.7 –33.4 –21.0 –28.3 

TYR' 
stacked 

 –25.5 –30.6 –32.3 –33.0 –20.0 –27.5 

TRP 
stacked 

 –36.0 –43.8 –46.4 –47.5 –26.3 –37.8 

TRP' 
stacked 

 –36.4 –45.0 –48.2 –49.5 –25.4 –38.5 

HIS edge C –19.1 –22.6 –23.8 –24.2 –18.1 –23.3 
PHE edge A –10.8 –13.2 –14.1 –14.5 –8.5 –12.3 
TYR edge A –15.7 –16.8 –17.3 –17.5 –14.7 –16.6 
TRP edge A –20.9 –23.2 –24.3 –24.8 –18.2 –22.1 
HIS face 1 

(3) 
–34.2 

(–22.5) 
–34.7 

(–23.8) 
–36.6 

(–24.9) 
–37.4 

(–25.4) 
–30.1 

(–21.6) 
–34.2 

(–24.4) 
PHE face 1 

(3) 
–24.7 

(–18.9) 
–24.6 

(–21.2) 
–27.0 

(–23.5) 
–28.0 

(–24.5) 
–18.9 

(–16.1) 
–22.2 

(–21.6) 
TYR face 1 

(3) 
–27.6 

(–20.6) 
–29.6 

(–22.7) 
–31.4 

(–24.4) 
–32.2 

(–25.2) 
–24.8 

(–18.3) 
–29.4 

(–22.9) 
TRP face F 

(3) 
–37.0 

(–25.4) 
–39.0 

(–27.6) 
–41.3 

(–29.4) 
–42.3 

(–30.1) 
–32.6 

(–22.4) 
–37.9 

(–27.2) 

 



D-6 
 

 
Uracil 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –23.6 –27.1 –28.3 –28.8 –20.8 –26.0 

HIS' 
stacked 

 –26.4 –30.6 –32.1 –32.7 –22.8 –29.1 

PHE 
stacked 

 –20.1 –24.5 –26.2 –26.9 –14.9 –21.7 

TYR 
stacked 

 –25.2 –30.1 –31.8 –32.5 –20.3 –27.6 

TYR' 
stacked 

 –25.7 –30.3 –32.0 –32.7 –20.8 –27.7 

TRP 
stacked 

 –34.5 –41.3 –43.7 –44.7 –26.6 –36.8 

TRP' 
stacked 

 –34.0 –41.6 –44.5 –45.8 –24.4 –36.1 

HIS edge C –18.4 –21.9 –23.0 –23.5 –17.8 –22.8 
PHE edge A –9.7 –11.8 –12.6 –12.9 –8.5 –11.7 
TYR edge 1 –14.9 –16.6 –17.3 –17.6 –15.3 –18.0 
TRP edge A –18.3 –20.1 –20.9 –21.3 –16.3 –19.2 
HIS face 1 

(3) 
–34.7 

(–23.0) 
–36.4 

(–24.3) 
–38.0 

(–25.4) 
–38.7 

(–25.9) 
–32.8 

(–22.0) 
–36.9 

(–24.9) 
PHE face 1 

(3) 
–25.3 

(–19.1) 
–27.3 

(–21.3) 
–29.7 

(–23.7) 
–30.8 

(–24.6) 
–22.2 

(–16.2) 
–27.6 

(–21.7) 
TYR face 1 

(3) 
–27.8 

(–20.8) 
–29.9 

(–22.9) 
–31.7 

(–24.7) 
–32.5 

(–25.4) 
–25.1 

(–18.4) 
–29.7 

(–23.1) 
TRP face F 

(3) 
–36.7 

(–25.7) 
–38.5 

(–27.8) 
–40.8 

(–29.7) 
–41.8 

(–30.4) 
–32.7 

(–22.6) 
–37.7 

(–27.4) 

 



D-7 
 

 
1,N6-ethenoadenine 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –37.4 –44.3 –46.2 –47.0 –27.6 –37.3 

HIS' 
stacked 

 –36.5 –42.3 –43.8 –44.4 –28.0 –35.9 

PHE 
stacked 

 –31.3 –39.9 –42.7 –43.8 –16.2 –28.8 

TYR 
stacked 

 –38.0 –45.4 –47.8 –48.8 –25.3 –36.2 

TYR' 
stacked 

 –36.4 –43.7 –46.0 –47.0 –24.1 –34.7 

TRP 
stacked 

 –47.5 –56.6 –59.1 –60.2 –31.0 –43.7 

TRP' 
stacked 

 –49.2 –59.5 –62.9 –64.2 –30.0 –45.1 

HIS edge B –29.0 –31.2 –32.5 –33.0 –24.4 –28.4 
PHE edge A –16.2 –20.0 –21.1 –21.5 –11.7 –17.0 
TYR edge A –25.9 –27.2 –27.9 –28.3 –24.2 –26.6 
TRP edge A –31.7 –35.1 –36.2 –36.7 –26.1 –31.2 
HIS face 4 

(2) 
–31.7 

(–21.6) 
–32.6 

(–23.6) 
–33.4 

(–25.2) 
–33.8 

(–25.8) 
–29.0 

(–19.3) 
–31.2 

(–23.5) 
PHE face 4 

(2) 
–26.3 

(–17.5) 
–27.9 

(–19.8) 
–30.7 

(–21.5) 
–31.8 

(–22.3) 
–21.0 

(–13.8) 
–26.6 

(–18.6) 
TYR face 4 

(2) 
–27.4 

(–20.3) 
–29.1 

(–23.0) 
–31.2 

(–24.5) 
–32.0 

(–25.2) 
–22.8 

(–17.2) 
–27.4 

(–22.1) 
TRP face D 

(A) 
–34.8 

(–26.9) 
–36.4 

(–30.1) 
–38.1 

(–31.9) 
–38.9 

(–32.6) 
–29.9 

(–22.7) 
–34.1 

(–28.4) 



D-8 
 

 
3-methyladenine 

 θ MP2/ 
6-

31G*(0.25) 

MP2/ 
aug-cc-
pVDZ 

MP2/ 
aug-cc-
pVTZ 

MP2/ 
CBS 

CCSD(T)/ 
6-

31G*(0.25) 

CCSD(T)/ 
CBS 

HIS 
stacked 

 –51.7 –54.4 –56.6 –57.6 –42.6 –48.4 

HIS' 
stacked 

 –52.7 –55.2 –57.4 –58.3 –43.6 –49.3 

PHE 
stacked 

 –48.6 –52.8 –56.1 –57.5 –35.3 –44.2 

TYR 
stacked 

 –53.9 –57.8 –61.0 –62.4 –41.1 –49.6 

TYR' 
stacked 

 –55.0 –59.0 –62.3 –63.7 –42.2 –50.9 

TRP 
stacked 

 –71.5 –75.5 –78.6 –79.9 –57.1 –65.5 

TRP' 
stacked 

 –69.7 –73.6 –76.9 –78.3 –55.7 –64.2 

HIS edge 3 –61.6 –63.2 –64.2 –64.6 –58.7 –61.6 
PHE edge A –16.8 –20.0 –21.2 –21.7 –13.0 –17.8 
TYR edge F –33.9 –35.2 –36.5 –37.0 –32.2 –35.2 
TRP edge E –28.0 –31.4 –32.7 –33.1 –23.0 –28.2 
HIS face 4 

(B) 
–64.5 

(–43.1) 
–63.6 

(–43.1) 
–66.6 

(–44.5) 
–67.9 

(–45.1) 
–61.6 

(–41.4) 
–65.1 

(–43.5) 
PHE face D 

(G) 
–46.4 

(–37.2) 
–47.1 

(–36.0) 
–49.3 

(–38.2) 
–50.3 

(–39.2) 
–41.7 

(–33.3) 
–45.6 

(–35.4) 
TYR face D 

(B) 
–54.1 

(–39.2) 
–54.6 

(–40.8) 
–57.2 

(–42.9) 
–58.3 

(–43.8) 
–48.7 

(–36.2) 
–52.9 

(–40.8) 
TRP face D 

(B) 
–72.0 

(–52.6) 
–72.8 

(–54.6) 
–75.8 

(–57.0) 
–77.2 

(–58.1) 
–64.8 

(–48.4) 
–70.1 

(–53.9) 
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Appendix E 

Computational Details for Crystal Structure Overlay Calculations 
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In chapter 2, three crystal structures containing representative examples of stacking,1 

amino acid edge T-shaped,2 and nucleobase edge T-shaped3 contacts were examined to 

determine the interaction energies between the relevant monomers in the crystal structure 

geometries. In these calculations, the crystal structures were initially reduced to contain 

only the nucleobase and amino acid of interest (DG109 and F37 in the stacked orientation,1 

ATP1500 and H1223 in the amino acid edge orientation,2 and DC11 (chain B) and Y424 

(chain M) in the nucleobase edge orientation3). Next, the (Cs symmetry) MP2/6-31G(d) 

optimized amino acids and nucleobases were individually overlaid (according to maximum 

atomic overlap of all heavy atoms) onto the corresponding molecule in the crystal structure. 

In the case of HIS, the two tautomeric forms were considered (i.e., a hydrogen atom bonded 

to Nδ1 or Nε2). In the case of TYR, two orientations of the OH group were considered. Once 

the calculated monomer geometries were overlaid onto the crystal structures, the MP2/6-

31G*(0.25) dimer interaction energies were calculated and compared to the interaction 

energies predicted from our potential energy surface scans as explained in section 2.3.4. 

 

                                                             
1 Ohndorf, U. M.; Rould, M. A.; He, Q.; Pabo, C. O.; Lippard, S. J. Nature 1999, 399, 708–712. 
2 Schmitt, E.; Moulinier, L.; Fujiwara, S.; Imanaka, T.; Thierry, J. C.; Moras, D. EMBO J. 1998, 17, 5227–

5237. 
3 Giffin, M. J.; Stroud, J. C.; Bates, D. L.; von Koenig, K. D.; Hardin, J.; Chen, L. Nat. Struct. Biol. 2003, 10, 

800–806. 
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Appendix F 

Computational Details for DFT-SAPT Calculations and A or 3MeA–Histidine Hydrogen-

Bonded Structures 
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DFT-SAPT Calculations 

 DFT-SAPT is a unique theoretical method that uses monomer properties, as well as 

electronic densities from DFT in order to compute interaction energies using the symmetry 

adapted perturbation theory (SAPT).1 In DFT-SAPT, the total interaction energy () is 

dissected into physically meaningful components as follows: 

 

  
  

  
  

  
  

   

 

Some of these terms can be combined to define commonly understood physical quantities. 

The electrostatic (Eelec), induction (Eind), dispersion (Edisp) and exchange-repulsion (Eexch) 

can further be defined as: 

 

  
  

  
  

    

  
  

  

  
  

 

All DFT-SAPT calculations have been carried out using the PBE0 functional with the aug-cc-

pVDZ basis set within MolPro.2 

 

 

Hydrogen-Bonded Structures 

 Hydrogen-bonded structures involving histidine and adenine or 3-methyladenine 

were freely optimized using MP2/6-31+G(d,p). Specifically, only the nucleobase model was 

chosen for adenine and 3-methyladenine, where histidine was modeled as imidazole. All 

structures were verified to be minima through frequency calculations at the same level of 

theory. Since histidine and adenine are able to accept and donate hydrogen bonds, only the 

combinations which resembled the T-shaped orientations were examined to provide a more 

relevant comparison. Additionally, since (cationic) 3-methyladenine is not able to accept a 

hydrogen-bond, the hydrogen-bonded structures determined in this study correspond to 

3MeA donating a hydrogen bond from the most acidic sites of this nucleobase. All 

calculations were completed in Gaussian09.3 

  

                                                             
1 Heβelmann, A.; Jansen, G.; Schutz, M. J. Chem. Phys. 2005, 122, 014103. 
2 Werner, H.-J.; Knowles, P. J.; Lindh, R.; Manby, F. R.; Schütz, M.; Celani, P.; Korona, T.; Rauhut, G.; 

Amos, R. D.; Bernhardsson, A.; Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.; 

Hampel, C.; Hetzer, G.; Lloyd, A. W.; McNicholas, S. J.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri, P.; 

Pitzer, R.; Schumann, U.; Stoll, H.; Stone, A. J.; Tarroni, R.; Thorsteinsson, T. MolPro, Version 2006.1; 

University College Cardiff Consultants Ltd.: Cardiff, UK, 2006. 
3 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; 

Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, 

A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Jr., J. A. M.; Peralta, J. E.; Ogliaro, F.; 

Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; 

Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; 

Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 

Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 

Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; 

Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Revision A.02; Gaussian, Inc.: 

Wallingford CT, 2009. 



 

 

 

 

 

Appendix G 

Full MP2/6-31G*(0.25) Potential Energy Surface Scans for HIS_A_HIS(edge) and HIS′_3MeA_HIS′ Trimers, 
Geometric Variables (R1, α, R2) Used to Construct All Trimers, and Molecular Graphs of All 18 Trimers 

 

 Page 

 Potential Energy Surface Scans G-2–G-4 

 HIS_A_HIS(edge) G-2 

 HIS′_3MeA_HIS′   G-3 

 Geometric Variables Used to Construct All Trimers G-5–G-6 

 Molecular Graphs for All Trimers G-7–G-9 

 His_A_His G-7 

 His_A_His+ G-8 

 His_3MeA_His G-9 

   

   

   

   

   

   

 



G-2 

 

MP2/6-31G*(0.25) Interaction Energies (kJ mol–1) Determined from Potential Energy Surface Scans of the 

HIS_A_HIS(edge) Trimer that Varies R1 (Å), α (°) and R2 (X-axis Shift (Å), Y-axis Shift (Å)) Simultaneously. 

