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Abstract
Glycosylation is the most complex posttranslational modification of proteins and has
consequences on protein structure and function. In particular, the hydroxyproline (Hyp)

rich glycoproteins (HRGPs) of plants are heavily glycosylated. On the other hand,
glycosylation has not been observed in animal collagen despite the high occurrence of Hyp

residues. This thesis uses computational chemistry to provide molecular level information
about the structural effects of Hyp glycosylation to help understand the biological

implications of the modification and explain the lack of glycosylation in animals. Initially,
the nature of the glycosidic linkage between Hyp and galactose was determined. The

theoretical results were validated by comparing to the recent experimental data, which
helped understand other experimental observations. Subsequently, contiguous and non-

contiguous glycosylation of a nonaproline oligopeptide was considered, which revealed that
contiguous glycosylation increases the stability of the all trans polyproline II (PPII)
conformation, while non-contiguous glycosylation leads to loss of PPII content.

Sophisticated modeling suggested that this difference arises since peptide–solvent

interactions stabilize the PPII conformation in the contiguously glycosylated peptide, while
sugar–peptide backbone interactions that stabilize the cis conformations of some residues
are stronger in the non-contiguously glycosylated peptide. Finally, the effects of Hyp
glycosylation on the collagen triple helix were assessed, where it was determined that

glycosylation makes the monomeric state more stable and hence hinders triple helix

formation, which agrees with experimental results and highlights that the synergy between
computation and experiments is necessary to understand complex glycosylation in nature.
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Chapter 1.

Introduction

1.1 General Background
Proteins are essential for the normal functioning of all living organisms. They are

involved in virtually every kind of cellular activity, including biochemical catalysis, immune

response and cell–cell communication. As such, significant resources at the cellular level are

devoted to protein generation. Briefly, protein biosynthesis requires transcription of

genetic code to yield information about the amino acid units that compose a particular
protein, and subsequent translation of this data to build a polypeptide chain, which usually
folds into a distinct, well-defined three dimensional structure.1 It is in this so-called native
structure that proteins perform their far-reaching functions.

For some proteins, posttranslational modifications (PTMs) can take place prior to,

or after folding. PTMs are specific chemical alterations to the amino acids in the protein

polypeptide chain. Example PTMs include disulphide bridges, hydroxylation, glycosylation,

methylation and phosphorylation. Glycosylation, which involves covalent attachment of a
carbohydrate molecule, is the most structurally complex protein PTM and has been

implicated in many cellular processes including signalling and protein folding.2-3

However, experimental determination of the three dimensional structure of

glycopeptides by X-ray crystallography can be more challenging than those of

unglycosylated proteins due to the inherent conformational flexibility of the covalently-

linked carbohydrate moieties.4-5 Additionally, while nuclear magnetic resonance (NMR)
spectroscopy is extensively used to study solution chemistry,6 interpretation of

experimental results can become complicated by fast conformational dynamics in
glycoproteins which affects fitting procedures used in data analysis.7-8 As a consequence,
1

detailed molecular information regarding how glycosylation affects protein structure and
function is often unavailable.

In order to address the significant gap in our knowledge regarding the role of

glycosylation PTMs, this thesis will use advanced molecular modeling techniques to study

how glycosylation affects the structure of smaller peptide fragments. In what follows, a brief
overview of carbohydrate structure is given, the importance of protein glycosylation and
putative functions are summarized, and currently identified carbohydrate–protein linkages

are described. Thereafter, the specific type of glycosylation (glycopeptides) considered in
the present thesis will be discussed.
1.2. Oligosaccharides

Carbohydrates are comprised of monosaccharides (Figure 1.1), which are derived

from polyhydroxy aldehydes or ketones. The hexoses (C6H12O6) have 16 isomers, including
galactose (Gal), glucose (Glc), mannose (Man), and arabinose (Ara). Cyclization of the open

form leads to either a six membered pyranose or a five membered furanose depending on

the position of the attacking hydroxyl (OH) group. In either case, a new chiral carbon is

generated and an anomeric predisposition (α or β) that is dictated by the orientation of the
OH group.

Polysaccharides

are

formed

by

a

condensation

reaction

between

two

monosaccharide OH groups, which results in a glycosidic linkage. Due to the availability of

several OH groups on each saccharide, there are a variety of positions for carbohydrate

chain growth, which enables the formation of highly complex structures and contributes to

the rich and diverse functionality of glycoproteins. An example of disaccharide formation
2

involving an α(1–4) linkage between α-D-galactose and a methyl–α–D–galactose is
illustrated in Figure 1.2.

Figure 1.1. Cyclic isomers of D-galactose: cyclization can occur at different positions on the open
chain, giving rise to a five-membered furanose structure (top) or a six-membered pyranose form
(bottom). Two anomers (α or β) of each ring are possible.

1.3. Protein Glycosylation

It has been determined that over half of eukaryotic proteins undergo post–

translational glycosylation, indicating that this type of PTM has far reaching consequences

on protein structure and function.9 In particular, glycosylation has been implicated in

protein folding and stability.10-14 For example, a recent publication revealed that all three

asparagine (Asn) residues in the predicted glycosylation sites (positions 127, 284 and 516)

of a disulfide isomerase (PDIA2) are modified, and that mutation of Asn284 to glutamine

(Gln) increases dimer formation in PDIA2.11 In addition, it has been demonstrated that
3

glycosylation reduces the efficacy of proteolytic degradation enzymes.3,15 Specifically, the
collagen binding activity of a bacterial parasite is reduced upon deglycosylation, indicating
consumption by proteolytic enzymes.15 Protein-carbohydrate recognition is another

important function associated with glycosylation.16-18 This has been recently demonstrated

by the binding specificity of Hevein, a model lectin, to the core Man(GlcAc)2 trisaccharide

that is very prevalent in eukaryotic glycoproteins.19 These very diverse functions of

glycosylation are dictated in part by the structural complexity of the attached glycans.

Figure 1.2. Top: Chemical sketch of a galactose monomer with atomic numbering. Middle: Models of
α- and β-D-galactose monosaccharides. Bottom: Example disaccharide with an α(1–4) glycosidic
linkage.

4

1.3.1. Types of Carbohydrate–Protein Covalent Linkages
Two major modalities exist for oligosaccharide–protein covalent association,

namely N or O-linked glycosylation depending on whether the moieties are bridged by a

nitrogen or oxygen atom (Figure 1.3). In N-glycosylation, which takes place in the

endoplasmic

reticulum

(ER)

of

the

cell,

a

fully

synthesized

oligosaccharide

(Glc3Man9GlcNAc2) is transported to the unfolded protein.20 This type of glycosylation is

sequence specific and the oligosaccharide is only attached to asparagine residues contained
in an Asn–X–Ser/Thr amino acid sequence, where X is any residue other than proline (Pro).

Subsequently, the core oligosaccharides are processed by glucosidases, mannosidases

and/or glycosyltransferases to add or remove sugar monomers as neccessary.20

Glucosidases and mannosidases affect the removal of some monomers of the core

saccharides in the Golgi apparatus, while other sugars are added by the action of various
glycosyltransferases.20

Figure 1.3. Examples of naturally occurring N-acetylglucosamine glycosidic linkage to asparagine
(left) and serine (right).

Recently, high resolution crystal structures for a series of N-glycosylated

compounds (Figure 1.4) were obtained using neutron diffraction.21 In contrast to previous

X-ray structure determinations,22 hydrogen atom positions could be located in the neutron
diffraction study. This allowed for detailed examination of intramolecular hydrogen

bonding in the compound. Contrary to previous literature proposals, strong hydrogen
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bonding between adjacent exocyclic hydroxyl groups were not observed. Additionally, as
expected the 4C1 chair conformation was observed to be the preferred for the sugar. In

agreement with previous computational and crystal structures,22 the key glycosidic linkage

dihedral angle (ϕN, Figure 1.4) has a preferred value of –90°.

O-glycosylation, on the other hand, usually takes place in the cell cytoplasm after

protein folding.20 In this case, a core monosaccharide is attached to the protein by a specific

glycosyltransferase. While there is no consensus regarding the preferred sequence for Oglycosylation, the linkage mainly occurs to serine (Ser), threonine (Thr) and lysine (Lys)

residues in animals.23 In plants, a prominent glycosylation involves β–glycosidic linkages of

(2S,4R)–hydroxyproline (Hyp) to either L–arabinose or D–galactose, particularly in
hydroxyproline rich glycoproteins (HRGPs).24 The degree of glycosylation ranges from

mono or disaccharide units (as observed in collagen)23 to highly complex polysaccharides

(as observed in HRGPs).25 The large variation in the final size of the attached glycans
underscores the complexity of carbohydrate–protein interactions and the heterogeneity of

glycan function. Additionally, glycosylation can be contiguous, where all consecutive Hyp
residues in a given protein segment are glycosylated, or non-contiguous, which allows for

unmodified Hyp residues in-between the modified variants.26 To begin to understand these

complex structure–function relationships, this thesis will focus on the structural details and
implications of O-glycosidic linkages to hydroxyproline.

Figure 1.4. Schematic of a N-acetylglucosamine linkage to asparagine determined by
neutron diffraction.
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1.4. Hydroxyproline-O-Glycosylation
Glycosylation of Hyp is of particular interest since Pro analogs exhibit properties

unique among the proteinogenic amino acids. Specifically, Pro residues have limited

rotation about the ϕ (∠(C–Cα–N–C), Figure 1.5) dihedral angle because their side chains are

fused to the peptide backbone. As a result, there is a reduction in the energy difference
between the cis (ω = 0°) and trans (ω = 180°) isomers, which makes both conformations
nearly isoenergetic according to many experimental and computational results,

leads to a higher cis isomer content compared with other amino acids.

27-31

and

Figure 1.5. (A) A proline residue with atomic labels, (B) model of a hydroxyproline residue and (C)
cis–trans isomerization of proline, including important dihedral angle definitions: ϕ (∠(C–Cα–N–C),
ψ (∠(N–Cα–C–N), ω (∠(Cα –C–N– Cα) (left) and
the n → 𝜋* interaction (right).

Due to the above structural feature, Pro and derivatives perform some distinct

functions in proteins and peptides. For instance, pH jump kinetic studies show that prolyl
cis/trans isomerization is often the rate-determining step in the folding pathways of many
7

peptides (proteins),27,32 Pro residues induce turn structures that are crucial in protein–

protein interactions,33-34 and facilitate the formation of extended helical structures such as
the polyproline II (PPII) helix (Figure 1.6).

Figure 1.6. Polyproline I (PPI) and polyproline II (PPII) helices of a nonaproline model compound
(hydrogen atoms removed for clarity).

The PPII structure is observed in Pro rich regions of proteins and play an important

role in the stability of structural proteins, such as collagens35-36 and HRGPs,37-38 which are
known to require the PPII-helical conformation to function. In fact, the left–handed PPII

conformation with (ϕ,ψ) ≈ (–75°,146°) (Figure 1.6) and all trans ω dihedral angles has
8

emerged as an important secondary structure. In particular, this conformation which occurs
even in non-Pro segments of peptides and proteins, is dominant in unfolded proteins and
oligoproline segments, and has been identified from crystal structures as a prominent

conformation of ligands for signalling proteins.39-40 The related PPI conformation occurs

when (ϕ,ψ) ≈ (–75°,160°) and all cis ω dihedral angles are adopted, is typically present at

high temperatures or in the presence of certain solvents, such as methanol and 1propanol.41

The properties of Pro-based proteins described above depend on the relative

stability of the cis and trans isomers of Pro, which are in turn governed by several factors,42-

43

including an n → π* interaction between the oxygen lone pair in the prolyl N-terminal

amide C=O and the antibonding orbital of the C-terminal C=O (Figure 1.5C).27,42,44-48 This

n → π* interaction occurs when the lone pair on the oxygen (n) donates electron density to

the antibonding (π*), which occurs only in the trans isomer of Pro and derivatives.

Additionally, inductive and stereoelectronic effects influence the cis/trans stability of Pro
derivatives.48-53 For example, naturally occurring 4-hydroxylation and attachment of other

electron-withdrawing groups have a further influence on cis–trans isomerization by
affecting the n → π* interaction through changes in the conformation of the pyrrolidine ring

(puckering) and the prolyl backbone ψ (∠(N–Cα–C–N) dihedral angle.54 In plant and animal

proteins, the irreversible transfer of a hydroxyl group to the Cγ atom of Pro is catalysed by a
prolyl 4–hydroxylase to give (2S,4R)–hydroxyproline (or Hyp),55-57 which is the most

prevalent PTM. The (2S,4S)–hydroxyproline (hyp) stereoisomer is not very common, but

has been extracted from several species of fungi and the cyanobacteria Lyngbya majuscula.58
9

Therefore, hydroxylation leads to increased stability of the trans isomer that is

characteristic of the PPII conformation and positions the residue for glycosylation.

Covalent addition of complex sugar moieties to Hyp occurs in HRGPs that form part

of plant cell walls,24-25 and the glycans have been implicated in various functions of the
protein.59-60 HRGPs can be divided into three main classes: extensins, proline rich proteins

(PRP) and arabinogalactan glycoproteins (AGPs).61-63 Extensins are known to be important
for cell wall assembly.60,64 PRPs and extensins are mostly glycosylated with arabinose

sugars, although PRPs are much less glycosylated compared to extensins.24,65 AGPs are

associated with several cell functions, where their possible function as structural
glycoproteins has been recently demonstrated.65-66 Apart from their biological functions,

APGs form a major component of the gum extract from plants that are used as emulsifiers,

binders and stabilizers in the food, mining and pharmaceutical industries.67-68 They are

highly glycosylated with arabinogalactan (AG) polysaccharides69 consisting of between 30

to 150 monosaccharides.25,63 The AG units consist of (1–3)-linked β–D–galactosyl
backbones, with branching through (1–6)–linked β–D–galactose units that are terminated

by arabinose or rhamnose sugars.65-66,68 The carbohydrate–protein attachment in AGPs
occurs via O-galactosyl linkages (Figure 1.7), and is the primary focus of this thesis.

AGPs are generally considered as either classical or non-classical.70-71 Classical AGPs

have a protein core consisting mainly of hydroxyproline as well as alanine, serine and
glycine amino acids, while non-classical AGPs exhibit a large variation in the residues of the
core protein. The high Hyp content of AGPs suggests that the protein components are helical
due to the propensity of Pro derivatives to adopt the PPII conformation. Indeed, several

investigations59,66 have indicated that AGPs (and HRGPs in general) adopt the PPII
10

conformation. This is based on circular dichroism (CD) measurements, which show a
minimum in the measured molar ellipticity at around 205 nm and a maximum at around

225 nm, which are characteristic of the PPII conformation. Nevertheless, more
heterogeneous portions of HRGPs exist, which have been proposed to permit kinks in the
protein structure and thereby allow interactions with other molecules.59

Figure 1.7. Sketch of a galactosylated hydroxyproline residue (top) and a model glycopeptide
(bottom). Hydrogen atoms removed for clarity.

As mentioned in Section 1.1, it is experimentally difficult to obtain information

regarding the three dimensional structure of HRGPs. In fact, no crystal structure of a

glycosylated HRGP has been resolved to date. This lack of structural data is mainly due to
the complexity of polysaccharides attached to biological HRGPs that complicate NMR

spectra, the experimental difficulties associated with structure elucidation of the highly
mobile glycans via X-ray crystallography, which is additionally complicated by the complex

glycans shielding the protein backbone.61 Therefore, a synthetic approach, involving

controlled development and characterization of glycosylated Hyp compounds is used to
provide valuable information regarding this important plant protein.

Along these lines, Schweizer and coworkers synthesized model glycosylated Hyp

peptides72-74 and provided quantitative data that supports previous claims that
11

glycosylation increases the stability of the PPII structure. First, in their initial study, a model
O-glycosylated (2S,4R/S)–Hyp residue was used to show that glycosylation slightly

enhances the trans isomer population of the (2S,4S)–Hyp peptide. This was based on

measured Kcis/trans of 2.4±0.1 for unglycosylated (2S,4S)–Hyp compared to 2.9±0.3
(2.9±0.1) for the α(β) glycosylated variants in D2O at 24.8°C. An identical value for Kcis/trans

(2.4±5%) was previous measured by Bretscher et al48 for (2S,4S)–Hyp at in D2O 25°C.

Nuclear Overhauser (nOe) inter-proton distance measurements by Schweizer and

coworkers showed that distant contacts exist between the galactose and Hyp, which implies

that glycosylation could have a stabilizing effect on longer peptides.73 Second, when a
capped nonaproline was studied, a significantly higher melting temperature (Tm) was

observed for the contiguously glycosylated peptide (70°C) compared to a fully hydroxylated

peptide (38°C).74 Tm which correlates with the stability of the PPII conformation was

obtained by taking the first derivative of the change in molar ellipticity at 225 nm over a
temperature range (see Chapter 2 for details). However, the structural/molecular basis of

the reported observations could not be fully explained. Therefore, more studies are

required to explain these experimental findings.

Despite the lack of specific structural information as described above, two AGP

structural models have been proposed in the literature: the “wattle blossom” model75 and

the “twisted hairy rope” model (Figure 1.8).76 The “wattle blossom” model entails a globular

glycan pointing away from the helical core protein. In contrast, the “twisted hairy rope”,

describes an extended peptide backbone with glycans arranged along, and interacting with,
the backbone. However, recent work in the Kieliszewski lab65-66 has revealed the primary

sequence of select AGP polysaccharides, and shown that the glycan structure is not as
complex as generally assumed. Specifically, the AG polysaccharides extracted from fusion
12

glycoproteins expressed in tobacco cells were found to have 14–22 monomeric sugars per

polysaccharide.65 Molecular mechanics minimizations revealed a compact glycan structure

that interacts with the peptide backbone, although in a more complex manner than the
simple “twisted hairy rope” model implies.

Figure 1.8. Proposed structural models for arabinogalactan proteins. The “wattle blossom” model
depicts a glycopeptide structure having globular sugars that point away from the peptide backbone,
while the “twisted hairy rope” model has the sugars in a parallel-like fashion and interacting with the
protein backbone.

Clearly, further information about the structure of the Hyp-O-glycosidic linkage and

how Hyp glycosylation affects protein (peptide) structure are required. This thesis aims to
help alleviate this lack of information in the literature. This is done by carrying out detailed
systematic molecular modeling studies of the naturally occurring Hyp-O-galactosylated

peptides that model the HRGPs of plants as well as examine the natural the lack of

glycosylation in the Hyp rich collagen of animals. The next section will consider
glycosylation of collagen, a Hyp-rich protein that occurs in animals and plays a structural

role similar to the HRGPs of plants described in this section.
1.5. Collagen O-Glycosylation

Collagen consists of three protein (peptide) strands that adopt the PPII

conformation and are wound around each other to form a triple helix and held together by
13

interstrand (C=O∙∙∙H–N) hydrogen bonds (Figure 1.9).77-80 Most collagen monomer strands

exhibit a distinctive X–Y–glycine (Gly) amino acid sequence repeat (X, Y are other amino
acid residues) and each residue in the repeat has a specific function. For example, it is well
known that Gly residues are necessary for collagen stability. Melting temperatures from

experimental mutation studies,81-82 as well as energetics from computational studies83-87

where Gly is replaced by other amino acids show significant triple helix destabilization. This
is caused by a disruption of interstrand hydrogen bonds by the bulkier amino acids. In fact,
some of the most severe consequences of collagen mutation occur when Gly is replaced by

another amino acid.88 This is because as evidenced by crystal structures, the close packing

of the triplex helix requires glycine, which is the least sterically demanding amino acid, at
every third position, in order to accommodate the three residues per turn necessary for the

PPII structure and triple helical association. The X and Y positions in the triple helix
sequence repeat have been found to be occupied by proline (Pro) derivatives in a large

number of collagens.89-90 Indeed, the X position frequently contains the unmodified Pro
residue. This is not surprising since Pro is naturally predisposed to the PPII conformation

due to its unique structure.

Like the HRGPs, collagens are structural proteins whose biological function is

closely associated with maintaining a triple helical structure. There is a high level of Hyp

occupation of the Y position in the collagen tripeptide repeat, which has been shown to
correlate with the stability of synthetic collagen model peptides (CMPs). Consequently,

numerous experimental (Tm and ΔG measurements) and computational studies have
examined the effect of proline hydroxylation on the stability of the collagen quaternary
structure.48,50,77,81-83,91-111
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Figure 1.9. (Top) A model of the collagen triple helix and a closed up view (bottom) showing an
interstrand backbone–backbone (C=O∙∙∙H–N) hydrogen bond (dashed lines).
Hydrogen atoms are not shown for clarity.

Although there is still debate in the literature regarding the exact mechanism by

which Hyp stabilizes collagen, many consequences of hydroxylation have been
established.48,103,112 Particularly, Hyp in the X position greatly reduces collagen stability if

the Y position is not occupied by another Hyp, with Hyp only observed in the Y position in
vertebrate collagen.113 Hyp is destabilizing in the X position since it prefers the Cγ-exo

pucker which has the backbone dihedral angles that are not optimal for the X position in the
triple helix.89 However, certain collagen obtained from deep sea hypothermal vent worms

have Hyp in the X position and still maintain stable triple helices.114 A major difference
between this kind of collagen and most animal collagen is the high content of glycosylated

threonine (Thr) residues. For example, synthetic triple helices made from the Ac–(Gly–Pro–
Thr)10-NH2 and Ac–(Gly–Pro–Thr(β–Galactose))10–NH2 peptides, based on cuticle collagen

of a deep sea hydrothermal vent worm, were developed by Bann and co-workers to
15

investigate Thr glycosylation.94 It was concluded that triple helix formation requires

glycosylation since a high melting temperature (Tm = 41°C) was measured using CD

spectroscopy for the glycosylated peptide, while the unmodified compound was unable to
form a triple helix. Possible explanations of how glycosylation of threonine leads to viable

collagen triple helices include restricting procollagen conformational space and favourable

inter-strand dipole-dipole interactions, as well as stabilization due to (intra)intermolecular

hydrogen bonding between the sugar moiety and the peptide backbone.

Interestingly, lysine (Lys) residues in human collagen can be further processed into

hydroxylysine (Hyl), which can be glycosylated with a galactose–glucose disaccharide.115
This is in contrast to the Hyp-O-glycosylation observed in HRGPs. In fact, Hyp glycosylation

has not been observed in any animal protein, regardless of the similar structural roles

played by collagen and HRGPs and the abundance of Hyp residues in animal collagen. It is
therefore important to understand the reason for this conspicuous absence and, hence, the
structural consequences of Hyp glycosylation in collagen.

Given the experimental difficulties associated with crystallizing biological collagen,

synthetic collagen model peptides (CMPs) are usually employed to study collagen

structure–function relationships.99,116-118 In this light, a CMP with three galactosylated Hyp

residues was developed by Wennemmers and co-workers and used to show that

glycosylation modestly decreases the Tm (7°C) in this compound.99 However, only the effect
of a single glycosylation per strand was considered. Therefore, to provide a comprehensive
picture of the effects of Hyp glycosylation on collagen triple helix stability, CMPs with

varying degrees of glycosylation were synthesized by Schweizer and co-workers.119 In
particular,

the

Ac–(POG)7–NH2,

Ac–(POG)3–(POβG)–(POG)3–NH2,
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Ac–(POG)3–(POαG)–

(POG)3–NH2, Ac–[(POG)–(POβG)]3-(POG)–NH2 and Ac–(POβG)7–NH2 model collagen peptides

were considered, where P = Pro, O = Hyp and Oα(Oβ) = α(β)-galactosylated Hyp. The

experimental results indicate that a single β-glycosylation per strand ((POG)3–(POβG)–

(POG)3) decreases the melting temperature of the CMP from 39.2±1°C to 37.1±1°C, while

the triple helix no longer forms after three or more β-glycosylations per strand ([(POG)–

(POβG)]3–(POG) and (POβG)7). Furthermore, a single α-glycosylation per strand ((POG)3–
(POαG)–(POG)3) prevents helix formation. Unfortunately, the reason for the loss of the triple

helical structure upon glycosylation is not clear from this study. However, steric clashes due
to the acylation of Hyp residues in a (Pro-Hyp-Gly)10 triple helix to give [Pro–
Hyp(C(O)CH3)–Gly]10 has been proposed in the literature to be responsible for the observed

Tm decrease for the acylated triple helix,107 and this could provide an explanation for the
glycosylated Hyp peptides described above.
1.6. Molecular Modeling

Computational modeling has been successfully applied to various areas of science

including weather and biochemical systems. This approach provides information that is
complementary to experimental studies and aids in the understanding of many phenomena,

such as the consequences of covalent attachment of bulky addition products to DNA120 or

antibody recognition of small molecules.121 In the case of glycopeptides, modeling is even

more relevant because obtaining three dimensional structures by the usual experimental

machinery can be more difficult than for unglycosylated peptides (proteins) due to the high

mobility of glycans, difficulties associated with crystallization and the structural complexity
of (the sugar component) this class of proteins.5,22,122 As mentioned earlier, no crystal

structure (X-ray or NMR) exists for HGRPs. Likewise, there is limited structural data for
17

collagen, especially regarding the covalently-linked carbohydrates, where no crystal

structure exists to the best of my knowledge. However, the type and anomericity of the
glycan attached to both collagen and HRGPs is known, which allows for the application of

molecular modeling to yield specific information about glycopeptide structure and sugar–
peptide interactions.

Both HRGPs and collagen have a fairly rigid PPII backbone that is connected to

highly flexible sugars, and therefore require molecular dynamics to adequately sample their
conformational (potential energy) surfaces. This is in contrast to routine geometry

optimizations which guide molecules towards the nearest local minimum. Molecular

dynamics (MD) entails the propagation of the degrees of freedom of the molecular system

over time, and is rooted in statistical mechanics principles that establish the equivalence of

time and ensemble averages. In MD, evolution of the molecular system is based on

Newton’s equation:

Fi = mi ai = −∇U

Where Fi is the force acting on particle mi and U is the interaction potential. If initial

positions and velocities are known, then the force can be calculated and applied to

propagate the system. The accuracy of the information obtained from MD primarily
depends on the applied potential function. Apart from the MM approximation, the potential,
U, can be obtained from first principles based on quantum mechanics (QM). This approach

is based on obtaining an approximate solution to the Schrödinger equation (see Chapter 2
for methodological details).
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The two approaches (MM and QM) outlined above was used to derive the

interaction potential for molecular systems considered in this thesis. The force field method
is an approximation of the true potential, but has the advantage of being computationally

inexpensive, which allows for the simulation of large systems of biological interest.

Additionally, it has been shown in the literature that careful parameterization and

application of MM forcefields yields accurate structural and energetic information in

comparison to experiments.122-124 On the other hand, the DFT method is in principle more

accurate than MM since the electronic structure is used to derive the interaction potential.

However, computational cost increases very steeply with the number of degrees of freedom
in the molecular system.

Both approaches have been used in the computational studies of structural

properties of Pro–based models in the literature.8,103,125-130 For example, DFT and other ab

intio calculations on 4–hydroxyproline and 4–flouroproline provided evidence for

experimental observations131 that 4R–electronegative substituents induce exo puckering,
while 4S substituents induce endo puckering.103 Additionally, 4R–electronegative elements
were shown to stabilize the trans conformation, with the stability increasing with

electronegativity of the substituent,103 while 4S–substituents destabilize the trans
conformation unless a hydrogen bond forms between the 4S–substituent and the C–

terminal carbonyl, such as for 4S–hydroxyproline. Song and Kang used B3LYP calculations

to examine the transition between the exo and endo ring conformations of Hyp via an

intermediate that adopts an envelope pucker with the backbone N at the top of the
envelope.125 By studying the structure and amide isomerization of N–acetyl–4–

hydroxyproline models using DFT, ab initio and MM methods, Aliev et al noted that a

tetrahedral geometry of the nitrogen atom at the transition state is an important structural
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feature of this cis/trans transformation.8,126 Calculations have revealed that a hydrogen

bond between the 4S–hydroxyl group and the peptide backbone could explain an increase
in the trans to cis isomer ratio in CDCl3,127 indicating that water solvent is important for

determining the backbone structural preference under biological conditions. Similarly,
studies on a [(4S)NHAc–Pro]–OCH3 model with a 4S N–acetyl group found very high trans

isomer stability due to strong interactions with the acetamide at Cα and the C–terminal

carbonyl group of the methyl ester.128 Finally, Teklebrhan et al used B3LYP calculations to
determine that at least implicit solvation effects are necessary to correctly calculate the cis-

trans distribution in glucosyl 3S–hydroxy–5–hydroxymethylproline hybrids since

intramolecular hydrogen bonding interactions are modulated by the presence of solvent.129-

130

In terms of elucidating the structural details of protein–sugar glycosidic linkages,

Avenoza and co-workers have used MM and DFT calculations to examine O-glycosylation of
model glycopeptides and explain differences in the conformation of an α-linked sugar to Ser

and Thr.132-134 Similarly, Ali et al studied asparagine N-glycosylation with N-acetylated

glucose, and revealed that the N-acetyl group is important for the rigidity of the glycosidic

linkage.22 However, there is no study in the literature that examines the nature of the

hydroxyproline O-glycosidic linkage, which is of importance to understanding the structure
of plant HRGPs.

Several computational studies have examined the properties of oligoproline

peptides.135-141 Many of these recent works have concentrated on the energetics for the
conversion between the PPI and PPII conformations of oligopeptides. For instance, MM

calculations showed that the heterogeneity observed by fluorescence measurements of the
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end–to–end distance distributions of Pro oligomers is the result of cis conformations that
occur at several positions in the peptides.140 The study utilized a F–(Pro)x-Trp peptide (F is

a fluorophore that is quenched by a tryptophan (Trp) residue) to measure the end–to–end
distance of the oligoprolines. This implies that oligoprolines do not purely adopt the PPII

conformation in water. Similar conclusions were drawn using MM-based free energy

methods regarding oligoproline peptides.139 Another study utilized ab initio calculations to

consider the effects of the end groups on the PPII helix, where it was found that neutral
termini (capping with CH3 (COCH3)and NH2 (CONH2) groups at the N and C-termini,

respectively) favoured the PPII over the PPI conformation, while the reverse is true for the

positively charged N–terminus (protonated, CONH2+) and a negatively charged C–terminus
(deprotonated, COO–).141

Other computational studies have been undertaken to aid the understanding of

collagen-like peptides,7,84-85,105,108,110-111,142-148 including a very recent computational study of

collagen fibrils.149 However, these studies broadly concentrated on specific amino acid
substitutions (e.g. Gly to Ala) and do not consider the structural consequences of collagen

glycosylation. With these previous studies in mind, this thesis aims to provide more

information about the structural implications of Hyp glycosylation to fill this void in the

literature.

1.7. Thesis overview

The next chapter (Chapter 2) of this thesis will describe the molecular modeling

methodologies utilized in this work, as well as provide a summary of how melting

temperatures are obtained from CD spectroscopy. Subsequently, in Chapter 3, the nature of

the glycosidic linkage is characterized, in order to obtain more information about the effect
21

of Hyp–O–glycosylation on peptide structure. Particularly, MD and DFT are used to

determine the conformation of O–galactose linkages in Ac–(4R/S)–Hyp–OMe compounds.
The results are compared to experimental data and used to explain experimental findings
that show glycosylation leads to increased stability of the trans isomer in the 4S–

stereoisomer of Hyp compared to an unglycosylated compound, while no measurable
increase in trans isomer stability is observed in the 4R–stereoisomer.

In Chapter 4, the effect of contiguous hydroxylation and glycosylation of a

nonaproline peptide are considered as a model for contiguous HRGP glycosylation. Using
MD techniques such as replica-exchange MD (REMD), adaptively-biased MD (ABMD) and

Hamiltonian-temperature REMD (HT–REMD), the conformations of an unmodified,
contiguously-hydroxylated and glycosylated oligopeptide are comprehensively sampled.

The results show that both PTMs stabilize the PPII conformation, in accordance with
experimental findings.74 This data also explains the higher melting temperatures measured

for the glycosylated compound compared to a hydroxylated nonaproline.