R1   HIS(edge) 

  4.3 4.4 4.5 4.6 4.7 

H
IS

 

3.0 –27.7 –28.9 –29.3 –28.9 –28.2 
3.1 –32.2 –33.5 –33.8 –33.5 –32.8 
3.2 –34.4 –35.7 –36.0 –35.7 –35.0 
3.3 –35.0 –36.3 –36.7 –36.3 –35.6 
3.4 –34.6 –35.9 –36.2 –35.9 –35.2 
3.5 –33.6 –34.9 –35.2 –34.9 –34.2 

 

α  HIS(edge) 
  0 30 60 90 120 150 180 210 240 270 300 330 

H
IS

 

0 –36.7 –37.5 –38.1 –37.7 –36.7 –35.9 –36.3 –37.7 –38.6 –38.4 –37.5 –36.6 

30 –37.8 –38.7 –39.4 –38.9 –37.8 –37.0 –37.4 –38.7 –39.6 –39.4 –38.6 –37.7 

60 –38.1 –39.1 –39.8 –39.4 –38.2 –37.3 –37.7 –39.0 –40.0 –39.8 –38.9 –38.0 

90 –38.4 –39.4 –40.2 –39.8 –38.7 –37.7 –38.0 –39.3 –40.3 –40.1 –39.2 –38.3 

120 –41.2 –42.2 –43.1 –42.8 –41.7 –40.7 –41.0 –42.2 –43.2 –43.0 –42.1 –41.1 

150 –45.4 –46.4 –47.3 –47.0 –46.0 –45.1 –45.4 –46.5 –47.4 –47.2 –46.3 –45.4 

180 –46.6 –47.6 –48.4 –48.1 –47.1 –46.3 –46.6 –47.9 –48.7 –48.4 –47.5 –46.5 

210 –43.3 –44.4 –45.2 –44.9 –43.9 –43.1 –43.5 –44.7 –45.6 –45.2 –44.2 –43.2 

240 –39.3 –40.4 –41.2 –40.9 –39.9 –39.0 –39.5 –40.8 –41.7 –41.4 –40.3 –39.3 

270 –38.0 –39.0 –39.9 –39.6 –38.5 –37.7 –38.1 –39.5 –40.5 –40.2 –39.1 –38.0 

300 –37.9 –38.8 –39.6 –39.3 –38.3 –37.5 –37.9 –39.2 –40.2 –40.0 –39.0 –37.9 
 

R2  –2.5 –2.0 –1.5 

Y ↓ X→ HIS(edge) fixed at (–2.5, 0) HIS(edge) fixed at (–2.0,0) HIS(edge) fixed at (–1.5,0) 

 HIS scanned: HIS scanned: HIS scanned: 

0 

Y ↓ X → 

→ 

–0.5 0 0.5 Y ↓ X → –0.5 0 0.5 Y ↓ X → –0.5 0 0.5 

–1.5 –49.4 –49.3 –46.8 –1.5 –50.6 –50.6 –48.1 –1.5 –50.5 –50.5 –48.0 

–1.0 –49.2 –50.3 –47.5 –1.0 –50.4 –51.6 –48.8 –1.0 –50.3 –51.6 –48.8 

–0.5 –49.4 –50.1 –46.0 –0.5 –50.7 –51.5 –47.4 –0.5 –50.6 –51.4 –47.5 

 HIS(edge) fixed at (–2.5,0.5) HIS(edge) fixed at (–2.0,0.5) HIS(edge) fixed at (–1.5,0.5) 

: 
 HIS scanned: HIS scanned: HIS scanned: 

0.5 

Y ↓ X → –0.5 0 0.5 Y ↓ X → –0.5 0 0.5 Y ↓ X → –0.5 0 0.5 

–1.5 –51.5 –51.4 –48.9 –1.5 –52.3 –52.2 –49.8 –1.5 –51.3 –51.3 –48.9 

–1.0 –51.2 –52.4 –49.6 –1.0 –52.1 –53.3 –50.6 –1.0 –51.1 –52.4 –49.7 

–0.5 –51.5 –52.2 –48.2 –0.5 –52.3 –53.2 –49.2 –0.5 –51.4 –52.3 –48.4 

 HIS(edge) fixed at (–2.5, 1.0) HIS(edge) fixed at (–2.0,1.0): HIS(edge) fixed at (–1.5, 1.0) 

 HIS scanned: HIS scanned: HIS scanned: 

1.0 

Y ↓ X → –0.5 0 0.5 Y ↓ X → –0.5 0 0.5 Y ↓ X → –0.5 0 0.5 

–1.5 –50.6 –50.5 –48.1 –1.5 –51.1 –51.1 –48.7 –1.5 –50.0 –50.0 –47.7 

–1.0 –50.3 –51.6 –48.8 –1.0 –50.9 –52.2 –49.4 –1.0 –49.8 –51.1 –48.4 

–0.5 –50.5 –51.4 –47.4 –0.5 –51.1 –52.0 –48.0 –0.5 –50.0 –51.0 –47.1 

 

 

 

 



G-3 

 

MP2/6-31G*(0.25) Interaction Energies (kJ mol–1) Determined from Potential Energy Surface Scans of the 

HIS′_3MeA_HIS′ Trimer that Varies R1 (Å), α (°) and R2 (X-axis Shift (Å), Y-axis Shift (Å)) Simultaneously. 
 

R1   HIS′ 
  3.1 3.2 3.3 3.4 3.5 

H
IS

′ 

3.1 –57.4 –60.1 –60.9 –60.4 –59.1 
3.2 –60.1 –62.7 –63.5 –63.0 –61.6 
3.3 –60.9 –63.5 –64.2 –63.7 –62.4 
3.4 –60.4 –63.0 –63.7 –63.2 –61.8 
3.5 –59.1 –61.6 –62.4 –61.8 –60.5 
3.6 –57.3 –59.8 –60.5 –60.0 –58.7 

 

α  HIS′ 
  0 30 60 90 120 150 180 210 240 270 300 330 

H
IS

′ 

0 –64.2 –65.0 –70.6 –76.8 –81.4 –85.8 –86.2 –80.9 –72.4 –64.2 –61.7 –62.8 

30 –65.0 –65.2 –70.5 –76.6 –81.3 –85.9 –86.5 –81.6 –73.3 –65.4 –63.0 –63.9 

60 –70.6 –70.6 –75.5 –81.3 –85.8 –90.4 –91.3 –86.6 –78.6 –70.9 –68.7 –69.8 

90 –76.8 –76.6 –81.3 –86.6 –90.7 –95.2 –96.0 –91.5 –83.9 –76.5 –74.6 –75.9 

120 –81.4 –81.3 –85.8 –90.7 –94.4 –98.5 –99.2 –94.7 –87.3 –80.3 –78.7 –80.3 

150 –85.8 –85.9 –90.4 –95.2 –98.5 –102.0 –102.2 –97.7 –90.4 –83.7 –82.5 –84.4 

180 –86.2 –86.5 –91.3 –96.0 –99.2 –102.2 –101.9 –97.1 –89.8 –83.2 –82.2 –84.5 

210 –80.9 –81.6 –86.6 –91.5 –94.7 –97.7 –97.1 –92.0 –84.3 –77.4 –76.5 –78.9 

240 –72.4 –73.3 –78.6 –83.9 –87.3 –90.4 –89.8 –84.3 –76.0 –68.8 –67.7 –70.1 

270 –64.2 –65.4 –70.9 –76.5 –80.3 –83.7 –83.2 –77.4 –68.8 –61.0 –59.6 –61.8 

300 –61.7 –63.0 –68.7 –74.6 –78.7 –82.5 –82.2 –76.5 –67.7 –59.6 –57.6 –59.5 
 

Refined α  HIS′ 

153 156 159 162 165 168 171 174 177 

H
IS

′ 

153 –102.5 –102.7 –102.8 –102.9 –103.0 –103.0 –102.9 –102.8 –102.6 

156 –102.7 –102.9 –103.0 –103.1 –103.1 –103.1 –103.1 –102.9 –102.8 

159 –102.8 –103.0 –103.1 –103.2 –103.3 –103.3 –103.2 –103.1 –102.9 

162 –102.9 –103.1 –103.2 –103.3 –103.3 –103.3 –103.2 –103.1 –102.9 

165 –103.0 –103.1 –103.3 –103.3 –103.4 –103.3 –103.3 –103.1 –102.9 

168 –103.0 –103.1 –103.3 –103.3 –103.3 –103.3 –103.2 –103.1 –102.9 

171 –102.9 –103.1 –103.2 –103.2 –103.3 –103.2 –103.1 –103.0 –102.8 

174 –102.8 –103.0 –103.1 –103.1 –103.1 –103.1 –103.0 –102.8 –102.6 

177 –102.6 –102.8 –102.9 –102.9 –102.9 –102.9 –102.8 –102.6 –102.4 

 

 

 

 



G-4 

 

 

R2  –1.0 –0.5 0 

Y ↓ X→ HIS′ fixed at (–1.0, –0.5) HIS′ fixed at (–0.5, –0.5) HIS′ fixed at (0, –0.5) 

 HIS′ scanned: HIS′ scanned: HIS′ scanned: 

–0.5 

Y ↓ X → 

→ 

–1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 

–0.5 –91.3 –95.9 –97.2 –0.5 –95.9 –100.4 –101.4 –0.5 –97.2 –101.4 –102.3 

0 –93.1 –97.0 –97.0 0 –97.8 –101.5 –101.3 0 –99.1 –102.6 

102.606 

–102.1 

0.5 –94.1 –96.2 –95.1 0.5 –98.8 –100.8 –99.4 0.5 –100.0 –101.8 –100.3 

 HIS′ fixed at (–1.0, 0) HIS′ fixed at (–0.5, 0) HIS′ fixed at (0, 0) 

 HIS′ scanned: HIS′ scanned: HIS′ scanned: 

0 

Y ↓ X → –1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 

–0.5 –93.1 –97.8 –99.1 –0.5 –97.0 –101.5 –102.6 –0.5 –97.0 –101.3 –102.1 

0 –94.9 –98.8 –98.8 0 –98.8 –102.6 –102.3 0 –98.8 –102.3 –101.9 

0.5 –95.8 –97.9 –96.8 0.5 –99.7 –101.7 –100.4 0.5 –99.7 –101.5 –100.0 

 HIS′ fixed at (–1.0, 0.5) HIS′ fixed at (–0.5, 0.5) HIS′ fixed at (0, 0.5) 

 HIS′ scanned: HIS′ scanned: HIS′ scanned: 

0.5 

Y ↓ X → –1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 Y ↓ X → –1.0 –0.5 0 

–0.5 –94.1 –98.8 –100.0 –0.5 –96.2 –100.8 –101.8 –0.5 –95.1 –99.4 –100.3 

0 –95.8 –99.7 –99.7 0 –97.9 –101.7 –101.5 0 –96.8 –100.4 –100.0 

0.5 –96.6 –98.7 –97.6 0.5 –98.7 –100.7 –99.5 0.5 –97.6 –99.5 –98.0 

 



G-5 

 

 Geometric Variables (R1 (Å), α (°) and R2 (X-axis Shift (Å), Y-axis Shift (Å))) Used to Construct the Dimer and Trimer 

Geometries Investigated in this Study. 

Adenine and Histidine 

Dimer  R1  α  R2 

A_HIS  3.3 180 (0, –1.0) 
A_HIS′  3.3 120 (0, –0.5) 
A_HIS(edge)  4.4 270 (0, 0.5) 

     

Trimer  R1  α  R2 

HIS_A_HIS I 3.3 180 (0, –1.0) 
 II 3.3 180 (0, –1.0) 
HIS′_A_HIS′ I 3.3 120 (0, –0.5) 
 II 3.3 120 (0, –0.5) 
HIS_A_HIS′ I 3.3 180 (0, –1.0) 
 II 3.3 120 (0, –0.5) 
HIS_A_HIS(edge) I 3.3 180 (0, –1.0) 
 II 4.4 270 (0, 0.5) 
HIS′_A_HIS(edge) I 3.3 120 (0, –0.5) 
 II 4.4 270 (0, 0.5) 
HIS(edge)_A_HIS(edge) I 4.4 270 (0, 0.5) 
 II 4.4 270 (0, 0.5) 

 

Adenine and Histidine (Protonated and Neutral) 

Dimer  R1  α  R2 

A_HIS  3.3 180 (0, –1.0) 
A_HIS′  3.3 120 (0, –0.5) 
A_HIS edge  4.4 270 (0, 0.5) 
A_HIS

+
  3.2 270 (0, 0) 

A_HIS
+
edge  4.2 90 (2, 1.5) 

     

Trimer  R1  α  R2 

HIS_A_HIS
+
 I 3.3 180 (0, –1.0) 

 II 3.2 270 (0, 0) 
HIS′_ A_HIS

+
 I 3.3 120 (0, –0.5) 

 II 3.2 270 (0, 0) 
HIS(edge)_ A_HIS

+
 I 4.4 270 (0, 0.5) 

 II 3.2 270 (0, 0) 
HIS_ A_HIS

+
(edge) I 3.3 180 (0, –1.0) 

 II 4.2 90 (2, 1.5) 
HIS′_ A_HIS

+
(edge) I 3.3 120 (0, –0.5) 

 II 4.2 90 (2, 1.5) 
HIS(edge)_ A_HIS

+
(edge) I 4.4 270 (0, 0.5) 

 II 4.2 90 (2, 1.5) 
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3-methyladenine and Histidine 

Dimer  R1  α  R2 

3MeA_HIS  3.3 240 (0, 0) 
3MeA_HIS′  3.3 180 (–0.5, 0) 
3MeA_HIS(edge)  4.2 90 (0.5, –1.5) 

     

Trimer  R1  α  R2 

HIS_3MeA_HIS I 3.3 240 (0, 0) 
 II 3.3 240 (0, 0) 
HIS′_3MeA_HIS′ I 3.3 180 (–0.5, 0) 
 II 3.3 180 (–0.5, 0) 
HIS_3MeA_HIS′ I 3.3 240 (0, 0) 
 II 3.3 180 (–0.5, 0) 
HIS_3MeA_HIS(edge) I 3.3 240 (0, 0) 
 II 4.2 90 (0.5, –1.5) 
HIS′_3MeA_HIS(edge) I 3.3 180 (–0.5, 0) 
 II 4.2 90 (0.5, –1.5) 
HISedge_3MeA_HIS(edge) I 4.2 90 (0.5, –1.5) 
 II 4.2 90 (0.5, –1.5) 
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Molecular graphs of all His:A:His trimers examined in this study. 
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Molecular graphs of all His:A:His+ trimers examined in this study. 
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Molecular graphs of all His:3MeA:His trimers examined in this study. 