Having determined the structural consequences of contiguous glycosylation in

Chapter 4, Chapter 5 concentrates on what happens when the oligoproline peptide is non-

contiguously glycosylated, as is the case in many natural HRGPs.26 It is found that the degree
of glycosylation plays an important role in the conformational preferences of the peptide. In

particular, intramolecular hydrogen-bonding interactions control cis and trans conformers

of certain peptide residues, and thus the PPII content, which is supported by experimental
data.119

In Chapter 6, the effects of Hyp–O–glycosylation on the collagen triple helix are

examined. Models with one, three and seven glycosylations per strand are included in the
22

MD calculations. Electronic structure effects were also considered using DFT on a reduced,

but informative, model of the (un)glycosylated peptides. Both methods correctly model
collagen structure and provide valuable information about this PTM. Additionally,

energetics reveal why the triple helix does not form when more than one glycosylation per
strand is implemented.

Concluding remarks are made in Chapter 7, which tie together the body of work

carried out in this thesis and highlight the contributions to the literature on hydroxyproline
glycosylation. Future studies that can be carried out to further explore the ideas reported in
this thesis are also provided.
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Chapter 2.

Methods

2.1. Introduction
This chapter describes the molecular modeling methods used in this thesis. In

particular, the molecular mechanics (MM) methodology is presented, as well as its
application in molecular dynamics (MD). Thereafter, several advanced sampling techniques

that help overcome kinetic traps on the molecular potential energy surface (PES) will be
described. The quantum mechanical (QM) method applied in this thesis (density functional

theory (DFT)) is also outlined. Furthermore, the strengths and weaknesses of the

computational methodologies and some technical considerations for MD simulations are
discussed. A brief description of experimental circular dichroism (CD) spectroscopy used

for the derivation melting temperatures (Tm) is also given which correlates with PPII
stability that is important for the oligopeptides considered in this thesis.
2.2. Molecular Mechanics

As mentioned in Chapter 1, the interactions in a molecular system are described by

a potential (U) that can be approximated in different ways for practical purposes. In

empirical molecular mechanics, the atoms forming the molecular system are typically
represented by spheres with partial charges. The spheres are connected via bonds, angles

and dihedrals (Figure 2.1), and interact through Coulomb and Lenard-Jones (LJ) forces.

Within this representation, U is usually written as a sum of several energy components:
U = ∑bonds Ubonds + ∑angles Uangles + ∑dihedrals Udihedrals + ∑nonbonded Unonbonded

2.1

Each component in Equation 2.1 has the following form in the MM calculations using the
AMBER/GLYCAM force field reported in this thesis:
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Ubonds =

Uangles =

2.2

Kb (r−r0 )2

2.3

Kθ (θ−θ0 )2

Udihedral =

1
K (1+cos(nφ+γ))
2 φ

2.4

where Kb, Kθ and Kφ represent the bond, angle and dihedral force constants (parameters),

respectively. The instantaneous bond length and angle are r and θ, respectively, while r0 and

θ0 are the equilibrium bond and angle parameters. The multiplicity and phase of the

dihedral angle (φ) parameters are n and γ, respectively. Non-bonded interactions are
included in the potential via Coulomb interactions between point charges and LJ
interactions between sites:
Unonbonded = ∑i,j �

Aij

r12
ij

+

Bij
r6ij

+

qi qj
εrij

�

2.5

Figure 2.1. Schematic of the ball and stick representation of a molecular system that is used in
molecular mechanics based calculations.

where Aij (Bij) are the LJ repulsion-dispersion parameters for each atom pair, qi and qj are

partial charges that are parameters derived using QM calculations, rij is the interatomic

separation and ε represents the permittivity of free space. To have a complete MM force
field for a particular molecular system, all the equilibrium parameters (r0,θ0), multiplicity

and phase (n and γ), and force constants (Kb, Kθ and Kφ) terms as must be provided. The
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partial charge on each atom (qi) as well as the LJ parameters (Aij ,Bij) for all atom pairs are

also required.

The bond, angle and dihedral parameters for both the AMBER and GLYCAM force

fields are obtained from either experimental data or fitting to quantum mechanical data for

small molecules containing representative bonds, angles and dihedrals. In the case of fitting
to experimental data, bond parameters for instance are utilized such that the normal mode
frequencies obtained using a particular force constant and equilibrium value correspond to

experimental vibrational data obtained from infrared (IR) spectroscopy. Alternatively, a

quadratic term for the bond length (Equation 2.2) is fitted to energies obtained from a QM
scan of the representative bond of a small molecule containing atoms in a similar chemical
environment. Such atoms are used to define a particular ‘atom type’, which is used to build

larger molecules. A similar fitting procedure is used to determine angle and dihedral angle
parameters.

The atomic partial charges applied in the AMBER and GLYCAM force fields used in

this thesis are derived using molecular electrostatic potentials (MEPs) obtained from QM
calculations (Hatree-Fock). The particular procedure used in the AMBER/GLYCAM FFs is
called the restrained electrostatic potential (RESP) fitting.1 In this procedure, partial

charges that best reproduce the calculated QM electrostatic potential at certain points

outside the molecule are assigned to each atom in the molecular system. Using these

methods, force field parameters for all proteinogenic amino acids, nucleic acid residues,
many sugar monomers, as well as other biological fragments, have been developed for
AMBER/GLYCAM. These residues can then be combined to form nucleic acids, oligopeptides
or proteins.
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In the literature, several research groups have developed parameter sets for

different classes of molecules that have been widely applied in biomolecular simulations

similar to those studied in the present thesis. The AMBER2-3 and GLYCAM4 force fields are

used in this thesis and have been extensively applied in the literature to model a wide range

of biological molecules, including oligoproline and glycopeptide systems.4-8 The AMBER

(Assisted Model Building with Energy Refinement) force field was primarily developed for

protein and nucleic acid systems, but also contains parameters for the simulation of lipids.
AMBER uses the exact functional form described in Equations 2.1 to 2.4. The GLYCAM force

field also uses Equations 2.1 to 2.4 and was initially designed to complement the AMBER

force field by providing parameters for sugars. It has since evolved to be a more complete

and stand alone force field.4 Both force fields were therefore used in this thesis to provide a

comprehensive treatment for the glycopeptides studied herein.

Several versions of the AMBER and GLYCAM parameter sets have been developed

over the years. The AMBER FF99SB3 forcefield that is used in this thesis has been shown in

the literature to correctly describe the structure and dynamics of oligoproline systems.3,6

The latest version of GLYCAM force field4 was used in this thesis, which has been shown to

accurately model the structure and dynamics of saccharides and glycoproteins.7-8
2.3. Molecular Dynamics (MD) Simulations
2.3.1 Basics of the MD Simulation Method

Given a MM force field, the next step is to generate configurations of the molecular

system such that the potential energy surface (PES) is adequately sampled. This is
challenging since for a molecular system with 3N degrees of freedom (N ~ thousands for
38

biomolecular systems), the PES is a high dimensional surface. Sampling of the PES can be

accomplished in several ways including molecular dynamics (MD) simulations. In MD, the
molecular system is evolved based on Newton’s equation:

Fi = mi ai = −∇U

2.6

where Fi is the force acting on particle mi and U is the interaction potential described in

Equation 2.1. If the initial positions and velocities of the particles making up the molecular

system are known, then the force can be calculated and used to propagate the particles in
the system. In practice, starting positions can come from an experimentally determined

crystal structure or built using a software program (e.g., the xLeap module of the AMBER
suite of programs). In this thesis, both approaches are used depending on the availability of

experimental structures. Specifically, the collagen model peptides were derived from a

crystal structure (Chapter 6), while starting structures for all other peptides (Chapters 3 to

5) were generated using the xLeap module of the AMBER software suite due to the absence
of experimental data. Initial velocities came from a Boltzmann distribution at the desired

starting temperature. Most MD simulation programs, including the AMBER suite9 of
programs, update the positions of the particles in the molecular system using a version of
the velocity Verlet algorithm10

ri (t + δt/2) ≈ ri (t) + vi (t − δt/2)δt

2.7

vi (t + δt/2) ≈ vi (t − δt/2) +

2.8

f(t)
m

δt

where δt is the simulation time step, ri(t) is the position of particle i at time t, and all other

parameters are as described in Equation 2.6.
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2.3.2. Replica Exchange Molecular Dynamics (REMD)
Propagating the degrees of freedom in a molecular system using Equation 2.7 can

adequately sample the PES of some molecules. However, for complex molecules, such as the

glycopeptides considered in this thesis, the system can get stuck in kinetic traps that require
prohibitively long simulation times to overcome. Thus, it is necessary to utilize techniques

that ensure such barriers on the PES are overcome. One such method is replica exchange
MD (REMD).11 In the temperature REMD methodology implemented in this thesis, several
copies of the molecular system are simulated at different temperatures. At certain intervals
during the simulation, an attempt is made to exchange the coordinates (or temperature) of

two replicas. A popular acceptance criterion is the Metropolis scheme, where the
acceptance probability of a move between two replicas in the canonical ensemble is given
as:

P(i → j) = e�βi −βj �(Ei −Ej )

2.9

In Equation 2.9, P(i → j) is the probability of accepting an exchange between replicas i and j,
β = kbT (kb = Boltzmann constant) and Ei is the energy of replica i. The Metropolis criteria

accepts the change if (βi–βi)(Ei–Ej) < 0, but uses the probability defined in Equation 2.9 if

(βi–βi)(Ei–Ej) > 0. To ensure reasonable acceptance rates (~ 15% or higher), the potential

energy distribution of the replicas must contain some overlap.12 One can ensure this
happens by choosing the right number of replicas, where it has been determined that the
number of replicas required scales as the square root of the number of degrees of freedom
in the molecular system.13
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The REMD method described above is very general in the sense that specific

information about the degrees of freedom that need to be dynamic to overcome kinetic

traps is not required. REMD significantly increases the sampling capability of MD

simulations and has therefore been applied to a wide variety of biomolecular systems.14-16
However, in many instances, considerably extensive simulations are still required to
adequately sample the PES of complex biomolecules. This is particularly relevant in the case

of explicit solvent calculations, where data storage becomes an issue. Specifically, since
several replicas of the molecular system are simultaneously simulated, coordinates for each

replica have to be periodically stored, which drastically increases storage space
requirements. For instance, the REMD calculations reported in Chapter 4 (Subsection 4.3.3)

require over 2 Terabytes of storage space, which is about 4 times of the average storage

capacity (~500 GB) commonly available on current personal computers. For these reasons,
it is necessary to utilize methods that specifically accelerate the dynamics of particular

degrees of freedom. In such a case, a collective variable (CV) must be defined that is
connected to the interesting conformational change. In the peptides considered in this
thesis, the CV is the backbone ω dihedral, which controls cis to trans isomerization and

cannot be sampled over the course of a regular MD simulation. This is the case because the
isomerization process requires over 10 kcal mol-1 of energy to cross the isomerization
barrier.17-19 Hence, free energy methods that help overcome such barriers were

implemented in this thesis.

2.3.3. Adaptively Biased Molecular Dynamics
To overcome the barriers associated with peptide cis to trans isomerization,

adaptively biased molecular dynamics (ABMD)20-21 simulations were implemented. ABMD is
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effectively an advanced sampling method that makes use of a time–dependent potential to
bias the dynamics of the molecular system. This flattens the PES with respect to the selected

CV related to the property under study. The ABMD implementation applied in this thesis is

based on the following equations:
mi

∂2 ri
∂t2

∂U(t|ξ)
∂t

= Fi +
=

kB T
τF

∂

∂ri

U[t|σ(r1 , r2 , … . . , rN )]

2.10

G(ξ|σ(r1 , r2 , … . . , rN ))

2.11

The first equation (Newton’s equation of motion) defines the force acting on particle mi at

position ri during time t together with a biasing potential U, which evolves according to the

second equation. The biasing potential is defined in terms of the CV σ(r1,r2,……,rN), which is
dependent on the coordinates of the system. This potential is zero at the beginning of the

simulation, but accumulates over time and in principle exactly negates the potential energy

in terms of the defined collective variable and thereby flattens the PES. This means that
U(t|ξ)+f(ξ) is exactly zero, where f(ξ) is the potential of mean force (PMF) (or the Landau

free energy defined as f(ξ) = –kBTln p(ξ)) and p(ξ) is the probability density estimate (p(ξ) =

<δ[ξ – σ(r1,r2,……,rN)]>). The application of ABMD requires the choice of two parameters:

the flooding time, τF, and the kernel width, 4∆ξ, which is related to the resolution of the
kernel G(ξ). As in recent ABMD studies of oligoprolines,6,22-23 the following collective

variable was used in calculations in this thesis (Chapters 4 and 5), which is based on the
cosines of the ω dihedral angle:
Ω = ∑i cos (ωi )

2.12
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Thus, Ω sums to +9 and –9 for PPI (all cis or ω = 0°) and PPII (all trans or ω = 180°, Figure
2.2) structures, respectively.

The ABMD methodology can be combined with replica exchange as discussed above

to further accelerate conformational sampling.24 Specifically, two variations of ABMD were

implemented in this thesis: (1) a replica exchange variant with each replica at a different

temperature and biased by different potentials; and (2) a multiple walker strategy with all
replicas at one temperature and biased by the same potential.

The PMFs obtained by applying Equations 2.10 and 2.11 can be further refined using

umbrella sampling calculations. This approach is based on the principle that if the PMF is

very close to the exact value, then a flat histogram will be obtained in the space of the
collective variable or, in other words, all values will be equally accessible. However, if there
is a small difference (a few kBT) between the calculated PMF and the true value, then the

histogram obtained from umbrella sampling can serve as a correction.

To obtain equilibrium data from the ABMD calculations, an HT–REMD (Hamiltonian

temperature–REMD) scheme can be implemented using a previously obtained PMF. In these

calculations, additional replicas are added to an initially simulated collection of replicas.

One of the additional replicas is completely unbiased, while the others are biased based on
the PMF of the lowest temperature replica (of the previously simulated replicas) and scaled

by a range of factors. This procedure enhances the exchange to the unbiased replica from

which equilibrium data can be recorded. The HT-REMD procedure is particularly useful

since it combines the efficiency of the ABMD method with the generality of REMD
calculations to yield unbiased information.
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Figure 2.2. Polyproline I (PPI) and polyproline II (PPII) helices of a nonaproline model compound
(hydrogen atoms removed for clarity).

2.4. Solvation

Biological processes occur in an aqueous environment and solvation has a profound

effect on the structure of biomolecules. For example, hydrophobic interactions have been

shown to be a dominant driving force in the protein folding process.25-26 As a consequence

various solvation models, have been developed ranging from implicit models such as

Polarizable Continuum Model (PCM) model,27-28 to explicitly parameterized water models,

such as the TIP3P.29-31 Implicit solvation models typically account for solvation effects using
an estimate of the solvation free energy of the solute in a given conformation,28,32 while the
solvent is treated as a continuum. In the QM calculations carried out in this thesis, PCM
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solvation developed by Tomasi and coworkers is utilized where the solvation free energy
(Gsol) is:

Gsol = Gelec + Gdr + Gcav

2.13

and Gelec, Gdr and Gcav are the electrostatic, dispersion-repulsion and cavitation
contributions, respectively. The various terms for Gsol are calculated using a solvent cavity

defined by interlocking van der Waals spheres.

In addition, the generalized Born (GB) implicit solvent model provided in the

AMBER software suite is used in the implicit solvent MD simulations reported in this thesis.
This model is similar to the PCM model described above and consists of electrostatic and

nonelectrostatic contributions. Specifically, the calculations presented within use the GB

model developed by Onufriev, Bashford and Case33-34 to describe the electrostatic solvation

energy:
Gelec =

1
2

∑ij

qi qj

fGB �rij ,Ri ,Rj �

g(ϵw , f GB )

2.14

where rij is the distance between atoms having partial charges qi and qj, and effective Born

radii of Rj and Rj. The dielectric constant is ϵw, while the function f GB �rij , R i , R j � is given
1

as �rij2 + R i R j exp�−rij2 /4R i R j ��2 . The non-electrostatic component is approximated by

Gnonelec = γSASA

where SASA is the solvent accessible surface area and γ is a surface tension parameter.