 

 

 

 

 

 

 



 

 

 

 

 

Appendix H 

AMBER Atom Types and Parameters, Interaction Energy Analysis for Neutral and Cationic Systems, and Full 
Potential Energy Surface Scan Data for the Three Stacked and Three  

T-shaped Dimers 
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AMBER Atom Types Used for 3-Methyladenine (3MeA) as Defined using ANTECHAMBER. 
 

 

 

 

 

 

Additional Parameters Used for the 129 Nucleobase–Amino Acid Dimers in this Study. 

Bond Kr req Derived from: 

CA N* 411.10 1.391 na-c2 in GAFF 
CA H5 344.30 1.087 c2-ha in GAFF 
CC H4 367.00 1.080 CA-H4, CA-HA, CM-H4, CM-H5, CM-HA, CQ-H5, CR-H5, CV-H4, CW-H4 in AMBER 
C* H4 367.00 1.080 CA-H4, CA-HA, CM-H4, CM-H5, CM-HA, CQ-H5, CR-H5, CV-H4, CW-H4 in AMBER 

Angle Kθ  θeq Derived from: 

N* CA NC 71.7 123.62 n2-c2-na in GAFF 
NC CA H5 52.4 120.54 n2-c2-ha in GAFF 
CA NC CA 70.7 109.95 ca-nc-ca in GAFF 
CA N* CB 67.8 110.37 c2-na-c2 in GAFF 
CA N* CT 64.2 117.20 c2-na-c3 in GAFF 
N* CA H5 51.2 112.42 na-c2-ha in GAFF 
N* CB N* 73.7 109.33 na-c2-na in GAFF 
CW C* H4 35.00 120.00 C-CA-HA, C*-CW-H4, CA-CA-H4, CA-CA-HA, CB-CA-H4, CB-CA-HA, etc in AMBER 
CB C* H4 35.00 120.00 C-CA-HA, C*-CW-H4, CA-CA-H4, CA-CA-HA, CB-CA-H4, CB-CA-HA, etc in AMBER 
CW CC H4 35.00 120.00 C-CA-HA, C*-CW-H4, CA-CA-H4, CA-CA-HA, CB-CA-H4, CB-CA-HA, etc in AMBER 
NB CC H4 35.00 120.00 NB-CM-H4, NA-CW-H4 in AMBER 
NA CC H4 35.00 120.00 NB-CM-H4, NA-CW-H4 in AMBER 
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Mean unsigned error (MUE, kJ mol
–1

), mean signed error (MSE, kJ mol
–1

), maximum absolute difference (MAX, kJ mol
–1

) and maximum percent 

error (MAX %) between various methods and the CCSD(T)/CBS benchmark interaction energies for 47 nucleobase–amino acid stacked dimers.
a
 

Method Basis Set MUE MSE MAX MAX % 
MP2b 6-31G*(0.25) 2.2 (1.8) [3.4] 0.3 (1.4) [–3.1] 6.0 (3.1) [6.0] 11.4 (–10.7) [11.4] 
 6-31G(d) 12.7 (13.3) [11.1] 12.7 (13.3) [11.1] 19.4 (19.4) [13.8] –58.0 (–58.0) [–30.0] 
 6-31G(d,p) 12.2 (12.7) [10.7] 12.2 (12.7) [10.7] 18.2 (18.2) [13.0] –54.8 (–54.8) [–27.8] 
 cc-pVDZ 8.8 (9.2) [7.4] 8.8 (9.2) [7.4] 12.8 (12.8) [9.4] –39.2 (–39.2) [–20.4] 
 6-31+G(d,p) 4.5 (4.4) [4.8] 4.5 (4.4) [4.8] 7.5 (7.5) [6.7] –22.8 (–22.8) [–15.4] 
 aug-cc-pVDZ 5.0 (4.8) [5.8] –5.0 (–4.8) [–5.8] 10.0 (9.3) [10.0] 35.2 (35.2) [19.5] 
B3LYP 6-31G(d) 26.8 (26.4) [28.0] 26.8 (26.4) [28.0] 39.9 (39.1) [39.9] –133.2 (–133.2) [–82.3] 
 6-31G(d,p) 26.8 (26.4) [28.0] 26.8 (26.4) [28.0] 39.9 (38.9) [39.9] –132.5 (–132.5) [–82.1] 
 cc-pVDZ 27.5 (27.1) [28.8] 27.5 (27.1) [28.8] 42.9 (39.8) [42.9] –135.3 (–135.3) [–89.4] 
 6-31+G(d,p) 31.1 (30.3) [33.5] 31.1 (30.3) [33.5] 47.2 (44.7) [47.2] –156.2 (–156.2) [–96.6] 
 aug-cc-pVDZ 30.3 (29.8) [31.9] 30.3 (29.8) [31.9] 45.3 ( 42.9) [45.3] –149.1 (–149.1) [–90.9] 
PBE 6-31G(d) 20.9 (21.1) [20.2] 20.9 (21.1) [20.2] 30.4 (30.4) [29.8] –100.7 (–100.7) [–61.0] 
 6-31G(d,p) 20.8 (21.0) [20.2] 20.8 (21.0) [20.2] 30.1 (30.1) [29.8] –99.8 (–99.8) [–60.8] 
 cc-pVDZ 20.5 (20.6) [20.1] 20.5 (20.6) [20.1] 31.4 (29.7) [31.4] –97.3 (–97.3) [–65.3] 
 6-31+G(d,p) 23.3 (23.1) [24.1] 23.3 (23.1) [24.1] 34.8 (33.5) [34.8] –114.6 (–114.6) [–70.7] 
PBE-D 6-31G(d) 3.0 (2.1) [5.8] –3.0 (–2.1) [–5.8] 8.4 (4.1) [8.4] 21.5 (11.5) [21.5] 
 6-31G(d,p) 3.1 (2.2) [5.8] –3.1 (–2.2) [–5.8] 8.6 (4.3) [8.6] 21.3 (11.8) [21.3] 
 cc-pVDZ 3.1 (2.2) [5.8] –3.1 (–2.2) [–5.8] 8.6 (4.3) [8.6] 21.3 (11.8) [21.3] 
 6-31+G(d,p) 0.9 (0.6) [1.9] –0.6 (–0.1) [–1.9] 4.2 (1.5) [4.2] 14.0 (–5.3) [14.0] 
BLYP 6-31G(d) 32.3 (32.0) [32.9] 32.3 (32.0) [32.9] 46.7 (46.0) [46.7] –152.2 (–152.2) [–97.2] 
 6-31G(d,p) 32.2 (32.0) [32.9] 32.2 (32.0) [32.9] 46.6 (45.8) [46.6] –151.4 (–151.4) [–97.0] 
 cc-pVDZ 33.1 (32.9) [33.7] 33.1 (32.9) [33.7] 50.0 (47.0) [50.0] –156.0 (–156.0) [–104.7] 
 6-31+G(d,p) 38.1 (37.5) [40.1] 38.1 (37.5) [40.1] 55.9 (53.2) [55.9] –181.4 (–181.4) [–114.7] 
BLYP-D 6-31G(d) 6.0 (5.1) [8.8] –6.0 (–5.1) [–8.8] 12.3 (9.1) [12.3] 25.1 (23.7) [25.1] 
 6-31G(d,p) 6.1 (5.2) [8.8] –6.1 (–5.2) [–8.8] 12.4 (9.3) [12.4] 24.8 (24.2) [24.8] 
 cc-pVDZ 5.2 (4.2) [8.0] –5.2 (–4.2) [–8.0] 11.0 (8.1) [11.0] 25.3 (21.0) [25.3] 
 6-31+G(d,p) 1.0 (0.8) [1.7] –0.2 (0.3) [–1.6] 3.7 (2.0) [3.7] 9.3 (–9.0) [9.3] 
TPSS 6-31G(d) 26.8 (26.8) [26.8] 26.8 (26.8) [26.8] 38.9 (37.8) [38.9] –127.4 (–127.4) [–78.2] 
 6-31G(d,p) 26.7 (26.7) [26.8] 26.7 (26.7) [26.8] 38.8 (37.6) [38.8] –126.7 (–126.7) [–78.0] 
 cc-pVDZ 26.1 (26.0) [26.4] 26.1 (26.0) [26.4] 39.9 (36.7) [39.9] –122.2 (–122.2) [–81.3] 
 6-31+G(d,p) 29.2 (28.9) [30.4] 29.2 (28.9) [30.4] 43.4 (40.8) [43.4] –141.1 (–141.1) [–86.5] 
TPSS-D 6-31G(d) 5.1 (4.2) [7.9] –5.1 (–4.2) [–7.9] 11.2 (8.1) [11.2] 23.7 (21.0) [23.7] 
 6-31G(d,p) 5.2 (4.3) [7.9] –5.2 (–4.3) [–7.9] 11.4 (8.3) [11.4] 23.5 (21.6) [23.5] 
 cc-pVDZ 5.8 (4.9) [8.3] –5.8 (–4.9) [–8.3] 11.9 (9.3) [11.9] 25.5 (24.0) [25.5] 
 6-31+G(d,p) 2.7 (2.1) [4.4] –2.7 (–2.1) [–4.4] 7.1 (5.2) [7.1] 16.5 (13.4) [16.5] 
B97-D 6-31G(d) 4.7 (3.9) [7.1] –4.7 (–3.9) [–7.1] 10.1 (6.3) [10.1] 23.8 (16.6) [23.8] 
 6-31G(d,p) 4.8 (4.0) [7.2] –4.8 (–4.0) [–7.2] 10.2 (6.6) [10.2] 23.6 (17.3) [23.6] 
 cc-pVDZ 4.8 (4.0) [7.0] –4.8 (–4.0) [–7.0] 9.2 (6.7) [9.2] 24.6 (19.0) [24.6] 
 6-31+G(d,p) 1.1 (0.8) [2.2] –1.0 (–0.6) [–2.2] 4.1 (1.6) [4.1] 13.8 (5.6) [13.8] 
 aug-cc-pVDZ 2.2 (1.6) [4.0] –2.2 (–1.6) [–4.0] 5.8 (4.4) [5.8] 18.4 (12.0) [18.4] 
MPWB1K 6-31G(d) 10.4 (10.5) [10.0] 10.4 (10.5) [10.0] 15.9 (15.9) [14.9] –52.8 (–52.8) [–27.0] 
 6-31G(d,p) 10.3 (10.4) [10.0] 10.3 (10.4) [10.0] 15.8 (15.8) [14.8] –52.5 (–52.5) [–26.7] 
 cc-pVDZ 9.5 (9.4) [9.7] 9.5 (9.4) [9.7] 14.9 (13.7) [14.9] –46.4 (–46.4) [–30.6] 
 6-31+G(d,p) 11.3 (11.1) [11.8] 11.3 (11.1) [11.8] 17.2 (16.7) [17.2] –61.2 (–61.2) [–32.8] 
 aug-cc-pVDZ 10.1 (10.0) [10.4] 10.1 (10.0) [10.4] 15.0 (14.6) [15.0] –49.9 (–49.9) [–26.6] 
M05-2X 6-31G(d) 4.5 (4.9) [3.2] 4.4 (4.9) [3.1] 8.8 8.8) [6.3] –30.4 (–30.4) [–10.6] 
 6-31G(d,p) 4.4 (4.8) [3.1] 4.3 (4.8) [2.9] 8.7 (8.7) [5.9] –29.9 (–29.9) [–10.1] 
 cc-pVDZ 3.6 (3.9) [2.9] 3.5 (3.9) [2.6] 6.7 (6.7) [6.6] –25.4 (–25.4) [–14.1] 
 6-31+G(d,p) 4.0 (4.1) [3.7] 3.9 (4.1) [3.5] 8.0 (8.0) [6.5] –31.3 (–31.3) [–12.4] 
 aug-cc-pVDZ 2.5 (2.7) [1.8] 2.3 (2.7) [1.3] 5.5 (5.5) [3.4] –19.1 (–19.1) [9.0] 
M06-2X 6-31G(d) 1.9 (1.4) [3.3] –1.5 (–0.8) [–3.3] 5.2 (4.1) [5.2] 13.1 (13.1) [12.6] 
 6-31G(d,p) 1.9 (1.4) [3.4] –1.5 (–0.9) [–3.4] 5.1 (4.2) [5.1] 13.5 (13.5) [12.4] 
 cc-pVDZ 2.5 (2.1) [3.7] –2.5 ( –2.1) [–3.7] 6.2 (5.0) [6.2] 15.1 (14.3) [15.1] 
 6-31+G(d,p) 2.2 (1.9) [3.1] –2.1 (–1.8) [–3.0] 4.4 (4.4) [4.4] 14.3 (13.3) [14.3] 
 aug-cc-pVDZ 3.3 (2.8) [4.8] –3.3 (–2.8) [–4.8] 7.0 (6.8) [7.0] 17.8 (17.6) [17.8] 
M06-L 6-31G(d) 2.8 (3.0) [2.3] 2.7 (3.0) [2.1] 5.1 (5.1) [3.6] –17.0 (–17.0) [–6.7] 
 6-31G(d,p) 2.6 (2.8) [2.2] 2.6 (2.8) [2.0] 4.9 (4.9) [3.8] –15.8 (–15.8) [–7.0] 
 cc-pVDZ 2.3 (2.3) [2.3] 2.2 (2.3) [2.1] 4.4 (3.3) [4.4] –12.2 (–12.2) [–9.9] 
 6-31+G(d,p) 2.0 (1.9) [2.1] 1.9 (1.9) [1.8] 4.1 (4.1) [3.6] –13.6 (–13.6) [–6.6] 
 aug-cc-pVDZ 1.3 (1.3) [1.3] 1.1 (1.2) [0.8] 3.5 (3.5) [2.4] –12.6 (–12.6) [7.3] 
B2PLYP 6-31G(d) 26.4 (25.8) [28.2] 26.4 (25.8) [28.2] 40.0 (38.9) [40.0] –135.8 (–135.8) [–83.0] 
 6-31G(d,p) 26.4 (25.7) [28.1] 26.4 (25.7) [28.1] 39.9 (38.7) [39.9] –135.2 (–135.2) [–82.8] 
 cc-pVDZ 27.2 (26.6) [29.1] 27.2 (26.6) [29.1] 43.0 (39.7) [43.0] –139.4 (–139.4) [–90.7] 
 6-31+G(d,p) 30.8 (29.8) [33.4] 30.8 (29.8) [33.4] 47.4 (44.7) [47.4] –160.5 (–160.5) [–98.3] 
 aug-cc-pVDZ 29.7 (29.0) [31.7] 29.7 (29.0) [31.7] 45.0 (42.4) [45.0] –151.7 (–151.7) [–91.7] 
B2PLYP-D 6-31G(d) 9.3 (9.4) [9.1] 9.3 (9.4) [9.1] 14.7 (14.7) [13.2] –55.6 (–55.6) [–29.2] 
 6-31G(d,p) 9.3 (9.3) [9.0] 9.3 (9.3) [9.0] 14.5 (14.5) [13.1] –55.1 (–55.1) [–29.0] 
 cc-pVDZ 10.2 (10.2) [10.0] 10.2 (10.2) [10.0] 16.3 (14.7) [16.3] –59.3 (–59.3) [–36.9] 
 6-31+G(d,p) 13.7 (13.4) [14.3] 13.7 (13.4) [14.3] 20.6 (19.9) [20.6] –80.3 (–80.3) [–44.5] 
 aug-cc-pVDZ 12.6 (12.6) [12.6] 12.6 (12.6) [12.6] 18.6 (18.6) [18.2] –71.5 (–71.5) [–37.9] 
mPW2PLYP 6-31G(d) 21.0 (20.5) [22.5] 21.0 (20.5) [22.5] 32.6 (31.8) [32.6] –111.5 (–111.5) [–68.2] 
 6-31G(d,p) 21.0 (20.5) [22.4] 21.0 (20.5) [22.4] 32.5 (31.6) [32.5] –111.0 (–111.0) [–67.9] 
 cc-pVDZ 22.0 (21.5) [23.6] 22.0 (21.5) [23.6] 35.8 (32.9) [35.8] –116.2 (–116.2) [–76.5] 
 6-31+G(d,p) 25.7 (24.8) [28.1] 25.7 (24.8) [28.1] 40.6 (38.1) [40.6] –138.2 (–138.2) [–84.7] 
 aug-cc-pVDZ 24.7 (24.1) [26.4] 24.7 (24.1) [26.4] 38.2 (35.8) [38.2] –129.7 (–129.7) [–78.2] 
mPW2PLYP-D 6-31G(d) 8.6 (8.6) [8.6] 8.6 (8.6) [8.6] 14.2 (14.2) [13.1] –53.3 (–53.3) [–29.0] 
 6-31G(d,p) 8.5 (8.5) [8.5] 8.5 (8.5) [8.5] 14.0 (14.0) [13.0] –52.7 (–52.7) [–28.8] 
 cc-pVDZ 9.6 (9.6) [9.7] 9.6 (9.6) [9.7] 16.5 (14.5) [16.5] –57.9 (–57.9) [–37.4] 
 6-31+G(d,p) 13.2 (12.9) [14.2] 13.2 (12.9) [14.2] 21.1 (19.9) [21.1] –80.0 (–80.0) [–45.6] 
 aug-cc-pVDZ 12.3 (12.2) [12.5] 12.3 (12.2) [12.5] 18.8 (18.7) [18.8] –71.4 (–71.4) [–39.1] 
AM1  42.3 (39.9) [49.4] 42.3 (39.9) [49.4] 66.1 (59.0) [66.1] –184.4 (–184.4) [–130.2] 
PM3  41.8 (38.1) [52.6] 41.8 (38.1) [52.6] 69.3 (55.0) [69.3] –177.1 (–177.1) [–130.2] 
PM6  21.2 (18.9) [27.7] 21.2 (18.9) [27.7] 37.5 (27.8) [37.5] –86.7 (–86.7) [–68.0] 
AMBER  3.2 (1.8) [7.3] 2.5 (0.9) [7.3] 12.4 (5.1) [12.4] –29.5 (–13.8) [–29.5] 