2.15

The three dimensional reference interaction site model35-36 (3D-RISM) solvation

method was also applied in this thesis to calculate monomer to triple helix conversion
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energetics for the collagen model peptides. This method is based on solvent radial

distribution functions (RDFs), which describe solvent distributions around a solute, and is
thus superior to the GB methods in modeling solvation. However, 3D-RISM calculations are
computationally more expensive than explicit solvent calculations, and therefore were only
used in this thesis to describe solvation of snapshots obtained from MD simulations.

Finally, explicit solvent molecules were used in many of the MD calculations

described in this thesis to provide discrete solute-solvent interactions that are not correctly

modeled using implicit solvation. In particular, the TIP3P water model was used since it
reasonably reproduces the density of water, is computationally not very expensive and has

been widely used in biomolecular simulations. The TIP3P model has fixed bonds that are
constrained to their starting value using the SHAKE algorithm.37-38

While implicit solvation can lead to significant reductions in computational cost,

certain solute–solvent interactions, such as specific water–solute interactions hydrogen
bonds are not properly described.32 Thus, while it is desirable to utilize explicit solvation for
all the calculations carried out in this thesis, a mixture of implicit and explicit is used in

most cases to reduce computational cost. For instance, in Chapter 4, ABMD calculations are
first carried out in implicit solvent to obtain a PMF, which is then refined in explicit solvent
to describe discrete solute–solvent interactions. Additionally, all first principles calculations

utilized implicit solvation since it is computationally very expensive to consider explicit QM

solvent molecules. However, the QM calculations used conformations at minima obtained

from explicit solvent MD calculations as starting structures. In Chapter 3 some explicit
water molecules were also optimized using QM.
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2.5. Some Practical Considerations
2.5.1. Periodic Boundary Conditions
As mentioned previously, solvation is important for a correct description of

biochemical processes. In particular, it has been shown in the literature that solvation is

necessary to model the structural preferences of sugars,7 which form part of the

glycopeptides modeled in this thesis. Thus, starting solute (peptide) structures for most MD

simulations reported in this thesis are surrounded by a box of water molecules. However,
this box alone is not enough to describe solvation since the water molecules near the solute,

in the bulk and at the edge of the box are in different environments. To overcome this

problem, the periodic boundary condition (PBC) was implemented. In PBC calculations, the
box containing both solvent and solute is replicated in all directions to mimic the solution

phase. This approximation also addresses problems with solvent molecules at the edge of
the simulation box which would otherwise be in a different environment from solvent
molecules in the bulk. Under PBC atoms that diffuse from the central box are replaced by a

mirror image from another box. The particle mesh Ewald (PME) summation39 technique is
used to compute long range electrostatic interactions (Equation 2.5) in the periodic box.

The PMEMD module of the AMBER software suite, which implements the PME method, was
used for this purpose.

In the explicit solvent MD calculations reported in this thesis, a layer of TIP3P40

water molecules with a thickness of 8 Å surrounded the dipeptide systems (Chapter 3), 10 Å
thickness for the oligoprolines (Chapters 4 and 5) and 15 Å thickness for the collagen model

peptides (Chapter 6). Since more water molecules around the solute can significantly
increase the simulation time, an octahedron box obtained by truncating the ends of the
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cubic box was used in most cases to reduce the amount of water molecules needed to
solvate the solute. An octahedral box can also be replicated in all directions around the
central box, which achieves the same objective as a cubic box.
2.5.2. Minimization and Equilibration

As described in the previous subsection, the starting structure must undergo certain

preparatory steps before production MD simulations. Structure minimization is usually the

first step in this process. In this thesis, the steepest descent (SD) method was used to

initiate minimization. SD minimizes downhill in the direction of the local gradient and can
quickly bring the structure close to a local minimum. Since SD suffers from instabilities, the

conjugate gradient (CG) method, which uses the gradient history to better decide the
minimization direction, was used to complete the process. It should be noted that the
primary goal of minimization of the solvated structure is not to find the global energy
minimum, but to reduce steric clashes, which introduce instabilities in the MD simulation.

Subsequently, velocities must be assigned to the particles from a Boltzmann

distribution. Since the velocities are typically randomly assigned to each particle, there is a
need to equilibrate the system at a particular temperature. This was done in the present

thesis by adjusting the velocities of individual particles over the simulation run until the
instantaneous temperature, potential and kinetic energies oscillate with a small variance
about a given mean value. This temperature equilibration is typically carried out at constant

number of particles (N) and volume (V) (NVT ensemble). Temperature regulation was

implemented by the use of a thermostat, which involves the addition of an extra stochastic
friction term to the equations of motion (Equation 2.6). In this thesis, the Langevin

thermostat was used since it correctly reproduces a canonical (NVT) distribution. In
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addition, the initial box was created by adding a layer of water molecules around the solute,

which generate open spaces in the simulation box that could introduce instabilities.
Therefore, to obtain a well defined density, MD calculations were carried out while slowly

adjusting the (using a barostat) volume of the box at constant pressure (NPT). This was
done until there were small oscillations about a mean density as the simulation progresses.

The final structures obtained from this process were then used for production MD
calculations.

2.6 Quantum Mechanics Based Calculations

Apart from the MM approximation, the potential, U (Equation 2.1), can be obtained from

first principles using quantum mechanics (QM). This approach is based on obtaining an

approximate solution to the time-independent Schrödinger equation (SE) for the molecular
wavefunction (Ψ):

Ĥ𝚿(𝐫, 𝐑) = E𝚿(𝐫, 𝐑)

where the Hamiltonian (Ĥ) is given by:

Ĥ=−

h

2πm𝑒

∑i ∇2i −

h

2π

∑I MI ∇2I − ∑i,I

ZI e2

𝐫i −𝐑 I

2.16

1

+ ∑i≠j
2

e2

𝐫i −𝐫ij

+ ∑I≠J

ZI ZJ e2
𝐑 I −𝐑 J

2.17

where h is Planck’s constant, e is the electronic charge, ZI is the atomic number, ri and RI are
the electronic and nuclear positions, respectively, and me and MI are the electronic and

nuclear masses, respectively.

There are several approximate solutions for the molecular SE based on the above

Hamiltonian. However, the density functional theory (DFT) approach is the most popular

due to its relatively good balance between accuracy and computational cost. Specifically,
49

DFT casts the electronic structure problem in terms of the density (ρ(r)), which is
dependent on just three variables instead of the many-body (3N) problem encountered
when using the wavefunction (Ψ). Within the DFT scheme, the total electronic ground state

energy of the system can be written as a functional of the density as:
E[n(𝐫)] = Ts [ρ(𝐫)] + EHartree + ∫ d𝐫Vext ρ(𝐫) + Exc [ρ(𝐫)]

2.18

where Ts[ρ(r)] is the kinetic energy functional, EHartree is the electron-electron interaction,

the integral is the electron–nuclear interaction, and Exc[ρ(r)] is the exchange–correlation

energy functional. Exc, which is usually divided into the exchange Ex and correlation Ec

components, contains all interactions not included in the other terms and is the principal
approximation in DFT.

There are several approximations of Exc[ρ(r)] including the local density

approximation (LDA), which describes Exc[ρ(r)] in terms of the electron density only:
LDA [
ρ(𝐫)] = ∫ ϵXC (ρ(r))ρ(r)d3 r
EXC

2.19

where ϵXC is the exchange-correlation energy per particle of a uniform electron gas. The LDA

accurately describes the structure and energetics of metals, but does not correctly describe
the interactions in complex molecular systems, such as biomolecules. Improved

performance is achieve by including the gradient of the electron density into the calculation
of Exc[ρ(r)], which constitutes the generalized gradient approximation (GGA):
GGA [
ρ(𝐫)] = ∫ ϵXC (ρ(r), ∇ρ(r))ρ(r)d3 r
EXC

2.20

It was further determined that adding a portion of exact Hatree-Fock (HF) exchange to the
GGA further improves the Exc[ρ(r)] description of molecular systems:
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Hybrid

EXC

GGA
= aEXHF + (1 − a)EXC

2.21

The hybrid exchange and correlation functional developed by Becke, Lee, Yang and Parr

(B3LYP) is used in this thesis since it has been shown in the literature to yield accurate
results for systems similar to those considered herein. 17,41-47

In QM calculations, the orbitals are usually expanded in the basis of a finite number

of functions (basis set). The size of the basis set is important in determining the accuracy of

the calculation. In addition, basis set superposition errors48 (BSSEs) can occur when the
interaction energies of weakly bound systems are calculated using a small basis set.

Specifically, BSSE occurs when the molecular association is artificially stabilized because it
is better described by a combination of the basis sets of its components. For instance, in a

dimer system consisting of monomers A and B, the dimer can be artificially stabilized if
monomer A borrows accessible basis functions from B in the dimer structure and better
describes the molecular association as a result.

BSSE can be corrected using the Boys and Bernardi counterpoise (CP)49

approximation. In this scheme, a correction term (Equation 2.22) is added to the dimer
energy or, in other words,

CP (AB)
AB
+ EAAB + EBAB
= EAB
∆Eint

2.22

CP
AB
is the CP correction, ∆EAB
is the energy of the dimer using the dimer basis set,
where ∆Eint

∆EAAB is the energy of monomer A in the dimer basis set and ∆EBAB is the energy of monomer

B in the dimer basis set. All DFT calculations in this thesis were carried out using the
Gaussian 09 software.50
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2.7. Strengths and Weaknesses of Computational Methodology
The two approaches (MM and DFT) outlined above were used to derive the

interaction potential for molecular systems considered in this thesis. The force field method
is a basic approximation of the true potential. However, it has been shown in the literature

that careful parameterization and application of MM forcefields yields accurate structural
and energetic information in comparison to experiments.4,7-8 The AMBER FF99SB and

GLYCAM parameter sets used in this thesis have been extensively applied to study
oligoproline and glycan(glycopeptide) systems in the literature and have been shown to
correctly describe structure and energetics.5-8,20,51-56

The MM methodology has the

advantage of being computationally inexpensive, which allows for the simulation of large

systems of biological interest over relatively long simulation times. This is particularly
relevant for the glycopeptide systems studied in this thesis. Specifically, it has been shown
in the literature54,57 that long simulation times of the order of hundreds of nanosecond (ns)

are required to adequately sample the rotamers of the exocyclic dihedrals of sugar systems.

As mentioned earlier, in MM calculations, biomolecules are typically built from

amino acid residues (or monosaccharides) that have been separately parameterized.

Therefore, in general, it is difficult to make a priori determination of expected errors,
particularly for energetics. Thus, the ultimate test of the applied MM force field is

reproducing experimental data. In this light, it is important that relative trends in
energertics are reproduced. In particular, for the oligoprolines considered in this thesis, the
force field should energetically distinguish between the PPI and PPII conformations, as well

as intermediate structures. The AMBER FF99SB parameter set used in this thesis has been

shown to accurately distinguish between these conformations in water, where the PPII
52

conformation is more stable than PPI, as well as in propanol, where PPI is more stable than
PPII.6,52

The DFT method, on the other hand, is in principle more accurate than MM since the

electronic structure is used to derive the interaction potential. As a result, it can properly

describe effects, such as polarization by nearby groups or molecules. However, the
computational cost of DFT calculations increases very steeply with the number of degrees of

freedom in the molecular system. As a consequence, DFT calculations in the literature rarely
consider more than 100 atoms in the model system. Notably in this thesis, DFT calculations
on triple helix models consisting of 27 amino acids for the (Pro–Hyp–Gly)3 and (Pro–Hyp–

Gly)–(Pro–Hyp[β-Galactose]–Gly)–( Pro–Hyp–Gly) were composed of 351 and 432 atoms,
respectively. To my knowledge, these models are the largest all electron DFT calculations on
such collagen model peptides to date.46-47,58

The B3LYP functional used in this thesis has been shown in the literature to

accurately model the structure of many biomolecular systems. For example, a recent study

compared structures and energetics calculated using several DFT methods to those

obtained from high-level coupled cluster (CCSD (T)) calculations for a series of furanose,

pyranose and open chain monosaccharides.59 Root mean square errors of 1.43 kJ mol-1, 1.9
kJ mol-1 and 2.46 kJ mol-1 where obtained for isomerisation of exocyclic hydroxyls,

conversion between anomeric forms and ring structure conversions, respectively. The
results compared B3LYP/def2-TZVPP calculations to CCSD(T)/CBS (extrapolation to the

complete basis set) for a series of eight pyranose sugars including galactose, which forms a
glycosidic linkage to Hyp in the glycopeptides studied in this thesis. The furanose and open
chain monosaccharides were not as accurately modeled as the pyranose isomers. Another
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recent study characterized the hydrogen-bonding complexes of DNA fragments and

determined that B3LYP has a mean unsigned error (MUE) of 1.4 kJ mol-1 even when a small

basis set was used.60 With this knowledge of the deficiencies in a DFT method, trends in
calculated energies can be used to rationalize and complement experimental information.

Optimized structures can be compared to experimental crystal structures when

such structures exist to help assess the accuracy of the applied DFT methodology. This was

done in Chapter 6 of this thesis, where optimized triple helix structures were compared to
experimental crystal structures. It is well known that the B3LYP functional does not

properly describe dispersion interactions;61-62 however, the aforementioned study60
concluded that structure is well reproduced by the method, as long as the model is large
enough to include appropriate steric constraints. The DFT models used for the collagen
model peptides considered in this thesis (Chapter 6) are large enough to provide such

sterics. This is evidenced by how well structural details, such as backbone dihedral angle
values for the (Pro–Hyp–Gly)3 peptide, compare to experimental crystal structures.
2.8. Experimental Methods

2.8.1 Determination of Melting Temperatures Using Circular Dichroism
Spectroscopy.
As outlined in the previous section, it is important to compare computational results

to experimental data. Structural changes, such as conversion between the PPI and PPII
conformations for the oligopeptide systems considered in thesis, can be monitored

experimentally using circular dichroism (CD) spectroscopy. Subsequently, data from such
CD spectra is processed to obtain melting temperatures (Tm), which correlate with to the
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stability of the PPII conformation. In this section, the CD methodology and how it was used
to determine the Tm referenced in this thesis are briefly outlined. CD is a spectroscopic tool

that uses the difference in absorption of right and left circularly polarized radiation.63-65 The
absorbance (Arcp) of right circularly polarized light can be written as:
𝐼𝑜

𝐴𝑟𝑐𝑝 = 𝑙𝑜𝑔10 � � = 𝜀𝑟𝑐𝑝 𝐶𝑙

2.22

𝐼

where Beer’s law has been utilized in the right hand side of the equation. Io (I) is the

intensity of the incident (transmitted) radiation, εrcp is the molar extinction coefficient of the
solution, C is the concentration and l is path traveled by the radiation. Applying a similar
analysis for left circular polarized (lcp) radiation and subtracting gives:

∆𝐴 = 𝜀𝑙𝑐𝑝 𝐶𝑙 − 𝜀𝑟𝑐𝑝 𝐶𝑙 = ∆𝜀𝐶𝑙

2.23

where Δε = εlcp - εrcp is the molar extension coefficient. According to the experimentally

obtained and theoretically defined relationships for Δε to rotational strength (how

electronic transitions contribute to CD), Δε can only be non-zero for chiral molecules.66
In practice, CD is usually reported in terms of the molar ellipticity, which is related

to Δε as:

[𝜃] = 3298 ∆𝜀

2.24

The concentration and mean residue molecular weight of the sample, as well as the
wavelength, are required to completely describe the CD spectra.

The CD signature of many secondary structure elements of biomolecules has been

determined in the literature.67-68 The polyproline II (PPII) conformation that is important

for the (glyco)peptides considered in this thesis has two distinctive extrema in the molar
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ellipticity. Specifically, a positive band between 220 to 230 nm and a negative band between

195 and 210 nm in the CD spectra is characteristic of the PPII structure,68-69 with a change in

the intensity of the corresponding minima usually being correlated with changes in the PPII

content.70 Using this correlation between the magnitude in ellipticity and PPII stability, Tm
for such oligopeptide systems were estimated by computing the first derivative of [θ] as a
function temperature.71

Schweizer and coworkers made use of the same technique to determine Tm for the

oligopeptides considered in this thesis.72 Figure 2.3 shows the molar ellipticity of the Ac–

[Hyp–(β-Gal)]9–NH2 peptide, as a function of temperature and the first derivative of this
data with respect to temperature, which gives Tm ≈ 70 °C. Fitting the CD data to a two state

model provided the same values for Tm. In this thesis, Tm determined by CD is compared to

calculated free energy difference between the PPI and PPII conformations (ΔF(PPII-PPI)) to

relate experimental and calculated PPII stability measures in line with other literature
studies.6,73

Figure 2.3. (A) Ellipticity at 225 nm of Ac–[Hyp–(β-Gal)]9–NH2 as a function of temperature in water
from 5 to 90°C and (B) first the derivative of the molar ellipticity as a function of temperature.
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Chapter 3. Conformational Study of the Hydroxyproline–O–Glycosidic Linkage: Sugar–
Peptide Orientation and Prolyl Amide Isomerization in (α/β)–Galactosylated 4(R/S)–
Hydroxyproline a
3.1. Introduction
As outlined in the previous chapter, glycosylation is a common post–translational

modification of proteins.1-3 Since it is difficult to crystallize natural glycoproteins, many

small-model glycopeptides have been synthesized to study how glycosylation affects

peptide structure.4-5 These studies have concluded that the structure of the glycosidic
linkage not only influences the relative orientation of the sugar and peptide, but also

influences the peptide backbone conformation and hence peptide properties.6-9 However,

until recently, there was no literature investigation of the configuration of the

hydroxyproline O-glycosidic linkage, which is of importance to the structure of plant
hydroxyproline rich glycoproteins (HRGPs).

This lack of information was recently alleviated by experimental work on

glycosylated monomers of N–acetyl–(2S,4R)–4–hydroxyproline methyl ester (Hyp). Ktrans/cis

determined by NMR spectroscopy at 24.8 °C demonstrated that glycosylation has no
measurable influence on amide isomerization in Hyp,10 but glycosylation affects both the N-

terminal amide equilibrium and the rate of amide isomerization of N–acetyl-(2S,4S)–4–

hydroxyproline methyl ester (hyp).11 Indeed, both α- and β-anomeric galactosyl linkages

stabilize the trans amide conformation of hyp by 7% in model amides with an associated
25–50% increase in isomerization rate. The reason for this observation was not clear from
analysis of the experimental data. Measurements of 3J coupling constants for Hyp (hyp) and
Reprinted with permission from E. B. Naziga, F. Schweizer and S. D. Wetmore. Conformational Study
of the Hydroxyproline–O–Glycosidic Linkage: Sugar–Peptide Orientation and Prolyl Amide
Isomerization in (α/β)–Galactosylated 4(R/S)–Hydroxyproline. J. Phys. Chem. B. 2012, 116, 860-871.

a
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glycosylated derivatives indicated that glycosylation preserves the puckering preferences of

both compounds, which is linked to trans stability in proline derivatives. In particular, Jα,β1

and Jα,β2 values of 7.8 to 9.8 Hz and 2.4 to 4.3 Hz were derived for Hyp and its glycosylated

variants, respectively, which correspond to the Cγ-exo pucker. On the other hand, Jα,β1 (Jα,β1)
of 8.2 to 8.3 Hz (8.5 to 8.7 Hz) were obtained for hyp (glycosylated hyp), corresponding to
the Cγ-endo pucker. Additionally, an approximately 9–10 ppm difference in the

13Cγ

chemical shift was obtained between glycosylated and unglycosylated variants of both
stereoisomers, showing that inductive effects are not responsible for the differences

between the glycosylated versions of Hyp and hyp. It was instead proposed that the loss of

intramolecular hydrogen bonding due to glycosylation of hyp could destabilize the cis

conformation, and hence favour the trans isomer. However, the measured Ktrans/cis for a

proline derivative having a 4S methylated Cγ atom is very similar to that for unglycosylated

hyp, meaning that this hydrogen bond is not heavily populated in aqueous solution. Overall,

an explanation of the increase in trans population and isomerization rate upon

glycosylation of hyp was not provided by the experimental data. However, it could involve

differences in the orientation of the sugar with respect to the peptide in Hyp and hyp, since
the sugar is projected in different directions by the Cγ-exo and Cγ-endo puckers. Therefore,

in addition to providing the structure of the Hyp-O-glycosidic linkage as observed in HRGPs,

molecular modeling will provide atomic level details that will explain the experimental
findings.

The present chapter applies a combined quantum and molecular mechanical

approach to examine the conformational properties of the two hydroxyproline
stereoisomers: (i) Hyp and (ii) hyp, together with their α/β–galactosylated derivatives

(Figure 3.1). A focus is placed on the conformation of the Hyp (hyp)–O–glycosidic linkage,
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the effects of glycosylation on the structure and hydration of the peptide backbone, and

deviations in the cis/trans isomerization upon glycosylation. Although (hydroxy) proline is
fairly rigid, a dynamical methodology must be used since the glycopeptide includes a
carbohydrate moiety with inherent flexibility. Additionally, the solvent environment must

be carefully modeled since the presence of solvent (water) has been previously shown by

MD to be required to correctly sample the rotamers of exocyclic hydroxyls,12 and the

cis/trans distribution in related compounds.13 As discussed in Chapter 1, a two-pronged

approach is implemented, which includes MD simulations with explicitly included solvent
molecules and DFT based quantum mechanical calculations with implicit solvation effects.

Figure 3.1. Schematic of the hydroxyproline compounds considered in the present chapter. The 4R
and 4S stereoisomers at the Cγ carbon are considered together with their α and β galactosylated
variants.

The calculations reveal details of the Hyp (hyp)-galactose glycosidic linkage that are

important for understanding the structure of HRGPs, clarify the implications of
glycosylation on the peptide backbone,

and provide a possible explanation for the

experimentally reported changes in the thermodynamics and kinetics of cis/trans
isomerization of hyp (but not Hyp) upon glycosylation.
65

3.2. Computational Details
3.2.1. Molecular Dynamics Simulations
Initial structures of all compounds under investigation (Figure 3.1) were created

with the XLeap module of the AMBER software suite.14-15 The ff99SB AMBER force field
parameter set16 was used for the peptide, including an additional dihedral parameter

developed by Park et al17 to account for the “gauche effect” in Hyp due to the OH group and

N atom attached to the Cγ and Cδ atoms, respectively. The GLYCAM06 (version 06c)

parameter set18 was used for the galactose sugar, including the glycosidic-linkage dihedral

parameters. Additional RESP derived charges for the methoxyl (OMe) fragment were

obtained using standard AMBER protocols.19-20 To establish the glycosidic linkage between

the sugar and peptide, the partial charge on the hydroxyl hydrogen was added to the linking

oxygen and subsequently adjusted to yield a net neutral charge in accordance with standard

GLYCAM procedure.18 This approach led to a partial charge of –0.4223 which is similar to

that previously used to describe other ester oxygens.18

Starting structures were solvated in a periodic octahedron of TIP3P water

molecules. Once built, the models were subjected to two rounds of geometry optimizations.
In the first round, the solute was held fixed by positional restraints, while the solvent

molecules were allowed to relax in 1000 minimization steps, which consist of 500 steepest

descent (SD) steps before switching to the conjugate gradient (CG) method. In the second

round, the structure output from the first round was further minimized with the same

number of SD and CG steps without restraining the solute. Next, the system was heated for
20 ps from a randomly assigned initial temperature of 5 K to the desired temperature of

300 K. During this calculation, the solute was fixed with weak positional restraints. The final
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result from this simulation was used as a starting point for subsequent calculations in the
constant pressure (NPT) ensemble. For all model compounds, a minimum 200 ns MD
simulation at 300 K and 1 atm was carried out with the first 5 ns discarded as equilibration.

A time step of 1.0 fs was used in the heating equilibration, while constant pressure
equilibration/production calculations utilized a 2.0 fs time step. Temperature was
controlled using a Langevin thermostat with a 1.0 ps time constant. Long-ranged
electrostatic interactions were treated with the particle mesh Ewald (PME) summation,

while a cutoff of 8 Å was used for non-bonded interactions. Scale factors of 2.0 and 1.2 were

applied to the electrostatic and 1-4 van der Waals interactions, for the AMBER force field19
respectively. Although GLYCAM parameters are often also scaled using these same AMBER

scale factors,21 this approach is known to lead to improper sampling of some glycosidic

dihedral angles.12,18 and therefore the GLYCAM parameters were not scaled. The SHAKE

algorithm22 was implemented to restrain all bonds involving hydrogen. MD calculations
were performed with the PMEMD module of AMBER (version 10).23
2.2.2. Density Functional Theory Calculations

Minimum structures obtained from MD simulations were further optimized with

B3LYP/6-311++G(d,p) and frequency calculations at the same level of theory were

conducted to ensure that minima were obtained. B3LYP was used since this functional has

been extensively applied in the literature to study proline peptides and carbohydrates.24-30
The ϕg (∠(O5’–C1’–Oδ–Cγ)) and ψg (∠(Cβ–Cγ–Oδ– C1’)) glycosidic dihedral angles were used
to examine the relative orientation of the sugar and peptide moieties (see Figure 3.2). To

study the cis-trans isomerisation of the peptide backbone, potential energy surface (PES)

scans were carried out using the improper dihedral ζ(∠(CH3–O–Cδ–Cα), Figure 3.2) as the
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reaction coordinate as suggested by Fischer et al.31 This dihedral is preferred to the peptide

ω dihedral as it captures both cis and trans conformations of the peptide bond, as well as
nitrogen pyramidalization, which is an important conformational feature of the cis-trans
isomerisation reaction of proline and its derivatives.32-33 During the scan, ζ in the B3LYP
optimized trans isomer was fixed in 10° intervals from 0° to 180°, while the rest of the
molecule was allowed to relax. Subsequently, unrestrained optimizations and frequency

calculations of stationary points were performed at the same level of theory. All B3LYP
calculations employed the IEF–PCM implicit solvation model34 with ε = 78.39 to represent

the water environment and the default parameters in the Gaussian 09 software.35

Figure 3.2. Chemical numbering and definitions of various dihedral angles in the
galactosylated Hyp compounds.

3.2.3. Structural Analysis
The Westhof-Sundaralingam equations36 were used to analyze the conformation of

the five-membered proline ring according to:
𝐵

𝑃 = tan−1 � � and 𝜒𝑚 = (𝐴2 + 𝐵2 )
𝐴

with
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where P (pseudorotation phase angle) defines the ring puckering according to the

pseudorotation circle and χm (pseudorotation amplitude) is the maximum amplitude
adopted by any endocyclic torsion angle (χi, Figure 3.2). Estimates of the conformational

free energy differences between minima from the same MD simulation were obtained using:
% Population of minima 1
�
∆𝐺12 =−𝐾𝑏 Tln �
% Population of minima 2

The presence of hydrogen bonds was analyzed based on a interatomic distance of less than
3.0 Å between the donor and acceptor, and a donor oxygen, donor hydrogen and acceptor
bond angle greater than 120°.

3.3.

Figure 3.3. Preferred puckering states of (unglycosylated) 4–hydroxyproline compounds.

Results and Discussion

3.3.1. Proline Puckering
The relative orientation of the pyrrolidine and galactose rings is in part dictated by

the direction that the glycan is projected, which is determined by the puckering preference

of the hydroxyproline ring. Although different puckering states are predominantly

populated by the Hyp and hyp proline derivatives,37 experimental data has shown that the
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ring puckering is not substantially affected by glycosylation,37 and therefore different
proline−sugar orientations may prevail for the two stereoisomers. Table 3.1 displays the

average and standard deviation (in brackets) of the pseudorotation parameters for minima

of all compounds (discussed in detail below) obtained from MD simulations, which were
calculated using all snapshots in the trajectory, as well as DFT (PCM-B3LYP/6–

311++G(d,p)). In accordance with previous experimental and computational studies,33,38
both types of calculations predict a Cγ–exo (γE) envelope-type puckering with a

pseudorotation phase angle of P ≈ 10° for Hyp (Figure 3.3, top) and glycosylated Hyp. In

contrast, some conformers of the hyp stereoisomer contain a hydrogen bond to the peptide
backbone carbonyl oxygen (described in more detail below), which leads to Cγ–endo (γE)

puckering (Figure 3.3, middle) with P ≈ 200° (minimum 2, Table 3.1). However, in explicit
water, there is competition between the C-terminal carbonyl and water molecules for

hydrogen bonding. Therefore, the average P values obtained from MD indicate that the

proline ring predominantly adopts a twisted Cγ–endo/Cβ–exo (γTβ) conformation with P ≈

180° (Figure 3.3, bottom; minimum 1, Table 3.1). These variations in puckering preference
of Hyp and hyp will project a covalently attached glycan in different directions relative to

the plane of the pyrrolidine ring. Specifically, the γE pucker directs Cγ below the plane
defined by Cδ, N, Cα and Cβ away from O1 (Figures 3.2 and 3.3), while the γTβ and γE puckers
direct Cγ in the opposite direction.

3.3.2. Relative Orientation of Proline and Sugar Rings

In this section, we more carefully examine the arrangement of the sugar moiety with

respect to the peptide. Since the sugar solely occupies the preferred 4C1 conformation for

the duration of the MD calculations, this conformation was considered in DFT optimizations.
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Additionally, the ωg (∠(H–O6’–C6’–C5’), Figure 3.2) dihedral angle was set to the most

stable gt conformation obtained from MD and the other exocyclic dihedrals in an
anticlockwise arrangement. While the general direction of the glycan projection is

determined by ring puckering, the preferred values of the ϕg and ψg glycosidic linkage

dihedral angles (Figure 3.3, left) control whether interactions occur between the backbone

and sugar moiety. As illustrated by the scatter plots in Figure 3.4, in combination with the
histograms in Figure 3.5, all glycosylated compounds occupy a single major minimum with
respect to ϕg, while two major minima exist with respect to ψg. This is true for both the trans

(black) and cis (red) conformations. Preliminary DFT scans of these two dihedral angles

(Figure A1, Appendix A) also confirmed the presence of two minima for ψg. Furthermore,

there is very good agreement in the values of the (ϕg and ψg) dihedrals predicted by

molecular mechanics and DFT for all compounds (Table 3.1). Below, the main (ϕg,ψg)
minima for each glycosylated compound will be individually discussed.

Figure 3.4. Distribution of glycosidic linkage ϕg and ψg dihedral angles (deg.) obtained from the MD
trajectory of the trans (black) and cis (red) isomers of (a) Hyp–α–Gal, (b) Hyp–β–Gal, (c) hyp–α–Gal
and (d) hyp–β–Gal.
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Figure 3.5. Histograms of the ϕg (top) and ψg (bottom) glycosidic linkage dihedral angles (deg.)
obtained from the MD trajectory of the trans (black) and cis (red) isomers of (a) Hyp–α–Gal, (b) Hyp–
β–Gal, (c) hyp–α–Gal and (d) hyp–β–Gal (d).

In minimum 1 of Hyp-α-Gal ((ϕg,ψg) = (81°,260°)), the sugar and Hyp rings are in a

near stacked arrangement (Figure 3.6(a)). Moreover, the hydrophobic face of the sugar

(containing three axial non-hydroxylated hydrogen atoms) interacts with the peptide, and is

thus sheltered from water, which has been observed in crystal structures of glycans bound
in the sugar binding domain of proteins such as Lysozyme.39-40 In minimum 2 (74°,198°),

the peptide and sugar rings are more distally arranged (Figure 3.6(b)). DFT free energy

differences predict that minimum 1 is favoured over minimum 2 by approximately 3.4
kJ/mol. Similarly, the estimated free energy from MD simulations suggests minimum 1 is 0.9
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kJ/mol more stable than minimum 2. The small free energy differences imply frequent
conversion between minima, which can also be seen in the evolution of the ψg dihedral

angle (Figure A2, Appendix A). In fact, several transitions take place in one nanosecond and
hence occur on a timescale of a few 100 ps in all glycosylated peptides.