a Values reported are for all 47 stacked dimer interaction energies, where values in parentheses correspond to the 35 neutral dimer interactions, and the values in 

square brackets correspond to the 12 cationic dimer interactions. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 
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Mean unsigned error (MUE, kJ mol
–1

), mean signed error (MSE, kJ mol
–1

), maximum absolute difference (MAX, kJ mol
–1

) and maximum percent 

error (MAX %) between various methods and the CCSD(T)/CBS benchmark interaction energies for 82 nucleobase–amino acid T-shaped dimers.
a
 

Method Basis Set MUE MSE MAX MAX % 
MP2b 6-31G*(0.25) 1.5 (1.5) [1.5] 1.2 (1.4) [0.8] 5.7 (4.4) [5.7] –19.3 (–19.3) [–7.8] 
 6-31G(d) 6.2 (6.2) [6.3] 6.2 (6.2) [6.3] 12.1 (9.5) [12.1] –46.1 (–46.1) [–44.5] 
 6-31G(d,p) 6.1 (6.1) [6.1] 6.1 (6.1) [6.1] 11.6 (9.3) [11.6] –42.1 (–42.1) [–38.2] 
 cc-pVDZ 5.9 (5.7) [6.2] 5.9 (5.7) [6.2] 11.8 (9.1) [11.8] –40.3 (–40.3) [–26.0] 
 6-31+G(d,p) 4.4 (4.3) [4.9] 4.4 (4.3) [4.9] 8.4 (7.1) [8.4] –31.1 (–31.1) [–18.9] 
 aug-cc-pVDZ 1.0 (0.9) [1.5] –0.4 (–0.6) [0.1] 4.2 (2.7) [4.2] 12.5 (12.5) [12.4] 
B3LYP 6-31G(d) 9.5 (9.6) [9.4] 9.4 (9.6) [9.1] 19.1 (15.9) [19.1] –99.2 (–87.4) [–99.2] 
 6-31G(d,p) 9.7 (9.8) [9.3] 9.6 (9.8) [9.0] 19.2 (16.0) [19.2] –98.0 (–86.6) [–98.0] 
 cc-pVDZ 10.5 (10.7) [9.8] 10.4 (10.7) [9.6] 24.0 (19.6) [24.0] –98.4 (–90.2) [–98.4] 
 6-31+G(d,p) 14.3 (14.3) [14.3] 14.3 (14.3) [14.3] 25.1 (21.4) [25.1] –112.3 (–112.3) [–101.4] 
 aug-cc-pVDZ 13.8 (13.9) [13.5] 13.8 (13.9) [13.5] 24.1 (21.3) [24.1] –101.6 (–101.6) [–89.6] 
PBE 6-31G(d) 5.9 (5.7) [6.5] 5.5 (5.7) [5.2] 13.7 (11.2) [13.7] –73.6 (–59.6) [–73.6] 
 6-31G(d,p) 5.9 (5.8) [6.3] 5.6 (5.8) [5.0] 13.3 (11.2) [13.3] –71.8 (–58.3) [–71.8] 
 cc-pVDZ 6.4 (6.4) [6.5] 6.0 (6.3) [5.2] 16.1 (14.4) [16.1] –71.1 (–59.7) [–71.1] 
 6-31+G(d,p) 9.5 (9.4) [9.7] 9.5 (9.4) [9.7] 16.5 (14.3) [16.5] –75.4 (–75.4) [–71.1] 
PBE-D 6-31G(d) 7.2 (7.0) [7.6] –7.2 (–7.0) [–7.6] 12.8 (12.1) [12.8] 47.2 (47.2) [30.1] 
 6-31G(d,p) 7.1 (6.9) [7.8] –7.1 (–6.9) [–7.8] 12.9 (11.7) [12.9] 46.9 (46.9) [29.5] 
 cc-pVDZ 6.6 (6.3) [7.6] –6.6 (–6.3) [–7.6] 13.7 (10.0) [13.7] 42.8 (42.8) [21.4] 
 6-31+G(d,p) 3.2 (3.3) [3.2] –3.2 (–3.3) [–3.1] 6.7 (6.7) [6.4] 23.9 (23.9) [17.1] 
BLYP 6-31G(d) 12.1 (12.2) [11.7] 12.0 (12.2) [11.6] 24.3 (21.0) [24.3] –114.6 (–102.5) [–114.6] 
 6-31G(d,p) 12.2 (12.4) [11.7] 12.2 (12.4) [11.6] 24.5 (21.2) [24.5] –113.6 (–102.5) [–113.6] 
 cc-pVDZ 13.1 (13.4) [12.0] 13.1 (13.4) [12.0] 29.5 (25.3) [29.5] –115.4 (–106.6) [–115.4] 
 6-31+G(d,p) 18.2 (18.2) [18.3] 18.2 (18.2) [18.3] 31.8 (27.5) [31.8] –135.2 (–135.2) [–119.7] 
BLYP-D 6-31G(d) 8.3 (8.1) [8.9] –8.3 (–8.1) [–8.9] 13.7 (13.6) [13.7] 50.1 (50.1) [31.9] 
 6-31G(d,p) 8.1 (7.8) [8.9] –8.1 (–7.8) [–8.9] 13.6 (13.1) [13.6] 49.2 (49.2) [31.2] 
 cc-pVDZ 7.3 (6.8) [8.5] –7.3 (–6.8) [–8.5] 15.7 (10.7) [15.7] 46.0 (46.0) [27.7] 
 6-31+G(d,p) 2.2 (2.1) [2.3] –2.1 (–2.1) [–2.2] 5.1 (5.1) [5.0] 21.5 (16.8) [21.5] 
TPSS 6-31G(d) 9.4 (9.4) [9.3] 9.3 (9.4) [9.2] 18.2 (15.8) [18.2] –96.7 (–85.5) [–96.7] 
 6-31G(d,p) 9.4 (9.4) [9.1] 9.3 (9.4) [9.0] 17.8 (15.7) [17.8] –94.7 (–84.7) [–94.7] 
 cc-pVDZ 9.8 (10.0) [9.3] 9.8 (10.0) [9.3] 21.4 (18.6) [21.4] –93.5 (–86.0) [–93.5] 
 6-31+G(d,p) 13.0 (13.0) [13.2] 13.0 (13.0) [13.2] 21.6 (19.7) [21.6] –105.0 (–105.0) [–95.3] 
TPSS-D 6-31G(d) 7.6 (7.5) [7.9] –7.6 (–7.5) [–7.9] 13.0 (12.5) [13.0] 49.7 (49.7) [31.0] 
 6-31G(d,p) 7.6 (7.4) [8.1] –7.6 (–7.4) [–8.1] 13.2 (12.3) [13.2] 49.6 (49.6) [30.4] 
 cc-pVDZ 7.1 (6.9) [7.8] –7.1 (–6.9) [–7.8] 13.5 (10.9) [13.5] 42.3 (42.3) [25.1] 
 6-31+G(d,p) 3.9 (3.9) [3.9] –3.9 (–3.9) [–3.9] 8.9 (7.4) [8.9] 27.5 (27.5) [22.4] 
B97-D 6-31G(d) 6.9 (7.0) [6.8] –6.8 (–7.0) [–6.5] 11.9 (11.9) [11.4] 44.4 (44.4) [26.4] 
 6-31G(d,p) 6.9 (6.9) [6.9] –6.8 (–6.9) [–6.7] 11.6 (11.6) [11.5] 44.1 (44.1) [26.0] 
 cc-pVDZ 6.0 (6.0) [6.1] –6.0 (–6.0) [–6.1] 11.7 (9.5) [11.7] 45.1 (45.1) [23.7] 
 6-31+G(d,p) 2.7 (2.7) [2.6] –2.5 (–2.7) [–1.8] 5.8 (5.8) [5.3] 20.3 (20.3) [20.1] 
 aug-cc-pVDZ 3.1 (3.1) [3.3] –2.9 (–3.1) [–2.5] 6.6 (6.1) [6.6] 31.5 (26.4) [31.5] 
MPWB1K 6-31G(d) 3.8 (3.8) [3.7] 3.5 (3.7) [3.0] 11.4 (9.3) [11.4] –57.9 (–44.6) [–57.9] 
 6-31G(d,p) 3.7 (3.7) [3.6] 3.5 (3.7) [2.8] 10.9 (9.1) [10.9] –55.6 (–42.4) [–55.6] 
 cc-pVDZ 4.0 (4.0) [4.0] 3.8 (4.0) [3.2] 9.8 (8.3) [9.8] –53.3 (–43.5) [–53.3] 
 6-31+G(d,p) 6.2 (6.4) [5.8] 6.2 (6.4) [5.8] 11.6 (11.6) [11.3] –54.6 (–54.6) [–53.9] 
 aug-cc-pVDZ 5.4 (5.5) [5.2] 5.4 (5.5) [5.2] 10.2 (10.2) [9.3] –45.3 (–45.3) [–42.8] 
M05-2X 6-31G(d) 1.6 (1.3) [2.6] –0.6 (–0.4) [–1.1] 7.5 (4.9) [7.5] –31.8 (18.0) [–31.8] 
 6-31G(d,p) 1.7 (1.3) [2.9] –0.8 (–0.6) [–1.5] 8.0 (4.9) [8.0] –29.6 (18.5) [–29.6] 
 cc-pVDZ 1.7 (1.2) [2.9] –0.5 (–0.3) [–1.1] 9.3 (4.4) [9.3] –27.1 (14.7) [–27.1] 
 6-31+G(d,p) 1.4 (1.4) [1.4] 1.1 (1.1) [0.9] 5.0 (5.0) [4.7] –21.8 (–21.8) [–21.8] 
 aug-cc-pVDZ 1.1 (1.0) [1.4] –0.2 (–0.2) [–0.3] 3.7 (3.7) [3.3] 16.4 (16.4) [–9.5] 
M06-2X 6-31G(d) 1.9 (1.5) [2.9] –1.5 (–1.1) [–2.4] 10.1 (5.4) [10.1] 22.2 (22.2) [–17.5] 
 6-31G(d,p) 2.0 (1.6) [3.0] –1.6 (–1.3) [–2.6] 10.4 (5.6) [10.4] 22.1 (22.1) [–14.5] 
 cc-pVDZ 1.7 (1.4) [2.7] –1.4 (–1.1) [–2.2] 11.3 (5.4) [11.3] 15.5 (15.5) [–12.9] 
 6-31+G(d,p) 1.2 (1.1) [1.3] 0.4 (0.6) [–0.2] 4.9 (3.9) [4.9] –17.0 (–17.0) [–6.6] 
 aug-cc-pVDZ 1.3 (1.2) [1.6] –0.7 (–0.6) [–1.1] 4.2 (4.2) [3.9] 18.8 (18.8) [7.1] 
M06-L 6-31G(d) 2.1 (2.0) [2.2] 2.0 (2.0) [2.1] 4.9 (4.9) [4.8] –23.0 (–22.5) [–23.0] 
 6-31G(d,p) 1.9 (1.9) [2.1] 1.8 (1.8) [1.8] 4.5 (4.5) [4.5] –20.0 (–20.0) [–19.5] 
 cc-pVDZ 2.8 (2.6) [3.2] 2.6 (2.6) [2.7] 8.6 (6.5) [8.6] –27.5 (–27.5) [–20.9] 
 6-31+G(d,p) 3.1 (3.1) [3.3] 3.1 (3.1) [3.3] 6.0 (5.4) [6.0] –24.3 (–24.3) [–17.0] 
 aug-cc-pVDZ 2.9 (2.9) [3.0] 2.9 (2.9) [2.9] 6.1 (4.7) [6.1] –19.8 (–19.8) [–13.0] 
B2PLYP 6-31G(d) 9.5 (9.5) [9.5] 9.5 (9.5) [9.3] 20.3 (15.6) [20.3] –101.8 (–88.4) [–101.8] 
 6-31G(d,p) 9.7 (9.7) [9.4] 9.6 (9.7) [9.2] 20.0 (15.9) [20.0] –100.8 (–88.2) [–100.8] 
 cc-pVDZ 10.4 (10.6) [10.0] 10.4 (10.6) [9.8] 23.3 (18.1) [23.3] –100.3 (–90.6) [–100.3] 
 6-31+G(d,p) 13.8 (13.8) [13.6] 13.8 (13.8) [13.6] 24.4 (21.3) [24.4] –111.9 (–111.9) [–104.8] 
 aug-cc-pVDZ 13.2 (13.3) [13.0] 13.2 (13.3) [13.0] 22.7 (20.9) [22.7] –101.0 (–101.0) [–93.3] 
B2PLYP-D 6-31G(d) 1.7 (1.3) [2.9] 0.2 (0.3) [–0.1] 7.1 (4.0) [7.1] –37.1 (–26.2) [–37.1] 
 6-31G(d,p) 1.7 (1.3) [2.8] 0.3 (0.5) [–0.2] 7.1 (3.9) [7.1] –36.1 (–25.3) [–36.1] 
 cc-pVDZ 2.4 (2.0) [3.6] 1.1 (1.3) [0.4] 7.6 (4.7) [7.6] –35.5 (–26.9) [–35.5] 
 6-31+G(d,p) 4.5 (4.6) [4.3] 4.5 (4.6) [4.2] 8.4 (7.8) [8.4] –43.4 (–43.4) [–40.1] 
 aug-cc-pVDZ 3.9 (4.0) [3.7] 3.9 (4.0) [3.6] 6.4 (6.2) [6.4] –32.5 (–32.5) [–28.6] 
mPW2PLYP 6-31G(d) 6.3 (6.2) [6.8] 6.0 (6.1) [5.7] 16.4 (11.7) [16.4] –81.8 (–66.6) [–81.8] 
 6-31G(d,p) 6.5 (6.4) [6.8] 6.2 (6.4) [5.6] 16.1 (12.0) [16.1] –80.7 (–65.7) [–80.7] 
 cc-pVDZ 7.3 (7.3) [7.2] 7.0 (7.2) [6.3] 18.5 (13.9) [18.5] –80.4 (–67.3) [–80.4] 
 6-31+G(d,p) 10.4 (10.5) [10.2] 10.4 (10.5) [10.2] 19.7 (16.7) [19.7] –86.4 (–86.4) [–84.7] 
 aug-cc-pVDZ 9.8 (9.9) [9.6] 9.8 (9.9) [9.6] 17.9 (16.2) [17.9] –76.1 (–76.1) [–73.6] 
mPW2PLYP-D 6-31G(d) 1.8 (1.4) [3.0] –0.7 (–0.6) [–1.1] 8.3 (4.9) [8.3] –34.7 (–21.8) [–34.7] 
 6-31G(d,p) 1.8 (1.3) [3.0] –0.6 (–0.4) [–1.2] 8.3 (4.4) [8.3] –33.6 (–20.8) [–33.6] 
 cc-pVDZ 2.4 (1. 9) [3.8] 0.2 (0.5) [–0.6] 8.8 (4.6) [8.8] –33.4 (–22.5) [–33.4] 
 6-31+G(d,p) 3.7 (3.8) [3.7] 3.6 (3.8) [3.3] 8.1 (7.4) [8.1] –37.6 (–37.3) [–37.6] 
 aug-cc-pVDZ 3.2 (3.2) [3.3] 3.1 (3.2) [2.8] 6.3 (5.7) [6.3] –28.0 (–28.0) [–26.6] 
AM1  22.5 (21.1) [26.3] 22.5 (21.1) [26.3] 45.4 (31.5) [45.4] –128.0 (–128.0) [–121.0] 
PM3  22.5 (20.3) [28.5] 22.5 (20.3) [28.5] 46.4 (36.0) [46.4] –125.6 (–125.6) [–121.5] 
PM6  14.1 (12.4) [18.6] 14.1 (12.4) [18.6] 34.2 (19.4) [34.2] –79.1 (–79.1) [–74.2] 
AMBER  4.7 (2.3) [11.2] 2.2 (–1.1) [11.2] 18.7 (7.5) [18.7] –82.3 (19.5) [–82.3] 

a Values reported are for all 82 T-shaped dimer interaction energies, where values in parentheses correspond to the 60 neutral dimer interactions, and the values in 

square brackets correspond to the 22 cationic dimer interactions. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 



H-5 

 

Mean unsigned error (MUE, kJ mol
–1

), mean signed error (MSE, kJ mol
–1

), maximum absolute difference (MAX, kJ mol
–1

) and maximum percent 

error (MAX %) between various methods and the CCSD(T)/CBS benchmark interaction energies for 129 nucleobase–amino acid noncovalent 

dimers.
a
 

Method Basis Set MUE MSE MAX MAX % 
MP2

b
 6-31G*(0.25) 1.8 (1.6) [2.2] 0.9 (1.4) [–0.6] 6.0 (4.4) [6.0] –19.3 (–19.3) [11.4] 

 6-31G(d) 8.6 (8.8) [8.0] 8.6 (8.8) [8.0] 19.4 (19.4) [13.8] –58.0 (–58.0) [–44.5] 
 6-31G(d,p) 8.3 (8.5) [7.7] 8.3 (8.5) [7.7] 18.2 (18.2) [13.0] –54.8 (–54.8) [–38.2] 
 cc-pVDZ 6.9 (7.0) [6.6] 6.9 (7.0) [6.6] 12.8 (12.8) [11.8] –40.3 (–40.3) [–26.0] 
 6-31+G(d,p) 4.5 (4.3) [4.9] 4.5 (4.3) [4.9] 8.4 (7.5) [8.4] –31.1 (–31.1) [–18.9] 
 aug-cc-pVDZ 2.5 (2.3) [3.0] –2.1 (–2.1) [–2.0] 10.0 (9.3) [10.0] 35.2 (35.2) [19.5] 
B3LYP 6-31G(d) 15.8 (15.8) [16.0] 15.8 (15.8) [15.8] 39.9 (39.1) [39.9] –133.2 (–133.2) [–99.2] 
 6-31G(d,p) 15.9 (15.9) [15.9] 15.8 (15.9) [15.7] 39.9 (38.9) [39.9] –132.5 (–132.5) [–98.0] 
 cc-pVDZ 16.7 (16.8) [16.5] 16.7 (16.8) [16.4] 42.9 (39.8) [42.9] –135.3 (–135.3) [–98.4] 
 6-31+G(d,p) 20.4 (20.2) [21.0] 20.4 (20.2) [21.0] 47.2 (44.7) [47.2] –156.2 (–156.2) [–101.4] 
 aug-cc-pVDZ 19.8 (19.8) [20.0] 19.8 (19.8) [20.0] 45.3 (42.9) [45.3] –149.1 (–149.1) [–90.9] 
PBE 6-31G(d) 11.2 (11.1) [11.3] 10.9 (11.1) [10.5] 30.4 (30.4) [29.8] –100.7 (–100.7) [–73.6] 
 6-31G(d,p) 11.1 (11.1) [11.2] 10.9 (11.1) [10.4] 30.1 (30.1) [29.8] –99.8 (–99.8) [–71.8] 
 cc-pVDZ 11.3 (11.4) [11.3] 11.1 (11.3) [10.5] 31.4 (29.7) [31.4] –97.3 (–97.3) [–71.1] 
 6-31+G(d,p) 14.3 (14.1) [14.8] 14.3 (14.1) [14.8] 34.8 (33.5) [34.8] –114.6 (–114.6) [–71.1] 
PBE-D 6-31G(d) 5.6 (5.2) [7.0] –5.6 (–5.2) [–7.0] 12.8 (12.1) [12.8] 47.2 (47.2) [30.1] 
 6-31G(d,p) 5.6 (5.1) [7.1] –5.6 (–5.1) [–7.1] 12.9 (11.7) [12.9] 46.9 (46.9) [29.5] 
 cc-pVDZ 5.5 (4.9) [7.0] –5.5 (–4.9) [–7.0] 13.7 (10.0) [13.7] 42.8 (42.8) [23.3] 
 6-31+G(d,p) 2.4 (2.3) [2.7] –2.3 (–2.1) [–2.7] 6.7 (6.7) [6.4] 23.9 (23.9) [17.1] 
BLYP 6-31G(d) 19.1 (19.1) [19.2] 19.1 (19.1) [19.1] 46.7 (46.0) [46.7] –152.2 (–152.2) [–114.6] 
 6-31G(d,p) 19.2 (19.2) [19.2] 19.2 (19.2) [19.1] 46.6 (45.8) [46.6] –151.4 (–151.4) [–113.6] 
 cc-pVDZ 20.0 (20.2) [19.7] 20.0 (20.2) [19.7] 50.0 (47.0) [50.0] –156.0 (–156.0) [–115.4] 
 6-31+G(d,p) 25.1 (24.8) [26.0] 25.1 (24.8) [26.0] 55.9 (53.2) [55.9] –181.4 (–181.4) [–119.7] 
BLYP-D 6-31G(d) 7.4 (6.9) [8.8] –7.4 (–6.9) [–8.8] 13.7 (13.6) [13.7] 50.1 (50.1) [31.9] 
 6-31G(d,p) 7.3 (6.8) [8.9] –7.3 (–6.8) [–8.9] 13.6 (13.1) [13.6] 49.2 (49.2) [31.2] 
 cc-pVDZ 6.5 (5.8) [8.3] –6.5 (–5.8) [–8.3] 15.7 (10.7) [15.7] 46.0 (46.0) [27.7] 
 6-31+G(d,p) 1.7 (1.6) [2.1] –1.4 (–1.2) [–2.0] 5.1 (5.1) [5.0] 21.5 (16.8) [21.5] 
TPSS 6-31G(d) 15.4 (15.4) [15.5] 15.4 (15.4) [15.4] 38.9 (37.8) [38.9] –127.4 (–127.4) [–96.7] 
 6-31G(d,p) 15.4 (15.4) [15.4] 15.4 (15.4) [15.3] 38.8 (37.6) [38.8] –126.7 (–126.7) [–94.7] 
 cc-pVDZ 15.5 (15.5) [15.3] 15.5 (15.5) [15.3] 39.9 (36.7) [39.9] –122.2 (–122.2) [–93.5] 
 6-31+G(d,p) 18.7 (18.4) [19.3] 18.7 (18.4) [19.3] 43.4 (40.8) [43.4] –141.1 (–141.1) [–95.3] 
TPSS-D 6-31G(d) 6.6 (6.2) [7.9] –6.6 (–6.2) [–7.9] 13.0 (12.5) [13.0] 49.7 (49.7) [31.0] 
 6-31G(d,p) 6.7 (6.2) [8.0] –6.7 (–6.2) [–8.0] 13.2 (12.3) [13.2] 49.6 (49.6) [30.4] 
 cc-pVDZ 6.6 (6.1) [8.0] –6.6 (–6.1) [–8.0] 13.5 (10.9) [13.5] 42.3 (42.3) [25.5] 
 6-31+G(d,p) 3.4 (3.2) [4.0] –3.4 (–3.2) [–4.0] 8.9 (7.4) [8.9] 27.5 (27.5) [22.4] 
B97-D 6-31G(d) 6.1 (5.8) [6.9] –6.1 (–5.8) [–6.7] 11.9 (11.9) [11.4] 44.4 (44.4) [26.4] 
 6-31G(d,p) 6.1 (5.8) [7.0] –6.1 (–5.8) [–6.9] 11.6 (11.6) [11.5] 44.1 (44.1) [26.0] 
 cc-pVDZ 5.6 (5.3) [6.4] –5.6 (–5.3) [–6.4] 11.7 (9.5) [11.7] 45.1 (45.1) [24.6] 
 6-31+G(d,p) 2.1 (2.0) [2.5] –1.9 (–1.9) [–1.9] 5.8 (5.8) [5.3] 20.3 (20.3) [20.1] 
 aug-cc-pVDZ 2.8 (2.5) [3.6] –2.7 (–2.5) [–3.0] 6.6 (6.1) [6.6] 31.5 (26.4) [31.5] 
MPWB1K 6-31G(d) 6.2 (6.2) [6.0] 6.0 (6.2) [5.5] 15.9 (15.9) [14.9] –57.9 (–52.8) [–57.9] 
 6-31G(d,p) 6.1 (6.2) [5.9] 6.0 (6.2) [5.4] 15.8 (15.8) [14.8] –55.6 (–52.5) [–55.6] 
 cc-pVDZ 6.0 (6.0) [6.0] 5.9 (6.0) [5.5] 14.9 (13.7) [14.9] –53.3 (–46.4) [–53.3] 
 6-31+G(d,p) 8.1 (8.1) [7.9] 8.1 (8.1) [7.9] 17.2 (16.7) [17.2] –61.2 (–61.2) [–53.9] 
 aug-cc-pVDZ 7.1 (7.1) [7.1] 7.1 (7.1) [7.1] 15.0 (14.6) [15.0] –49.9 (–49.9) [–42.8] 
M05-2X 6-31G(d) 2.7 (2.6) [2.8] 1.2 (1.5) [0.4] 8.8 (8.8) [7.5] –31.8 (–30.4) [–31.8] 
 6-31G(d,p) 2.7 (2.6) [2.9] 1.1 (1.4) [0.1] 8.7 (8.7) [8.0] –29.9 (–29.9) [–29.6] 
 cc-pVDZ 2.4 (2.2) [2.9] 1.0 (1.3) [0.2] 9.3 (6.7) [9.3] –27.1 (–25.4) [–27.1] 
 6-31+G(d,p) 2.3 (2.4) [2.2] 2.1 (2.2) [1.8] 8.0 (8.0) [6.5] –31.3 (–31.3) [–21.8] 
 aug-cc-pVDZ 1.6 (1.6) [1.5] 0.7 (0.9) [0.3] 5.5 (5.5) [3.4] –19.1 (–19.1) [–9.5] 
M06-2X 6-31G(d) 1.9 (1.5) [3.0] –1.5 (–1.0) [–2.7] 10.1 (5.4) [10.1] 22.2 (22.2) [–17.5] 
 6-31G(d,p) 1.9 (1.5) [3.2] –1.6 (–1.1) [–2.9] 10.4 (5.6) [10.4] 22.1 (22.1) [–14.5] 
 cc-pVDZ 2.0 (1.6) [3.1] –1.8 (–1.4) [–2.7] 11.3 (5.4) [11.3] 15.5 (15.5) [15.1] 
 6-31+G(d,p) 1.6 (1.4) [1.9] –0.5 (–0.3) [–1.2] 4.9 (4.4) [4.9] –17.0 (–17.0) [14.3] 
 aug-cc-pVDZ 2.0 (1.8) [2.7] –1.7 (–1.4) [–2.4] 7.0 (6.8) [7.0] 18.8 (18.8) [17.8] 
M06-L 6-31G(d) 2.3 (2.3) [2.3] 2.2 (2.3) [2.1] 5.1 (5.1) [4.8] –23.0 (–22.5) [–23.0] 
 6-31G(d,p) 2.2 (2.2) [2.1] 2.1 (2.1) [1.9] 4.9 (4.9) [4.5] –20.0 (–20.0) [–19.5] 
 cc-pVDZ 2.6 (2.4) [2.9] 2.4 (2.4) [2.5] 8.6 (6.5) [8.6] –27.5 (–27.5) [–20.9] 
 6-31+G(d,p) 2.7 (2.6) [2.9] 2.7 (2.6) [2.8] 6.0 (5.4) [6.0] –24.3 (–24.3) [–17.0] 
 aug-cc-pVDZ 2.3 (2.3) [2.4] 2.2 (2.2) [2.2] 6.1 (4.7) [6.1] –19.8 (–19.8) [–13.0] 
B2PLYP 6-31G(d) 15.7 (15.5) [16.1] 15.6 (15.5) [16.0] 40.0 (38.9) [40.0] –135.8 (–135.8) [–101.8] 
 6-31G(d,p) 15.7 (15.6) [16.0] 15.7 (15.6) [15.9] 39.9 (38.7) [39.9] –135.2 (–135.2) [–100.8] 
 cc-pVDZ 16.6 (16.5) [16.7] 16.5 (16.5) [16.6] 43.0 (39.7) [43.0] –139.4 (–139.4) [–100.3] 
 6-31+G(d,p) 20.0 (19.7) [20.6] 20.0 (19.7) [20.6] 47.4 (44.7) [47.4] –160.5 (–160.5) [–104.8] 
 aug-cc-pVDZ 19.2 (19.1) [19.6] 19.2 (19.1) [19.6] 45.0 (42.4) [45.0] –151.7 (–151.7) [–93.3] 
B2PLYP-D 6-31G(d) 4.5 (4.3) [5.1] 3.5 (3.6) [3.1] 14.7 (14.7) [13.2] –55.6 (–55.6) [–37.1] 
 6-31G(d,p) 4.5 (4.3) [5.0] 3.6 (3.7) [3.1] 14.5 (14.5) [13.1] –55.1 (–55.1) [–36.1] 
 cc-pVDZ 5.3 (5.0) [5.9] 4.4 (4.6) [3.8] 16.3 (14.7) [16.3] –59.3 (–59.3) [–36.9] 
 6-31+G(d,p) 7.8 (7.8) [7.9] 7.8 (7.8) [7.8] 20.6 (19.9) [20.6] –80.3 (–80.3) [–44.5] 
 aug-cc-pVDZ 7.1 (7.2) [6.8] 7.1 (7.2) [6.8] 18.6 (18.6) [18.2] –71.5 (–71.5) [–37.9] 
mPW2PLYP 6-31G(d) 11.7 (11.4) [12.4] 11.5 (11.4) [11.6] 32.6 (31.8) [32.6] –111.5 (–111.5) [–81.8] 
 6-31G(d,p) 11.7 (11.6) [12.3] 11.6 (11.6) [11.6] 32.5 (31.6) [32.5] –111.0 (–111.0) [–80.7] 
 cc-pVDZ 12.6 (12.5) [13.0] 12.5 (12.5) [12.4] 35.8 (32.9) [35.8] –116.2 (–116.2) [–80.4] 
 6-31+G(d,p) 16.0 (15.8) [16.5] 16.0 (15.8) [16.5] 40.6 (38.1) [40.6] –138.2 (–138.2) [–84.7] 
 aug-cc-pVDZ 15.3 (15.2) [15.5] 15.3 (15.2) [15.5] 38.2 (35.8) [38.2] –129.7 (–129.7) [–78.2] 
mPW2PLYP-D 6-31G(d) 4.3 (4.1) [5.0] 2.7 (2.8) [2.3] 14.2 (14.2) [13.1] –53.3 (–53.3) [–34.7] 
 6-31G(d,p) 4.2 (4.0) [4.9] 2.7 (2.9) [2.2] 14.0 (14.0) [13.0] –52.7 (–52.7) [–33.6] 
 cc-pVDZ 5.0 (4.7) [5.9] 3.6 (3.8) [3.0] 16.5 (14.5) [16.5] –57.9 (–57.9) [–37.4] 
 6-31+G(d,p) 7.2 (7.1) [7.4] 7.1 (7.1) [7.2] 21.1 (19.9) [21.1] –80.0 (–80.0) [–45.6] 
 aug-cc-pVDZ 6.5 (6.5) [6.5] 6.4 (6.5) [6.2] 18.8 (18.7) [18.8] –71.4 (–71.4) [–39.1] 
AM1  29.7 (28.0) [34.4] 29.7 (28.0) [34.4] 66.1 (59.0) [66.1] –184.4 (–184.4) [–130.2] 
PM3  29.6 (26.9) [37.0] 29.6 (26.9) [37.0] 69.3 (55.0) [69.3] –177.1 (–177.1) [–130.2] 
PM6  16.7 (14.8) [21.8] 16.7 (14.8) [21.8] 37.5 (27.8) [37.5] –86.7 (–86.7) [–74.2] 
AMBER  4.1 (2.1) [9.8] 2.3 (–0.4) [9.8] 18.7 (7.5) [18.7] –82.3 (19.5) [–82.3] 

a Values reported are for all 129 dimer interaction energies, where values in parenthesis correspond to the 95 neutral dimer interactions, and the values in square 

brackets correspond to the 34 cationic dimer interactions. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 

 

 

 

 



H-6 

 

Interaction Energies (kJ mol
–1

) between Adenine and Histidine Potential Energy Surface Scans that Vary R1 (Å), and α (°)
a 

 

Stacked 
R1 MP2b/ 

6-31G*(0.25)
 

MP2 b/ 
aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

3.0 –10.2 –18.5 –18.8 –16.2 –18.4 –13.6 
3.1 –14.9 –22.2 –21.7 –19.9 –21.4 –17.0 
3.2 –17.3 –23.7 –22.2 –21.0 –22.2 –18.4 
3.3 –18.1 –23.8 –21.5 –20.9 –21.7 –18.5 
3.4 –17.8 –23.0 –19.3 –19.2 –20.5 –17.8 
3.5 –16.9 –21.6 –16.4 –16.8 –19.0 –16.7 
3.6 –15.6 –19.9 –13.8 –14.5 –17.2 –15.5 
3.7 –14.1 –18.0 –11.3 –12.3 –15.4 –14.3 
3.8 –12.6 –16.2 –8.9 –10.2 –13.7 –13.0 
3.9 –11.1 –14.4 –6.8 –8.2 –12.0 –11.8 
4.0 –9.7 –12.7 –5.1 –6.5 –10.4 –10.7 

 