Figure 3.6. Minima 1 (a,c) and 2 (b,d) with respect to glycosidic linkage dihedral angles ϕg and ψg of
Hyp–α–Gal (a,b) and Hyp–β–Gal (c,d) in the trans conformation.

In the two major minima of Hyp-β-Gal (Figures 3.7 (c) and (d)), the sugar and

peptide rings are more separated than in the corresponding α-galactosylated peptide. MD

free energy estimates indicate that minimum 2 (282°,274°) is favoured by approximately
1.3 kJ/mol, while DFT calculations indicate that minimum 1 (284°,212°) is preferred by 1.5

kJ/mol. Nevertheless, these free energy differences are very similar, meaning that both

structures are nearly isoenergetic and MD simulations suggest the conversion barrier is
small, as observed for the α-glycosylated variant described above (Figure A2, Appendix A).
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Figure 3.7. Minima 1 (a,c) and 2 (b,d) with respect to glycosidic linkage dihedral angles ϕg and ψg of
hyp–α–Gal (a,b) and hyp–β–Gal (c,d) in the trans conformation. Important intramolecular hydrogen
bonds shown with dashed lines.

As mentioned above, 4S stereochemistry in hyp leads to Cγ–endo/Cβ–exo (γTβ)

puckering, which allows the sugar moiety to be pointed in the opposite direction relative to

Hyp. Although the rings are more spatially separated than in Hyp–α–Gal due the protrusion
of the C-terminal region of the peptide towards the sugar (a consequence of the proline

puckering), a stacked-like arrangement of the sugar and peptide moieties prevails in

minimum 1 (83°,155°) of hyp−α−Gal (Figure 3.7(a)). In minimum 2 (75°,83°), an

approximate 70° change in ψg brings the C2 hydroxyl of the sugar into hydrogen-bonding
contact with the backbone C-terminal carbonyl of the peptide (Figure 3.7(b)). DFT

calculations predict minimum 2 to be 5.5 kJ/mol more stable due to the intramolecular

hydrogen bond, while MD favours minimum 1 by approximately 1.2 kJ/mol. The disparity
between DFT and MD may arise due to the lack of explicit water molecules in the QM model
or the role of dispersion interactions in the stacked orientation, which may not be fully

recovered by B3LYP.41 However, both types of calculations indicate that the energy
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Table 3.1. Pseudorotation parameters and glycosidic dihedral angles (deg.) from MD simulations and PCM–B3LYP/6–311++G(d,p)a

Compound
Hyp
Hyp-α-Gal
Hyp-β-Gal
hyp
hyp-α-Gal
hyp-β-Gal
[a] See

Minimum 1b

Minimum 2b,c

MDd

B3LYP
B3LYP
MDd
P
χm ϕg
ψg
P
χm
ϕg
ψg
P
χm ϕg
ψg
P
χm
ϕg
ψg
10 37
12(19) 34(7)
12 37 81 260 10(17) 35(7) 78(14) 267(19) 11 37 74 198 10(17) 35(7) 78(14) 202(15)
10 37 284 212 12(16) 35(7) 280(20) 196(27) 12 37 282 274 12(16) 35(7) 280(20) 271(17)
173 34
178(18) 32(6)
192 37
178 34 83 155 177(18) 33(7) 78(13) 156(12) 195 34 75
83 177(18) 33(7) 78(13)
88(14)
173 34 284 98 178(18) 33(7) 277(30) 85(16) 182 37 284 178 178(18) 33(7) 277(30) 162(16)

Figure 2.2 and the Computational Details for definition of parameters. [b] See Figures 2.6 and 2.7 for structures of minima 1 and 2. [c] For
unglycosylated hyp, minimum 2 refers to the conformation with an intramolecular hydrogen bond between the Cγ-hydroxyl and the peptide backbone.
In glycosylated hyp compounds, minimum 2 has an intramolecular hydrogen bond between the sugar and the peptide. [d] Numbers in brackets refer to
the standard deviations.
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difference between the two minima are small and therefore predict two nearly isoenergetic
main minima (Figure A2, Appendix A).

As discussed for the 4R–stereoisomer, more extended conformations are observed

upon β-glycosylation of hyp compared to the α-glycosylated compound. In minimum 1

(284°,98°), the glycan is directed away from the peptide (Figure 3.7(c)), while a hydrogen
bond is formed between the sugar C2 hydroxyl group and the C-terminal carbonyl in the

peptide backbone in minimum 2 (284°,178°), which creates a 10-membered hydrogen-

bonding ring (Figure 3.7(d)). Such ring structures are frequently observed in β-turn

structures where they stabilize the peptide backbone conformation.42-44 These geometric
differences lead to a DFT (MD) free energy difference of 0.39 (1.21) kJ/mol in favour of

minimum 2, and MD suggests frequent transition between these structures (Figure A2,

Appendix A).

The above results suggest that the relative arrangement of the peptide and sugar

rings is jointly determined by the puckering of the proline ring and the glycosidic linkage
dihedral angles. 4R glycosylation maintains Cγ-exo puckering on the proline ring, while 4S

glycosylation primarily induces a twisted Cγ–endo/Cβ–exo (γTβ) ring pucker. These results

are fully consistent with previously obtained NMR coupling constants.11 Specifically, Jα,β1

(Jα,β2) values of 7.8 to 9.8 Hz (2.4 to 4.3 Hz) and 8.2 to 8.3 Hz (8.5 to 8.7 Hz) were obtained

experimentally for the R and S compounds respectively which correspond to exo and endo

puckers. The two puckering states project the glycan onto opposite sides of the plane
formed by the proline ring and have different consequences for glycan−peptide

interactions. In all compounds considered, the ϕg dihedral angle is very rigid (ϕg ≈ 80° for α-

linked peptides and ϕg ≈ 280° for β-linked peptides, Figure 3.4), where the preferred value
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is mainly determined by the exo-anomeric effect. On the other hand, the ψg dihedral appears

to be governed by the gauche effect with the η (∠(N–Cδ–Cγ–Oδ)) dihedral angle adopting

values that allow the Cγ–substituent to be in a gauche arrangement relative to nitrogen.
Thus, by revealing the previously unknown conformation about the hydroxyproline-

galactose linkage, this work determines that a combination of factors leads to the most
populated proline−sugar conformations.

Figure 3.8. RDFs for interactions between a water oxygen (OW) and O (red) or O1 (black) in the
peptide backbone of the trans conformation of (a) Hyp, (b) hyp, (c) Hyp–α–Gal, (d) hyp–α–Gal, (e)
Hyp–β–Gal, and (f) hyp–β–Gal.

3.3.3. Solvation and Intramolecular Hydrogen Bonding

Carbohydrates are known to be highly hydrophilic, and therefore formation of

glycopeptides can change the local structure of water molecules around the original peptide
moiety. Additionally, the previous section showed that the differences in the relative

position of the proline and sugar rings lead to intramolecular hydrogen–bonding
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interactions upon glycosylation of Hyp and hyp, which may affect solvation. These questions

are explored in the present section by considering the radial distribution functions (RDFs),

which describe how particle (water in this case) density changes around the group of

interest, as well as permits a more close analysis of intramolecular hydrogen-bonding

interactions. Since water can hydrogen bond to the N–terminal (O) and C–terminal (O1)

carbonyls, as well as the Oδ in unglycosylated Hyp and hyp (Figure 3.8, right), the RDFs for
interactions between these sites and a water oxygen (OW) will be discussed (Figures 3.8 –
3.9). The corresponding hydrogen atom (HW) RDFs, as well as all data for the cis
conformations is provided in Appendix A (Figures A3 – A8).

Figure 3.9. RDFs for interactions between a water oxygen (OW) and Oδ in the trans conformation of
unglycosylated Hyp (red) and hyp (black).

For the unglycosylated and glycosylated versions of Hyp, the RDFs involving O (red)

and O1 (black) have a peak at r = 2.75 Å (Figure 3.8, left), which confirms the presence of

water hydrogen bonding to these sites. The similarity between the RDFs for these two sites
for all Hyp derivatives considered here suggests that O and O1 are similarly hydrated, which
is also evidenced by the potential of mean force (PMF) between O or O1 and OW (Figure A8,
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Appendix A). In unglycosylated Hyp, the Oδ site also forms hydrogen-bonding contacts with

water (Figure 3.9). No intramolecular hydrogen bond is detected in any of the Hyp

compounds using our geometrical criteria (see Computational Details). Overall, the RDFs
indicate that glycosylation does not noticeably alter interactions involving backbone
carbonyl groups of Hyp.

In the case of unglycosylated and glycosylated hyp, there is a slightly higher peak in

the O (red) than O1 (black) RDFs (Figure 3.8, right) compared to Hyp. This suggests that
differences exist in the solvation and intramolecular hydrogen-bonding interactions of the N
and C-terminal carbonyls, which is also reflected in the PMF plots (Figure A8, Appendix A).

In the unglycosylated model, a hydrogen bond exists between O1 and the Oδ hydrogen

(minimum 2; Figure 3.3, middle) for a significant amount of time (approximately 32%

(24%) of the MD trajectory for the trans (cis) conformation) even though it is frequently
interrupted by surrounding water molecules. This unique interaction in hyp is reflected in a

significant reduction in the peak of the Oδ–OW RDF (Figure 3.9) relative to Hyp.
Glycosylation of hyp eliminates the Oδ−hydroxyl hydrogen and therefore this hydrogen-

bonding interaction. Instead, a hydrogen bond forms between O1 and the C2 hydroxyl

group of the sugar. This interaction is present in minimum 2 ((ϕg,ψg) = (75°,83°)) of the α-

glycosylated compound for approximately 12% of the trajectory for the trans (8% for cis)
conformation, and 7% of the trajectory for the trans (10% for cis) conformation of

minimum 2 ((ϕg,ψg) = (284°,178°)) of β-glycosylated hyp. Thus, hyp and its glycosylated
variants exhibit intramolecular hydrogen bonding in solution between the 4S-substituent
and the peptide backbone, which affects backbone hydration. This finding mirrors

conclusions previously noted in the literature for hyp and related derivatives,45 but

contrasts the lack of intramolecular interactions in Hyp or its galactosylated variants
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reported in the present work. Additionally, the hydrogen bond can be mediated by a water

molecule. Using a simple distance cut-off of 3.5 Å between heavy atoms (atoms other

hydrogen), the bridged hydrogen bond exists for 16% (22%) of the simulation in the trans

conformer of α(β)-glycosylated hyp. This is similar to results in the literature where water
bridges have been observed in the MD simulations of model glycopeptides.46-47 The stark
contrast between the lack of intramolecular interaction between the peptide backbone and

glycan in glycosylated Hyp compounds and the interactions found in α/β-glycosylated hyp

derivatives may explain the experimentally observed difference in amide isomerization of
these derivatives.

3.3.4. Peptide Backbone Conformation

Since glycosylation affects the solvation and intramolecular hydrogen-bonding

interactions in hyp, it may also have consequences on the backbone structure; therefore, the

conformation of the peptide backbone must be carefully examined. Figure 3.10 shows

Ramachandran plots of the backbone ϕ and ψ dihedral angles obtained from MD

simulations for the trans (black) and cis (red) conformations of all compounds. There are

two main minima on the PES of the peptide in (ϕ,ψ) space, where the ϕ dihedral remains at
approximately 300° for the duration of the simulation, while ψ adopts two values.

Specifically, the most populated minimum is a polyproline II-like (PPII) conformation ((ϕ,ψ)
≈ (300°,130°)), while the second minimum is a right-handed α–helix-like (αR) conformation
((ϕ,ψ) ≈ (300°,330°)).

Hyp exists in the PPII conformation for 96% of the simulation, while Hyp–α–Gal and

Hyp–β–Gal adopt this conformation for 95% and 94%, respectively (Table 3.2).
Furthermore, there is almost no difference in the average values of the backbone dihedral
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angles in all Hyp compounds, which is supported by DFT optimized structures (Table 3.3).

Therefore, glycosylation of Hyp does not change the preferred conformation of the peptide
backbone. This is not surprising since glycosylation does not lead to new intramolecular
interactions as described in the previous subsection.

In contrast to Hyp, there are significant changes in the peptide backbone upon

glycosylation of hyp (Tables 3.2 and 3.3). First, there is an increase in the αR population,

where the PPII population decreases from 94% in hyp to 83% (90%) in the α(β)-

glycosylated version (Table 3.2). In DFT optimized αR conformations (Figure A9, Appendix
A), contacts exist between the peptide methoxyl group at C1 and the C2 hydroxyl group of

the sugar in both glycosylated versions of hyp, which may provide further stabilization to
the αR structure for these derivatives compared to glycosylated Hyp.

Figure 3.10. Distributions of peptide backbone ϕ and ψ dihedral angles (deg.) in the trans (black)
and cis (red) conformations of (a) Hyp, (b) hyp, (c) Hyp–α–Gal, (d) Hyp–β–Gal, (e) hyp–α–Gal and (f)
hyp–β–Gal.

Secondly, there are differences in the average values of important backbone

dihedral angles in the PPII conformation of unglycosylated and glycosylated hyp. In

particular, ψ from MD simulations averages 135° in hyp, but 140° and 146° in hyp–α–Gal
81

and hyp–β–Gal, respectively. DFT results in this work (Table 3.3), as well as other
studies,38,45 the ψ dihedral angle is close to 180° reveal that in the absence of a hydrogen

bond between the Cγ–OH group and the C-terminal backbone carbonyl oxygen in hyp

(minimum 1; Figure 1, bottom). However, in the presence of this hydrogen bond (minimum

2; Figure 3.3, middle), which provides stabilization to the overall structure, ψ adopts a value
of approximately 140°.

Figure 3.11. The αR conformation of the ψ dihedral angle in (a) Hyp–α–Gal and (b) hyp–α–Gal,
illustrating the weak contact between the sugar C2 hydroxyl group and the ester oxygen of the
peptide in the hyp glycopeptide.

Upon glycosylation of hyp, both MD and DFT predict ψ values closer to 180°

(minimum 2), while at the same time the structure maintains stability via intramolecular
hydrogen bonding. In summary, glycosylation of Hyp does not affect the peptide backbone

in accordance with experimental findings.11,48 However, glycosylation of hyp allows the ψ
dihedral angle to relax to larger values, and therefore, induces changes to the backbone of

hyp. Since this feature, coupled with the intramolecular hydrogen-bonding interactions

discussed previously is the main structural difference between glycosylated Hyp and hyp,
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this may be the reason for increased trans stabilization upon glycosylation of hyp. Hence,

the details of the cis/trans isomerization will be considered in the next section.

Table 3.2. Conformations of the peptide backbone (ψ, deg.) and PPII occupation.
MDa

B3LYPb
Minimum Minimum
1
2
Compound % PPII PPII
αR
PPII αR
PPII αR
Hyp
96
131(20) 317(17) 147 323
Hyp-α-Gal 95
130(20) 317(17) 147 323 147 323
Hyp-β-Gal 94
130(20) 316(17) 146 323 147 323
hyp
94
135(29) 328(20) 175 2
139 321
hyp-α-Gal 83
140(38) 331(18) 171 356 150 329
hyp-β-Gal 90
146(31) 331(19) 173 356 164 351
[a] Data shown are averages over the MD simulation with standard deviations provided in brackets.
[b] PCM–B3LYP/6–311++G(d,p).

3.3.5. Prolyl Amide Isomerization

The peptide backbone structure at various stationary points on the PES for cis/trans

isomerization (Table 3.3) is first discussed. For unglycosylated and glycosylated Hyp

compounds, ϕ is approximately 300° for the trans and cis isomers, and decreases by ~ 20°

in the transition state (TS). The ψ dihedral angle approximately equals 147° in the trans

conformation, and shifts to ~ 167° in the TS and 160° in the cis conformation. Although the ζ
and ω dihedral angles remain at 0° in the cis and 180° in the trans isomer, ζ and ω become ~

84° and 116° in the TS, respectively. An interesting known feature of cis-trans conversion in

proline and its derivatives is the pyramidalization of the nitrogen atom, which leads to a

tetrahedral structure in the TS.33 This feature is well reproduced in our calculations, where

ρ (the improper dihedral that measures this pyramidalization) decreases from ~ 355° in
both the trans and cis conformations to 325° in the TS. This pyramidalization changes the

pyrrolidine ring conformation (P changes from ~ 10° to 30° and χm increases from 37° to

over 40°). Overall, these important geometric features are very similar in unglycosylated
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and glycosylated Hyp regardless of the conformation adopted by the glycosylated

derivative, which suggests that glycosylation does not affect the structures of the stationary
points involved in the Hyp isomerization reaction.