Stacked 
α  MP2

 b
/ 

6-31G*(0.25) 
MP2

 b
/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

 R1=3.3 R1=3.3 R1=3.2 R1=3.3 R1=3.2 R1=3.3 R1=3.2 R1=3.3 R1=3.3 

0 –18.1 –23.8 –22.2 –21.5 –21.0 –20.9 –22.2 –21.7 –18.5 

30 –19.2 –24.9 –24.3 –23.5 –22.3 –22.2 –24.3 –23.7 –19.9 

60 –19.7 –25.3 –24.0 –23.1 –22.7 –22.4 –23.7 –23.2 –20.1 

90 –20.0 –25.6 –23.6 –22.9 –22.0 –22.1 –23.8 –23.6 –20.1 

120 –22.8 –28.7 –27.1 –26.3 –25.2 –25.2 –27.2 –26.7 –23.1 

150 –27.0 –33.5 –31.7 –30.5 –31.5 –30.8 –30.9 –30.0 –27.6 

180 –28.3 –34.6 –33.0 –31.8 –31.9 –31.4 –32.9 –31.9 –29.1 

210 –25.1 –31.3 –29.1 –28.0 –28.3 –27.8 –28.4 –27.8 –25.2 

240 –21.1 –26.9 –25.1 –24.3 –23.6 –23.4 –24.7 –24.3 –20.9 

270 –19.7 –25.9 –24.5 –23.7 –23.4 –23.3 –23.8 –23.1 –20.1 

300 –19.4 –25.7 –24.1 –23.2 –23.8 –23.5 –23.4 –22.8 –20.3 

330 –18.0 –23.7 –21.8 –21.2 –20.2 –20.3 –22.4 –22.1 –18.5 

 
 

HIS(edge) (θ=B) 
R1 MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

4.0 –8.1 –10.7 –10.8 –9.0 –18.1 –14.0 

4.1 –12.9 –15.0 –14.8 –13.4 –22.0 –18.2 

4.2 –15.7 –17.4 –16.7 –15.7 –23.8 –20.4 

4.3 –16.9 –18.5 –17.2 –16.4 –24.1 –21.1 

4.4 –17.2 –18.6 –16.8 –16.3 –23.5 –20.8 

4.5 –16.9 –18.1 –15.9 –15.6 –22.2 –19.9 

4.6 –16.1 –17.3 –14.7 –14.6 –20.7 –18.8 

4.7 –15.2 –16.3 –13.5 –13.5 –19.2 –17.5 

4.8 –14.1 –15.2 –12.3 –12.4 –17.6 –16.2 

4.9 –13.1 –14.0 –11.2 –11.4 –16.1 –15.0 

5.0 –12.0 –12.9 –10.2 –10.5 –14.6 –13.8 

 

HIS(edge) (θ=B) 
α  MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

PBE-D/ 
6-31+G(d,p) 

 R1=4.4 R1=4.4 R1=4.3 R1=4.4 R1=4.3 R1=4.4 R1=4.3 R1=4.4 R1=4.3 R1=4.4 

0 –17.2 –18.6 –17.2 –16.8 –16.4 –16.3 –24.1 –23.5 –21.1 –20.8 

30 –18.2 –19.7 –19.6 –18.8 –18.2 –17.7 –26.2 –25.1 –22.5 –21.9 

60 –20.1 –21.5 –22.8 –21.4 –21.0 –20.0 –28.9 –27.3 –24.8 –23.7 

90 –19.2 –20.4 –21.9 –20.4 –20.0 –18.9 –28.0 –26.4 –23.9 –22.7 

120 –16.0 –17.0 –17.5 –16.5 –15.9 –15.2 –24.1 –22.9 –20.2 –19.4 

150 –13.8 –14.8 –13.8 –13.4 –12.7 –12.6 –20.6 –20.1 –17.3 –17.1 

180 –15.2 –16.4 –15.5 –15.1 –14.2 –14.1 –22.6 –22.0 –19.0 –18.8 

210 –19.3 –20.6 –20.8 –19.8 –19.2 –18.5 –27.7 –26.4 –23.7 –22.9 

240 –21.8 –23.3 –23.8 –22.5 –22.0 –21.0 –30.5 –29.0 –26.3 –25.3 

270 –22.2 –23.5 –23.9 –22.7 –22.2 –21.3 –30.5 –29.0 –26.5 –25.4 

300 –21.6 –22.7 –23.1 –21.7 –21.9 –20.7 –29.4 –27.9 –26.0 –24.8 

330 –18.9 –20.1 –19.0 –18.3 –18.4 –17.9 –25.6 –24.7 –22.7 –22.1 

 
 
a See Figure 2.2 for the definition of R1 and α. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 



H-7 

 

 Interaction Energies (kJ mol
–1

) between 3-methyladenine and Histidine Potential Energy Surface Scans that Vary R1 (Å), and α (°)
a 

 

Stacked 
R1 MP2 b/ 

6-31G*(0.25)
 

MP2 b/ 
aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

3.0 –24.4 –28.6 –30.6 –26.8 –33.1 –26.2 

3.1 –29.7 –33.0 –34.0 –31.1 –36.0 –29.9 

3.2 –32.2 –34.9 –34.7 –32.7 –36.6 –31.2 

3.3 –32.9 –35.1 –33.7 –32.6 –35.7 –31.1 

3.4 –32.4 –34.3 –31.2 –30.8 –34.0 –30.1 

3.5 –31.0 –32.7 –28.0 –28.3 –31.8 –28.7 

3.6 –29.2 –30.8 –24.8 –25.6 –29.5 –27.1 

3.7 –27.1 –28.7 –21.8 –23.1 –27.1 –25.4 

3.8 –24.9 –26.5 –18.8 –20.5 –24.7 –23.7 

3.9 –22.7 –24.4 –16.2 –18.1 –22.4 –22.1 

4.0 –20.6 –22.4 –13.9 –16.1 –20.2 –20.6 

 

Stacked 
α  MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

PBE-D/ 
6-31+G(d,p) 

 R1=3.3 R1=3.3 R1=3.2 R1=3.3 R1=3.2 R1=3.3 R1=3.2 R1=3.3 R1=3.2 R1=3.3 

0 –32.9 –35.1 –34.7 –33.7 –32.7 –32.6 –36.6 –35.7 –31.2 –31.1 

30 –33.5 –35.6 –34.1 –33.5 –32.6 –32.8 –37.2 –36.6 –32.0 –32.1 

60 –38.7 –41.2 –40.7 –39.6 –39.0 –38.7 –42.4 –41.5 –37.2 –36.9 

90 –44.3 –47.2 –46.7 –45.6 –46.0 –45.5 –48.0 –46.6 –43.7 –43.0 

120 –48.3 –51.0 –51.2 –49.7 –50.2 –49.5 –51.7 –50.3 –47.6 –46.9 

150 –52.2 –54.8 –56.1 –53.9 –54.9 –53.6 –55.5 –53.6 –51.2 –50.0 

180 –52.3 –54.7 –55.7 –53.5 –54.0 –52.8 –56.3 –54.3 –51.3 –50.1 

210 –47.2 –49.9 –50.9 –48.7 –49.7 –48.4 –50.9 –49.0 –46.4 –45.2 

240 –39.1 –41.5 –41.2 –39.9 –40.2 –39.6 –42.7 –41.3 –38.0 –37.3 

270 –31.5 –33.5 –32.0 –31.5 –30.3 –30.5 –33.9 –33.5 –28.7 –29.0 

300 –29.7 –31.8 –30.2 –29.4 –28.4 –28.4 –31.9 –31.4 –26.6 –26.8 

330 –31.4 –33.5 –32.1 –31.5 –29.6 –29.9 –34.5 –33.9 –28.7 –28.9 

 
 

HIS(edge) (θ=3) 
R1 MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

4.0 –51.7 –55.0 –53.3 –52.6 –56.2 –52.8 

4.1 –53.1 –56.0 –53.9 –53.5 –57.0 –54.0 

4.2 –53.3 –55.9 –53.1 –53.0 –56.5 –54.0 

4.3 –52.6 –55.0 –51.6 –51.8 –55.1 –53.2 

4.4 –51.4 –53.6 –49.6 –50.2 –53.3 –52.0 

4.5 –49.8 –51.8 –47.4 –48.3 –51.1 –50.4 

4.6 –48.0 –49.9 –44.9 –46.2 –48.8 –48.7 

4.7 –46.0 –47.8 –42.4 –44.0 –46.4 –46.9 

4.8 –44.0 –45.8 –40.1 –42.0 –44.0 –45.2 

4.9 –42.1 –43.8 –38.0 –40.2 –41.7 –43.4 

5.0 –40.1 –41.9 –36.0 –38.5 –39.5 –41.7 

 

HIS(edge) (θ=3) 

α  MP2 b/ 
6-31G*(0.25)

 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

PBE-D/ 
6-31+G(d,p) 

 R1=4.2 R1=4.2 R1=4.1 R1=4.2 R1=4.1 R1=4.2 R1=4.1 R1=4.2 R1=4.1 R1=4.2 

0 –53.3 –55.9 –53.9 –53.1 –53.5 –53.0 –57.0 –56.5 –54.0 –54.0 

30 –53.7 –56.3 –54.4 –53.6 –54.0 –53.5 –57.5 –57.0 –54.6 –54.6 

60 –55.6 –58.2 –57.0 –55.9 –56.7 –56.0 –59.5 –58.7 –56.7 –56.5 

90 –55.9 –58.4 –56.7 –55.8 –56.6 –56.0 –59.4 –58.8 –56.8 –56.7 

120 –54.8 –57.3 –55.1 –54.4 –54.9 –54.4 –58.1 –57.6 –55.4 –55.4 

150 –52.8 –55.4 –53.1 –52.3 –52.8 –52.4 –56.1 –55.6 –53.3 –53.3 

180 –50.9 –53.4 –50.7 –50.2 –50.3 –50.0 –54.2 –53.9 –51.3 –51.4 

210 –51.3 –53.7 –51.1 –50.5 –50.7 –50.4 –54.7 –54.2 –51.8 –51.8 

240 –53.8 –56.3 –54.4 –53.4 –54.0 –53.4 –57.3 –56.7 –54.4 –54.3 

270 –55.2 –57.7 –55.6 –54.7 –55.4 –54.9 –58.5 –58.0 –55.9 –55.8 

300 –55.4 –58.0 –55.8 –55.0 –55.6 –55.1 –58.8 –58.2 –56.1 –56.1 

330 –54.5 –57.2 –55.1 –54.4 –54.9 –54.4 –58.0 –57.4 –55.2 –55.2 

 
 
a See Figure 2.2 for the definition of R1 and α. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 



H-8 

 

 Interaction Energies (kJ mol
–1

) between Adenine and Protonated Histidine Potential Energy Surface Scans that Vary R1 (Å), and α (°)
a 

 

Stacked 
R1 MP2 b/ 

6-31G*(0.25)
 

MP2 b/ 
aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

3.0 –51.1 –53.0 –54.6 –52.4 –57.4 –51.4 

3.1 –53.7 -55.3 -55.4 -54.2 -57.9 -52.8 

3.2 –54.0 –55.3 –54.1 –53.7 –56.4 –52.2 

3.3 –52.6 –53.9 –51.6 –52.0 –53.8 –50.4 

3.4 –50.3 –51.6 –47.8 –48.9 –50.6 –48.0 

3.5 –47.4 –48.9 –43.5 –45.0 –47.1 –45.3 

3.6 –44.3 –45.8 –39.4 –41.3 –43.7 –42.5 

3.7 –41.0 –42.8 –35.7 –38.0 –40.3 –39.8 

3.8 –37.9 –39.8 –32.2 –34.7 –37.2 –37.3 

3.9 –34.9 –36.9 –28.9 –31.6 –34.2 –34.8 

4.0 –32.1 –34.2 –26.2 –28.9 –31.4 –32.6 

 

Stacked 
α  MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

MP2 b/ 
aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

PBE-D/ 
6-31+G(d,p) 

 R1=3.2 R1=3.1 R1=3.2 R1=3.1 R1=3.2 R1=3.1 R1=3.2 R1=3.1 R1=3.2 R1=3.1 R1=3.2 

0 –54.0 –55.3 –55.3 –55.4 –54.1 –54.2 –53.7 –57.9 –56.4 –52.8 –52.2 

30 –54.4 –55.6 –55.4 –57.9 –56.0 –55.1 –54.2 –60.6 –58.5 –54.0 –53.0 

60 –52.8 –54.1 –54.2 –55.1 –53.8 –53.3 –52.9 –57.5 –55.9 –52.0 –51.4 

90 –54.4 –55.5 –55.7 –55.5 –54.4 –53.8 –53.6 –58.9 –57.4 –53.4 –52.8 

120 –56.3 –57.6 –57.3 –58.5 –56.7 –55.9 –55.2 –62.3 –60.3 –56.1 –55.0 

150 –55.2 –56.5 –56.3 –56.9 –55.5 –55.6 –55.0 –60.0 –58.2 –54.6 –53.7 

180 –55.5 –56.2 –56.3 –58.0 –56.5 –55.2 –54.7 –61.8 –60.0 –55.2 –54.3 

210 –54.0 –55.0 –55.3 –55.2 –54.3 –53.6 –53.6 –58.0 –56.7 –52.7 –52.3 

240 –57.2 –58.5 –58.4 –59.4 –57.9 –57.0 –56.5 –62.3 –60.5 –56.3 –55.5 

270 –58.4 –60.2 –59.8 –61.1 –59.3 –59.1 –58.3 –64.0 –61.9 –58.3 –57.2 

300 –57.7 –59.3 –59.2 –59.2 –58.1 –58.4 –58.0 –62.1 –60.4 –57.3 –56.4 

330 –57.2 –58.4 –58.4 –59.2 –57.7 –57.0 –56.4 –63.0 –61.1 –57.0 –56.1 

 
 

HIS(edge) (θ=1) 
R1 MP2 b/ 

6-31G*(0.25) 
MP2 b/ 

aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

4.0 –42.9 –42.8 –39.8 –35.8 –54.9 –47.9 

4.1 –47.1 –46.4 –43.5 –39.8 –57.2 –50.5 

4.2 –48.7 –47.6 –44.9 –41.5 –57.4 –51.2 

4.3 –48.6 –47.3 –44.7 –41.8 –56.1 –50.5 

4.4 –47.3 –45.9 –43.3 –41.0 –53.9 –48.9 

4.5 –45.3 –44.0 –41.1 –39.4 –51.1 –46.8 

4.6 –42.9 –41.7 –38.6 –37.4 –47.9 –44.3 

4.7 –40.3 –39.2 –35.9 –35.2 –44.5 –41.5 

4.8 –37.7 –36.7 –33.3 –33.0 –41.1 –38.7 

4.9 –35.1 –34.3 –30.8 –30.8 –37.9 –36.0 

5.0 –32.6 –32.0 –28.5 –28.7 –34.9 –33.4 

 

HIS(edge) (θ=1) 
α  MP2 b/ 

6-31G*(0.25)
 

MP2 b/ 
aug-cc-pVDZ 

M06-2X/ 
6-31G(d) 

M06-2X/ 
6-31+G(d,p) 

M06-2X/ 
6-31+G(d,p) 

PBE-D/ 
6-31G(d) 

PBE-D/ 
6-31+G(d,p) 

 R1=4.2 R1=4.2 R1=4.2 R1=4.2 R1=4.3 R1=4.2 R1=4.2 

0 –48.7 –47.6 –44.9 –41.8 –41.5 –57.4 –51.2 

30 –51.7 –50.8 –48.2 –44.9 –44.9 –60.3 –54.3 

60 –53.7 –52.6 –50.4 –46.9 –46.9 –62.5 –56.3 

90 –52.9 –51.6 –49.5 –45.9 –45.8 –61.9 –55.4 

120 –50.8 –49.4 –47.2 –43.8 –43.5 –59.6 –53.2 

150 –48.8 –47.6 –45.1 –42.2 –41.9 –57.3 –51.3 

180 –49.3 –48.2 –45.7 –42.7 –42.4 –57.8 –51.9 

210 –51.4 –50.6 –48.0 –44.9 –44.9 –60.1 –54.2 

240 –52.8 –51.8 –49.4 –46.0 –46.0 –61.7 –55.6 

270 –51.7 –50.4 –48.0 –44.5 –44.3 –60.7 –54.2 

300 –49.4 –48.0 –45.6 –42.1 –41.8 –58.4 –51.8 

330 –47.6 –46.4 –43.7 –40.6 –40.2 –56.2 –50.0 

 
 
a See Figure 2.2 for the definition of R1 and α. b MP2 interaction energies were calculated using the BSSE-corrected dimer energies. 
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AMBER atom types used in the present study (as determined through ANTECHAMBER). 

 

AMBER and GAFF bond and angle parameters used in the present study. 

Bond Kr req Derived from: 

N* CA 411.10 1.391 Same as na-c2 
CA H5 344.30 1.087 Same as c2-ha 
CA CV 411.70 1.434 Same as ca-cc 
CA N* 411.10 1.391 Same as na-c2 
CA H5 344.30 1.087 Same as c2-ha 
C HA 325.1 1.101 Same as c-ha 

Angle Kθ  θeq Derived from: 

N* CA CV 69.8 121.38 Same as na-c2-c2 
N* CA NC 71.7 123.62 Same as n2-c2-na 
N* CA H5 51.2 112.42 Same as na-c2-ha 
N* CB NB 71.7 123.62 Same as n2-c2-na 
N* CA H4 51.2 122.42 Same as na-c2-ha 
CA N* CB 67.8 110.37 Same as c2-na-c2 
CA N* CA 67.8 110.37 Same as c2-na-c2 
NC CA H5 52.4 120.54 Same as n2-c2-ha 
CB CB CB 67.9 110.70 Same as cc-cc-cc 
CB NB CV 68.6 110.19 Same as cc-nc-cc 
NB CV CA 70.0 113.42 Same as nc-cc-cc 
CA CV H4 50.0 120.94 Same as c2-c2-ha 
CV CA H4 50.0 120.94 Same as c2-c2-ha 
N* CA NC 71.7 123.62 Same as n2-c2-na 
NC CA H5 52.4 120.54 Same as n2-c2-ha 
CA NC CA 70.7 109.95 Same as ca-nc-ca 
CA N* CB 67.8 110.37 Same as c2-na-c2 
CA N* CT 64.2 117.20 Same as c2-na-c3 
N* CA H5 51.2 112.42 Same as na-c2-ha 
N* CB N* 73.7 109.33 Same as na-c2-na 
CT C HA 46.0 115.22 Same as c3-c-ha 
O C HA 55.4 120.00 Same as o-c-hc 
CT C CT 63.0 117.00 From parm99.dat 
P OH CT 100.0 120.50 Same as P-OS-CT 
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ONIOM(M06-2X/6-31G(d):AMBER) Relative (Optimization) Energies (kJ mol–1) for the εA PES where Wat502 is 
Considered as the Nucleophile. 

 
C1′–N9 Glycosidic Bond Length (Å) 

  
1.300 1.500 1.700 1.900 2.100 2.300 2.500 2.700 2.900 3.100 3.300 3.500 3.700 

   
C

1
′–

O
w

at
5

0
2
 N

u
cl

eo
p

h
ile

-C
1
′ D

is
ta

n
ce

 (
Å

) 1.200 
    

376.5 294.3 251.0 221.0 209.3 196.5 185.1 214.0 208.3 
1.400 

   
354.9 256.4 192.9 141.6 126.1 115.6 117.0 65.9 57.4 98.7 

1.600 
 

351.7 295.8 242.4 223.4 168.2 156.1 127.9 116.0 101.2 111.8 95.4 104.1 

1.800 327.3 212.6 203.2 182.9 158.5 144.6 122.8 124.9 125.0 107.7 115.7 101.4 119.8 

2.000 194.1 100.4 132.6 141.6 150.0 135.3 121.3 125.4 128.1 133.1 131.6 118.1 120.2 

2.200 114.5 59.0 81.0 114.2 127.8 139.6 129.2 136.5 136.8 152.2 127.1 143.1 147.0 

2.400 100.0 29.8 57.5 94.8 115.4 132.1 136.3 144.8 147.1 150.9 153.0 176.0 170.0 

2.600 68.6 14.6 37.5 79.3 108.9 138.9 143.7 144.9 159.0 160.6 155.5 167.4 201.2 

2.800 68.2 0.7 34.7 74.5 110.5 121.4 128.8 143.4 160.9 161.9 141.5 209.1 181.8 

3.000 55.8 10.1 31.9 76.1 113.2 129.0 154.8 162.0 162.0 166.4 140.2 224.5 207.5 

3.200 58.5 0.0 54.1 94.6 128.3 153.1 163.5 177.5 184.4 177.2 211.7 211.8 225.0 

3.400 70.0 19.3 59.0 96.2 132.4 156.4 161.5 173.0 182.4 189.7 182.3 213.8 201.1 

3.600 76.6 34.9 60.0 119.1 132.8 148.9 166.9 168.1 186.7 198.6 185.5 215.4 218.6 

               

ONIOM(M06-2X/6-31G(d):AMBER) Relative (Optimization) Energies (kJ mol–1) for the εA PES where Wat517 is 
Considered as the Nucleophile. 

 
C1′–N9 Glycosidic Bond Length (Å) 

  
1.300 1.500 1.700 1.900 2.100 2.300 2.500 2.700 2.900 3.100 3.300 3.500 3.700 

   
   

  C
1
′–

O
w

at
5

1
7 

N
u

cl
eo

p
h

ile
-C

1
′ D

is
ta

n
ce

 (
Å

) 1.200 
             1.400 
             1.600 
             1.800 350.9 323.5 346.2 377.2 375.4 415.7 333.5 275.8 205.8 193.8 190.6 176.4 172.5 

2.000 243.6 185.8 221.7 265.3 300.7 314.7 317.4 314.4 274.1 225.3 197.4 208.6 196.5 

2.200 159.9 101.3 133.3 174.3 207.4 217.9 229.0 251.9 256.5 248.1 266.1 232.8 215.5 

2.400 108.0 54.9 73.7 120.2 157.8 187.6 189.2 193.9 197.9 216.1 264.8 235.1 247.2 

2.600 83.6 22.9 57.5 80.2 131.1 162.1 169.3 182.1 189.3 200.1 214.6 220.5 219.3 

2.800 69.4 17.5 45.8 80.7 112.5 149.7 152.3 162.8 173.0 177.4 197.7 198.2 221.1 

3.000 65.8 0.0 47.8 79.2 113.8 145.7 150.7 159.5 167.1 189.6 190.7 183.9 211.2 

3.200 56.3 10.4 39.7 96.0 125.1 156.5 164.2 162.7 166.3 207.0 200.1 185.1 197.6 

3.400 71.8 5.9 43.4 99.2 139.4 161.6 173.1 179.0 168.3 171.3 204.6 219.5 194.3 
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ONIOM(M06-2X/6-31G(d):AMBER) Relative (Optimization) Energies (kJ mol–1) for the 3MeA PES where Wat502 is 
Considered as the Nucleophile. 

 
C1′–N9 Glycosidic Bond Length (Å) 

  
1.300 1.500 1.700 1.900 2.100 2.300 2.500 2.700 2.900 3.100 3.300 3.500 

  C
1
′–

O
w

at
5

0
2
 N

u
cl

eo
p

h
ile

-C
1
′ D

is
ta

n
ce

 (
Å

) 1.200 
     

198.4 140.7 121.6 118.7 101.2 117.2 102.3 
1.400 

     
109.9 48.0 10.4 7.4 5.2 –12.6 –3.0 

1.600 
    

201.7 125.0 59.6 62.3 14.8 9.0 7.8 19.9 
1.800 

  
205.5 183.6 158.7 106.4 64.1 77.5 44.5 72.0 86.0 81.2 

2.000 264.1 143.2 113.4 115.0 121.7 82.7 69.4 68.1 56.9 85.4 85.3 86.2 
2.200 181.7 29.9 51.3 82.9 108.6 95.8 68.3 78.2 50.2 59.9 66.8 65.2 
2.400 127.5 28.0 49.2 70.0 83.4 79.2 77.5 62.9 48.8 50.7 77.9 67.8 
2.600 107.8 27.3 39.1 51.1 80.1 80.9 76.8 101.1 64.9 60.1 53.8 46.3 
2.800 77.1 11.2 26.6 49.1 65.8 80.8 90.6 101.4 95.3 76.3 79.2 74.4 
3.000 64.8 0.4 22.8 52.3 64.6 78.1 87.5 96.4 94.6 87.6 92.6 86.8 
3.200 67.9 0.0 16.9 39.3 55.9 74.2 88.8 100.1 92.7 87.8 90.5 92.7 
3.400 69.0 1.3 2.1 29.5 59.1 75.0 92.7 100.4 

    
3.600 72.5 0.0 18.0 44.1 58.8 74.1 101.0 

     

               
 
ONIOM(M06-2X/6-31G(d):AMBER) Relative (Optimization) Energies (kJ mol–1) for the A PES where Wat502 is Considered 
as the Nucleophile. 

 
C1′–N9 Glycosidic Bond Length (Å) 

  
1.300 1.500 1.700 1.900 2.100 2.300 2.500 2.700 2.900 3.100 3.300 

   
   

   
C

1
′–

O
w

at
5

02
 N

u
cl

eo
p

h
ile

-C
1
′ D

is
ta

n
ce

 (
Å

) 1.300 
     

230.2 137.8 132.0 86.8 79.7 70.5 
1.500 

    
225.2 166.7 118.7 62.1 23.1 7.3 43.2 

1.700 
   

239.7 202.8 194.0 144.5 123.4 110.7 127.5 85.3 

1.900 310.4 206.7 204.6 202.9 199.6 176.0 148.6 145.8 130.6 130.0 137.4 

2.100 200.3 119.6 134.1 156.7 171.4 160.8 134.8 150.0 135.0 161.4 165.0 

2.300 131.5 66.1 95.6 127.5 141.6 138.2 136.0 152.4 145.3 140.0 181.2 

2.500 96.2 38.0 61.7 106.2 125.8 127.6 138.0 96.3 116.2 130.1 127.8 

2.700 80.5 8.7 42.6 91.9 111.6 122.8 106.5 100.6 119.5 138.9 135.0 

2.900 68.2 1.5 36.3 82.7 100.6 113.7 115.3 120.0 121.8 140.2 138.7 

3.100 67.6 0.0 40.2 82.0 107.5 113.0 116.1 121.0 155.3 164.7 
 3.300 62.2 6.8 42.7 89.1 112.0 121.0 123.6 124.0 153.5 

  3.500 60.4 6.9 28.6 74.9 115.0 122.3 
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Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond distances in Å (angles in °)) for the 
constrained stationary points found when considering the εA substrate. Stacking and T-shaped interactions are indicated 
through wide dashed lines (distances measured between heavy atom ring centroids (Y127, H136, and Y159) and the εA 
heavy atom ring plane are in Å (angles between heavy atom ring planes (εA and Y127, H136, or Y159) are in °). 

 

Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond distances in Å (angles in °)) for the 
constrained stationary points found when considering the 3MeA substrate. Stacking and T-shaped interactions are 
indicated through wide dashed lines (distances measured between heavy atom ring centroids (Y127, H136, and Y159) 
and the 3MeA heavy atom ring plane are in Å (angles between heavy atom ring planes (3MeA and Y127,H136, or Y159) 
are in °). 