Figure 3.12 plots the PCM–B3LYP/6–311++G(d,p) energy as a function of the ζ

(∠(CH3–O–Cδ–Cα), Figure 3.3) dihedral angle, while thermodynamic parameters for the cis–

trans isomerization of Hyp compounds are given in Table 3.4 and the corresponding
activation parameters are in Table A1. All calculated activation enthalpies are
approximately 83 kJ/mol, which is in line with other theoretical24,33 and NMR

experimental33 studies for Hyp. Similarly, computed activation free energies are

approximately 84–86 kJ/mol in accordance with previous modeling studies of related

compounds.24 There are no significant differences in the thermodynamic and activation data

for the unglycosylated and glycosylated Hyp compounds, which suggests that glycosylation
does not affect isomerization. MD simulations indicate that both minima are occupied
almost equally for both glycosylated Hyp compounds. Therefore, thermodynamic

parameters can be estimated by averaging information from both minima. As an example,

the calculated average ΔG° for Hyp-α-Gal is –3.69 kJ mol–1 compared to –4.52±1.0 kJ mol–1

from experiments. Overall, there is reasonably good agreement between calculated and

experimental data (Table 3.4) for Hyp and glycosylated Hyp, which indicates that the
applied methodology adequately describes this isomerization process.
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Table 3.3. PCM–B3LYP/6-311++G(d,p) structural parameters at stationary points of Hyp and hyp compounds
Compound
Minimum 1a
Minimum 2a,b
c
c
d
c
e
f
c
c
d
ϕ
ψ
ξ
ω
ρ
P
χm
η
ϕ
ψ
ξ
ωc
ρe
P
χm
ηf
Hyp
Trans
299 147 179 182 356 10 37 86
TS
281 167 84 116 328 -33 41
Cis
292 160 357
1
355 17 37
Hyp-α-Gal
Trans
298 147 179 182 356 12 37 83 298 147 179 183 356 11 37 85
TS
286 167 83 117 324 264 45
279 167 85 116 328 -28 41
Cis
292 160 357
0
356 18 37
291 161 357
2
355 19 37
Hyp-β-Gal
Trans
299 146 179 183 356 10 37 83 298 147 179 183 357 12 37 85
TS
279 166 84 116 328 -31 41
281 166 84 116 327 -37 41
Cis
292 161 357
1
4
18 37
292 161 357
1
356 18 37
hyp
Trans
282 175 179 183 359 173 34 266 294 139 183 183
1
192 37 272
TS
268 77
81 114 326 229 40
254 117 115 84
203 39
Cis
278 184 359
1
357 165 36
281 139
1
5
1
180 35
hyp-α-Gal
Trans
283 171 179 183 355 178 34 270 294 150 180 183 356 195 34 273
TS
286 169 83 117 324 263 45
260 84
84 115 327 215 39
Cis
279 178 359
2
356 169 36
282 166
0
4
355 178 36
hyp-β-Gal
Trans
282 173 180 183 356 173 34 266 286 164 180 183 357 182 37 278
TS
285 169 83 117 324 263 45
253 166 85 116 329 201 41
Cis
278 182 359
2
357 166 36
280 173
0
3
356 174 38
[a] See Figures 3.6 and 3.7 for structures of minima 1 and 2. [b] For unglycosylated hyp, minimum 2 refers to the conformation with an intramolecular
hydrogen bond between the Cγ-hydroxyl and the peptide backbone. In glycosylated hyp compounds, minimum 2 has an intramolecular hydrogen bond
between the sugar and the peptide. [c] Peptide backbone dihedral angles defined in Figure 3.2. [d] ξ is the ∠(CH3–O–Cδ–Cα) improper dihedral angle (see
Figure 3.2). [e] ρ is the∠(N–C–Cα–Cδ) improper dihedral angle. [f] η is the ∠(N–Cδ–Cγ–Oδ) dihedral angle.
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In the absence of a hydrogen bond to the peptide backbone in hyp (minimum 1), the

φ dihedral angle assumes a value of approximately 282° in the trans isomer (Table 3.2). If a
hydrogen bond to the backbone exists (minimum 2), then φ becomes 294° in hyp and hyp-

α-Gal, and 286° in hyp-β-Gal. This shows that intramolecular hydrogen bonding affects the

φ dihedral angle, where the preferred value becomes more similar to that in Hyp. In the

trans, TS and cis conformations of 4S–hyp, ζ is approximately 180°, 84° and 0°, while ω is

approximately 180°, 115° and 0°, respectively, in both minima. In minimum 1 for the trans
isomer of all hyp compounds, ψ is 171–175°. However, there is a significant change in the ψ

dihedral upon hydrogen-bond formation (minimum 2). Specifically, ψ decreases to 139° in
hyp, 150° in hyp–α–Gal and 165° in hyp-β-Gal. Hence, hydrogen bonding to the peptide

backbone in hyp has a significant impact on the structure of the peptide, which could affect
isomerization upon glycosylation.

Figure 3.12. PCM–B3LYP/6-311++G(d,p) scans of the energy as a function of the ζ improper dihedral
angle (deg.) describing cis-trans isomerization in (a) Hyp (black), Hyp–α–Gal (red) and Hyp–β–Gal
(blue), (b) hyp (black), hyp–α–Gal (red) and hyp–β–Gal (blue), and (c) hyp with (red) and without
(black) an intramolecular hydrogen bond.
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Table 3.4. Calculated thermodynamic parameters for cis-trans isomerization in hyp and Hyp compounds in comparison to experimental data.a
Compound

Minimum 1b
Minimum 2b
Experimentc
∆H°
∆E
∆S°
∆G°
∆H°
∆E
∆S°
∆G°
∆H°
∆S°
∆G°
Hyp
-6.20 -5.93 -5.61 -4.52
-5.98(0.2) -4.89(0.5) -4.52(0.39)
Hyp-α-Gal -6.28 -6.11 -8.28 -3.82 -5.65 -5.40 -7.03 -3.56 -5.94(0.5) -4.77(1.6) -4.52(1.0)
Hyp-β-Gal -5.50 -6.17 -6.35 -3.61 -5.87 -5.23 -12.55 -2.12 -6.06(0.5) -5.77(1.7) -4.35(1.0)
hyp
-2.03 -2.29 4.31 -3.31 -6.95 -6.90 -3.81 -5.82 -1.21(0.3) 3.31(1.1)
-2.22(0. 7)
hyp-α-Gal -2.29 -2.16 -3.56 -1.22 -5.28 -5.06 -0.96 -4.99 -3.92(0.5) -4.31(1.8) -2.64(1.1)
hyp-β-Gal -1.82 -2.01 5.31 -3.40 -3.31 -3.17 -1.63 -2.82 -3.81(0.2) -4.02(0. 7) -2.59(0.4)
[a]∆H°, ∆E and ∆G° are in kJ/mol, while ∆S° is in J/molK. [b]PCM–B3LYP/6-311++G(d,p). [c]From Owens N. W. et al, Chem. Eur. J. 2009, 15, 10649-10657.
The effects of temperature on Ktrans/cis was determined by fitting a straight line to ln(Ktrans/cis) = (–ΔH°/R)(1/T) + ΔS°/R using 20°C to 72°C temperature
range. Linear van’t Hoff plots obtained indicated that the differences in enthalpy and entropy between the trans and cis isomers are independent of
temperature. ΔH° and ΔS° were extrapolated from this plot.
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The calculated free energy and enthalpy for the non-hydrogen–bonded

conformation of hyp (minimum 1) are closer to the experimental values than those for the
hydrogen–bonded conformation (minimum 2). Using the above mentioned distance and

angle cut-offs, molecular dynamics calculations indicate that the hydrogen bond exists in
unglycosylated hyp for only approximately one third of the simulation time in solution. In

contrast, DFT calculations in implicit solvation suggest that the hydrogen–bonded

conformation is slightly preferred, but the associated ∆S° has the opposite sign compared to

experiment in this conformation. Thus, it is likely that the lack of explicit water molecules in
DFT calculations is responsible for the stability preference of the hydrogen–bonded

conformation. Therefore, although hyp can adopt both reported conformations, the non-

hydrogen–bonded conformation likely prevails in solution, which is supported by similar
Ktrans/cis measured when the Cγ-hydroxyl group in hyp is replaced by fluorine.49 Despite the

lack of complete agreement between the calculated and experimental thermodynamic

parameters (Table 3.4), structural information suggests that the observed changes in the
trans to cis ratio and isomerization rate upon glycosylation of hyp are likely due to changes

in intramolecular hydrogen bonding. Specifically, the cis/trans isomerization of proline and

derivatives is mostly governed by an n → π* interaction between the N–terminal amide
carbonyl O and C–terminal carbonyl C bond, which requires ψ ≈ 150°.50-52 Changes to ψ

upon glycosylation due to changes in intramolecular hydrogen bonding could alter this

interaction and thereby lead to a more favourable trans conformation. In Hyp compounds,
glycosylation has no effect on the isomerization since the Cγ-exo puckering orients the sugar

away from the peptide backbone, which prevents formation of intramolecular interactions

that alter ψ and the n → π* interaction. However, several intramolecular hydrogen-bonding
interactions involving the peptide backbone occur in hyp and glycosylated compounds, and
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the discussion below explains how these affect the geometry about ψ, the n → π* interaction
and the experimentally measured cis/trans ratios.

This work emphasizes that there are two main minima of unglycosylated hyp (Table

3.3, Figure 3.3), where the structure with a strong hydrogen bond between 4–OH and the

peptide backbone is present for one-third of the MD calculation. Although the effect of the

structure with the intramolecular hydrogen bond on the isomerization process in water is
not completely understood, experimental studies suggest that it is of little consequence.

Specifically, the Ktrans/cis measured for hyp (2.7) is similar to that for O-methylated hyp (2.0),

which does not contain an intramolecular hydrogen bond to the backbone.53 Similarly,

another study reports a Ktrans/cis of 2.4 for hyp versus 2.5 for 4S-fluoroproline.50
Furthermore, since the hydrogen-bonded conformation of unglycosylated hyp has a ψ
dihedral angle (~140°) appropriate for the n → π* interaction, the dominance of this

conformation should lead to an increased trans stability, which is in contrast to

experimental observations. Thus, when the solvent competes for hydrogen-bonding

interactions with 4–OH, the measured Ktrans/cis suggest that hyp preferentially adopts the

non-hydrogen bonded conformation to maximize the solute–solvent interactions. We note
that although the hydrogen-bonded conformation is likely not prevalent in water, it may

become more important in non-hydrogen-bonding solvents. Indeed, Ktrans/cis of

unglycosylated hyp increases to 5.0 in CDCl3.53

The above discussion suggests that the non-hydrogen-bonded conformation of hyp

(minimum 2) is dominant in water, and therefore the removal of the 4–OH to backbone

hydrogen bond cannot explain the experimentally measured changes in the cis/trans ratio

upon glycosylation. Instead, the creation of new hydrogen-bonding interactions upon
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glycosylation is responsible for the observed changes. Specifically, our calculations show

that in the more prevalent non-hydrogen–bonded conformation of hyp, the ψ dihedral is

approximately 180° and the favourable n → π* interaction is largely absent. For comparison,

a similar conformation about ψ occurs in the DFT optimized minimum of O-methylated hyp

(Figure A11), which cannot form an intramolecular hydrogen bond with the peptide

backbone. However, upon α(β)–galactosylation of hyp, the ψ dihedral adopts a value of

150°(164°) in the hydrogen–bonded structure (minimum 2), which strengthens the n → π*

interaction and leads to the observed increase in the population of the trans isomer. It
should be noted that the less populated hydrogen-bonded conformation of hyp also adopts

a ψ dihedral that affords a favorable n → π* interaction and therefore would not explain the
observed increased stability of the trans conformation upon α(β)–galactosylation.

To provide further support for the above analysis, interaction energies were

estimated with second-order perturbation theory using natural bond orbital (NBO)

calculations. Models of the glycosylated compounds in implicit water, as well as in the gas

phase with 10 explicit water molecules that represent the first few solvation shells about O1
(and include the bridging water, Figures A12 and A13, Appendix A), were considered. NBO
calculations on the PCM–B3LYP/6–311++G(d,p) optimized structure of hyp–α–Gal indicate

that the n → π* interaction stabilizes the trans conformation by approximately 3 kJ/mol.
However, this favourable interaction is largely absent in the β-glycosylated model. When 10

water molecules were included in the B3LYP/6-31G(d) optimization, NBO calculations

reveal that the trans conformation in the α(β)-glycosylated hyp is stabilized by

approximately 12(4) kJ/mol. For comparison, similar calculations show that essentially

zero stabilization is gained in the non-hydrogen-bonded conformation of unglycosylated

hyp, as well as 4-O-methyl hyp, in the gas phase or implicit solvent. Therefore, these
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calculations support the new proposal outlined in this chapter that glycosylation turns on
the n → π* interaction that is absent in the dominant conformation of unglycosylated hyp,
and leads to the increased trans population observed in experiments.11

In summary, glycosylation does not significantly change the structure of Hyp and

hence does not affect the amide isomerization in this proline derivative. This is further
supported by the good agreement between calculated and experimental thermodynamic

data. However, intramolecular hydrogen–bonding interactions occur between the backbone
of hyp and glycan OH groups. These interactions change the structure of the peptide

backbone, which likely leads to the experimentally observed differences in amide
isomerization.
3.4.

Conclusions

This chapter provides the first molecular level information about the nature of the

hydroxyproline-galactose linkage that is prevalent in the hydroxyproline rich glycoproteins

of plants, as well as explains the effects of glycosylation on amide isomerization of 4R(S)hydroxyproline. Extensive MD calculations using the AMBER/GLYCAM force field in explicit
solvent and complementary (implicit solvent) PCM-B3LYP/6–311++G(d,p) geometry

optimizations were used to examine the conformation of the (glyco)peptides. Both methods
show that all glycosylated compounds exhibit two main minima with respect to the

glycosidic linkage. Since (unglycosylated) Hyp adopts Cγ-exo puckering, the sugar molecule

is orientated away from the peptide backbone, and glycosylation has no apparent effect on
cis–trans isomerization. This explains experimental studies that indicate there is no change
in the peptide isomerization upon glycosylation. In contrast, a twisted Cγ-endo/Cβ-exo (γTβ)

puckering state is dominant in hyp, which brings the sugar and the proline rings in close
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proximity and leads to hydrogen–bonding interactions between the C2 hydroxyl group of

the sugar and the peptide backbone C-terminal carbonyl, which is sometimes mediated by a

water molecule. Furthermore, this hydrogen bond affects the structure of the peptide

backbone and is likely responsible for the experimentally observed increase in the trans
conformation population. Therefore, in addition to affording information about the effects
of glycosylation on the Hyp backbone, an explanation for the experimentally measured

increase in trans isomer population upon glycosylation of hyp is provided by the data

presented in this Chapter. In addition, this Chapter provides evidence for a 10–membered

intramolecular hydrogen-bonding ring between a sugar hydroxyl group and the peptide

carbonyl group in hyp–α–Gal and hyp–β–Gal that affects N–terminal prolyl amide cis/trans
isomerization. The preferred orientation of the sugar and proline rings determined in this

Chapter indicate that intra (to peptide) and inter (to solvent) interactions could occur in

oligopeptides that include the glycosylated Hyp residue. This is examined in the next
Chapter with the study of nonapeptides of Pro, Hyp and glycosylated Hyp.
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Chapter 4. Solvent Interactions Stabilize the Polyproline II Conformation of
Glycosylated Oligoprolines a
4.1. Introduction
As discussed in Chapter 1, the PPII conformation has become recognised as an

important secondary structural motif alongside alpha helices (e.g. the αR-conformation with

(φ, ψ) ≈ (–60°, –50°)) and β-strands with (φ, ψ) ≈ (–120°, 120°).1 HRGPs contain a
significant number of Pro (Hyp) residues and are naturally predisposed to adopt the PPII

structure. Additionally, many Hyp residues in HRGPs undergo extensive glycosylation,

which has been proposed in the literature to strengthen the PPII helix.2-3 Therefore, studies
that provide insights into the direct effects of Hyp glycosylation are necessary to clarify the
carbohydrate–protein structure–function relationship in HRGPs.

Additionally, as outlined in Chapter 1, Schweizer and coworkers recently

synthesised

Ac–(Pro)9–NH2

((Pro)9),

Ac–(Hyp)9–NH2

((Hyp)9)and

Ac–[Hyp–(β–D–

galactose)]9–NH2 ([Hyp–(β–Gal)]9) model compounds (Figure 4.1) to obtain quantitative

information about the effects of glycosylation on the PPII helix.4 Circular dichroism (CD)

was used to yield Tm estimates of 22°C, 38°C and 70°C, respectively, which indicates that

glycosylation significantly increases the stability of the PPII conformation. Although the
increased stability of the trans isomer due to hydroxylation explains the Tm difference
between (Pro)9 and (Hyp)9, the reason for the increased stability of the PPII conformation in

the glycosylated peptide is not clear from the experimental data.

Reprinted with permission from E. B. Naziga, F. Schweizer and S. D. Wetmore. Solvent Interactions
Stabilize the Polyproline II Conformation of Glycosylated Oligoprolines. J. Phys. Chem. B. 2013, 117,
2671-2681.
a
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Figure 4.1. PPII structure of the Ac–(Pro)9–NH2, Ac–(Hyp)9–NH2 and Ac–[Hyp–(β–D–galactose)]9–NH2
peptides considered in this study.

Specifically, a positive band between 220 to 230 nm and a negative band between 195 and

210 nm in the CD spectra is a signature of the PPII structure,5-6 with a change in the

intensity of the corresponding minima usually being correlated with changes in the PPII

content.7 In the hydroxylated and glycosylated compounds, a decrease in the intensity of
both bands was observed, which suggests a decrease in the PPII content despite the higher

melting temperatures. Similar results were obtained by Horng and Raines for the (Flp)10
and (Hyp)10 peptides compared to (Pro)10.8 However, the calculated relative band strengths

are 0.06, 0.21 and 0.29 for the (Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9 peptides, respectively,
where a larger relative band strength correlates with a distortion of the PPII helix or a

decrease in solvation.5 Therefore, the loss in CD maxima intensity for [Hyp–(β–Gal)]9

relative to (Hyp)9 may not be due to loss of PPII character. Indeed, preliminary molecular
mechanics minimizations in implicit solvent identified several inter–glycan or glycan–

peptide hydrogen bonds in the glycosylated peptide, and these interactions could be
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responsible for the changes in the melting temperatures upon glycosylation.4 However,
other proposals have been put forth in the literature regarding possible modes of action of a

covalently-linked sugar, including intramolecular interactions, sterics and direct or indirect
solvent–sugar interactions.9-12

It is clear from the above discussion that more detailed information is needed about

how glycosylation affects the PPII structure of oligoprolines and leads to the observed

relative thermal stabilities of the unglycosylated and glycosylated oligomers. Therefore, this
chapter uses a variety of sophisticated molecular modeling methods to provide additional

insight into the structure of the galactosylated oligopeptide. Specifically, the three model

peptides examined by Schweizer and coworkers (Figure 4.1) are considered using MD
simulations. Several advanced techniques and extensive sampling procedures, such as

REMD, ABMD, and HT–REMD, are used to obtain free energy estimates of the PPII to PPI

transition. In contrast to previous proposals,4 the data obtained in this Chapter reveals for
the first time that interactions between the hydroxyl groups in hydroxylated or glycosylated

compounds and solvent water molecules act in a complementary fashion with
stereoelectronic effects to stabilize the PPII conformation in these substituted oligoproline
peptides.

4.2. Computational Details

A thorough conformational analysis of the (Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9

peptides must investigate all available degrees of freedom. In particular, the puckering
transitions of the Pro ring and variations in the backbone dihedral angles (φ, ψ and ω,

Figure 1.4) should be considered. There are two major puckering states in Pro (Cγ–exo and

Cγ–endo), which have been demonstrated by theoretical studies to be well sampled over the
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course of a standard MD simulation.13-14 As mentioned in Chapter 1, the φ (∠(C–N–Cα–C),

Figure 1.4) angle in Pro is restricted by the ring system to occupy a narrow band around –

75°. While the ψ (∠(N–Cα–C–N), Figure 1.4) dihedral angle is more flexible, it can also be
adequately sampled in MD simulations.15 Thus, the main consideration when designing a

sampling protocol for (substituted) oligoprolines is the ω (∠(Cα–C–N– Cα), Figure 1.4)

dihedral angle, which dictates whether a particular residue adopts the cis or trans
conformation. While the cis and trans structures of Pro are very close in energy, inter–
conversion between these states requires more than 10 kcal/mol of energy.16-18 Therefore,

such conformational changes are not readily observed in a standard MD simulation of

several hundred nanoseconds for these types of systems. In addition to the challenges

associated with sampling ω, solvent effects must be carefully taken into consideration when

studying oligoprolines. Unlike other secondary structural motifs, such as α-helices, the PPI
and PPII structures of (unsubstituted) oligoprolines do not afford intramolecular hydrogen

bonding. Therefore, interactions with solvent is essential for determining structural
preferences.

With the above considerations in mind, a series of MD simulations that adequately

sample all low vibrational modes of the oligopeptides were designed. All calculations were

carried out using AMBER 1019 or 1120 with the AMBER FF99SB21 and GLYCAM 06f22 force

fields describing the peptide and sugar moieties, respectively. Additional parameters for the

hydroxyproline residue were obtained from Park et al.,23 and the glycosylated Hyp units

were modeled as described in Chapter 3. Implicit solvent calculations used a generalised
Born model developed by Onufriev, Bashford and Case,24-25 while explicit water molecules

were represented by the TIP3P model.26 Further details of each type of calculation
implemented are given below.
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4.2.1. MD simulations in explicit water
The conformations of all three peptides were sampled using standard MD

simulations. Initial models (adopting an ideal PPI or PPII conformation) were created with
the xLeap module of AMBER and solvated in a 48, 48, and 52 Å octahedral box of water for

(Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9, respectively. Two stages of minimization were carried
out. In the first step, the solute molecule was held fixed, while the water molecules were

relaxed. Next, the entire system was minimized. The resulting structures were slowly
heated from 5 to 300 K over 50 ps and allowed to further equilibrate at the final
temperature for another 50 ps in an NVT simulation. The equilibrated systems were then
subjected to NPT production calculations of 101, 103 and 82 ns for (Pro)9, (Hyp)9 and [Hyp–

(β–Gal)]9, respectively, in the PPII conformation. A 100 ns calculation was carried out for

(Hyp)9 and [Hyp–(β–Gal)]9 in the PPI conformation. A timestep of 1.0 fs was used in the NVT

equilibration and 2.0 fs in the NPT calculations. Van der Waals interactions were
consistently truncated at 10 Å.

4.2.2. REMD simulations in explicit water

Replica exchange MD (REMD)27 simulations were implemented for the (Hyp)9 and

[Hyp–(β–Gal)]9 peptides starting from the final structures obtained from the regular MD

simulations. A total of 36 replicas were implemented for (Hyp)9 with the temperature
ranging from 290.5 to 492.5 K, while 48 replicas and temperatures between 296.0 and

552.6 K were employed for [Hyp–(β–Gal)]9. During these simulations, the ω dihedral angle

was constrained to represent the trans conformation (ω = 180 ± 30°) by applying a 50.0
kcal mol-1 rad–1 restraint force. This was done to comprehensively explore the PPII

conformation, as well as to identify any significant deviations from the PPII structure that
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do not involve trans to cis isomerization. Exchanges were attempted every 125 MD steps,

while all other parameters were the same as discussed for the regular NPT MD simulation.
However, REMD calculations were carried out in the NVT ensemble. A 50 and 100 ns

simulation per replica was implemented, which led to a total simulation time of 1.8 and 4.8
µs for (Hyp)9 and [Hyp–(β–Gal)]9, respectively.
4.2.3. ABMD simulations

To overcome the barriers associated with peptide cis to trans isomerization,

ABMD28-29 simulations were implemented. ABMD is effectively an umbrella sampling
method that makes use of a time–dependent potential to bias the dynamics of the molecular
system. This flattens the potential energy surface (PES) with respect to a selected collective

variable that is related to the property under study. As in recent ABMD studies of

oligoprolines,30-32 the following CV was used, which is based on the cosines of the ω dihedral

angle:

Ω = � cos (ω𝑖 )
𝑖

Thus, Ω sums to +9 and –9 for PPI (all cis or ω = 0°) and PPII (all trans or ω = 180°)
structures, respectively. In the present chapter, two variations of ABMD were implemented:
(1) a replica exchange variant with each replica at a different temperature and biased by

different potentials; and (2) a multiple walker strategy with all replicas at one temperature

and biased by the same potential. Within this scheme, the following four simulation types
were carried out:

a. ABMD flooding in implicit water: To obtain a rough estimate of the PMF, implicit
solvation was used in the first instance since it is very computationally expensive to
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derive the biasing potential from explicit solvent calculations. However, once a PMF
is developed in implicit solvent, refinement in explicit solvent becomes

computationally feasible. Therefore, initially a short 12 ns simulation was conducted
for (Pro)9 in implicit water at 1200 K, which employed 24 replicas, a multiple walker

approach, τF = 25 ps and 4∆ξ = 0.2. A 1.0 fs MD timestep and infinite cut–off for the

non–bonded interactions were implemented. Within this period, the collective
variable explored most parts of the PES (i.e., Ω evolved from –9 to +9 several times).
Using this estimate as input, more refined flooding calculations were performed

with 4∆ξ reduced to 0.1 and τF increased in stages from 25 to 200 ps. At this stage,

24 replicas were implemented, each with a different biasing potential and

temperatures ranging from 300 to 1200 K, where the wide temperature range (300–

1200 K) will aid transition between the PPII and PPI structures. A total of 328 ns per

replica simulation was used to refine the PMF for (Pro)9. Using this refined potential,
τF = 100 and 200 ps, a PMF for (Hyp)9 was obtained from an additional 200 ns per

replica simulation. Similarly, using PMFs from (Hyp)9 and a 150 ns per replica

simulation, the PMF for [Hyp–(β–Gal)]9 was obtained.

b. Umbrella sampling corrections to the PMF: The PMFs obtained from the flooding
stage described above were used in umbrella sampling calculations. This approach

is based on the principle that if the PMF is very close to the exact value, then a flat
histogram will be obtained in the space of the collective variable or, in other words,
all values will be equally accessible. However, if there is a small difference (a few

kBT) between the calculated PMF and the true value, then the histogram obtained
from umbrella sampling can serve as a correction. For each peptide under study,

umbrella sampling simulations were conducted for at least 250 ns per replica and
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used to correct the PMFs. The same number of replicas and temperature range were
employed as discussed for the flooding calculations.

c. HT–REMD calculations: To obtain equilibrium data from the ABMD calculations, an

HT–REMD scheme was implemented using PMFs from the flooding stage. In these

calculations, a total of 28 replicas (rather than the 24) were used. At 300 K, one of
the 4 additional replicas is completely unbiased, while the other three additional

replicas are biased based on the PMF of the 300 K replica and scaled by a range of

factors (0.49, 0.76 or 0.90) that have been previously used and shown to work well
for these types of systems.33 This procedure enhances the exchange to the unbiased

replica. All other simulation parameters were the same as for the flooding
simulations. These calculations were run for at least 250 ns per replica for each
peptide.

d. PMF refinement in explicit water: For the (Hyp)9 and [Hyp–(β–Gal)]9 peptides,

calculations were conducted in explicit solvent to determine the discrete effects of
water on the calculated PMFs. As done previously, PMFs obtained from the implicit

solvent flooding stage were used as the starting point. Due to the large number of

replicas required to cover the (300–1200 K) temperature range in an explicit
solvent calculation, all 24 replicas were simulated at 300 K using a multiple walker

approach. Initial structures of the solute in TIP3P water were taken from the explicit
solvent REMD calculations. All other simulation parameters were the same as for
REMD and ABMD, with the exception that the non–bonded cut–offs and timestep

were reduced to 8.0 Å and 1.0 fs, respectively.
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4.3. Results
4.3.1. Intermolecular/Intramolecular Interactions and Structural Information
from MD Simulations in Explicit Water
Initially, equilibrium MD simulations were performed on the (Pro)9 , (Hyp)9 and [Hyp–

(β–Gal)]9 peptides (Figure 4.1) in explicit water. This was done to observe the structural

implications of contiguous glycosylation of Hyp as observed in HRGPs. Additionally, analysis
of the structures from these equilibrium calculations could possibly provide clues regarding

the significant stabilization of the PPII conformation as indicated by the high melting

temperatures measured for [Hyp–(β–Gal)]9 compared to the hydroxylated compound. In the
analysis of these simulations, a particular focus is placed on the hydration of, as well as
intramolecular hydrogen bonding within, the PPII structure. This choice was made since it

is well known that interactions between solvent (water) molecules and the peptide
backbone are important for maintaining the PPII conformation in unsubstituted polyproline

helices since this secondary structure does not contain backbone–to–backbone

intramolecular interactions.34-35 Additionally, the preferential stability of PPII relative to PPI

is solvent dependent for unsubstituted polyproline, with PPII being the most stable

structure in water and PPI favoured in solvents such as methanol and 1-propanol.36-38
Nevertheless, glycosylation may change solvent accessibility, as well as introduce new
intramolecular hydrogen bonding to the peptide backbone.

To gain insight into backbone hydration, the first shell of water molecules around the

peptides was analysed to determine the number of solvent molecules in close proximity and

thereby able to form water–backbone interactions. Using a cut–off of 3.4 Å, which coincides
with the first minimum in the water–backbone C=O radial distribution function, the number
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of water molecules in the vicinity of the backbone carbonyl groups was counted. The
resulting averages over the duration of the MD simulations for the peptides in the PPII

conformation are presented in Table 4.1 for each residue (1 to 9) of the oligoproline

peptides with the capping groups ignored. The number of water molecules solvating the
carbonyl backbone of (Pro)9 and (Hyp)9 are nearly identical, which indicates that the

backbone solvation is not affected by hydroxylation. On average approximately 2.5 water
molecules solvate each carbonyl group for the (Pro)9 and (Hyp)9 compounds. This result is

reasonable since the OH groups in (Hyp)9 are not sterically large enough to reduce water

access to the backbone. Moreover, the OH groups are also involved in hydrogen-bonding
interactions with water molecules. However, there is an overall slight (0.5 – 1) decrease in

solvation of the peptide backbone upon complete glycosylation of (Hyp)9. This observation
is not surprising since the bulky sugar groups can effectively shield the peptide backbone

from water. Additionally, as discussed in Chapter 3, there is fast conversion between the

two minima of the glycosidic linkage of Hyp, which creates an effective cover for the

backbone, reducing solvent access. Furthermore, these results are consistent with a
decrease in the CD maxima for the glycosylated peptide compared to (Hyp)9.4 Indeed, this

observation was in part attributed to a change in the solvation environment of the peptide
backbone,4 which is confirmed for the first time in this thesis.

The backbone solvation of the PPI conformation was also examined in both the

hydroxylated and glycosylated compounds to determine if differences in the
experimentally-observed thermal stability4 can be attributed to variations in the solvation

of PPI and PPII. Table 4.2 compares the same solvent accessibility data from the PPI and

PPII conformations in the (Hyp)9 and [Hyp–(β–Gal)]9 compounds. On average fewer (Table
4.3) water molecules interact with the backbone in the PPI conformation of both peptides.
107

This is in line with experimental36,38 and computational studies,30 which show that the PPI

conformation is not favoured in water due to loss of backbone-water hydrogen-bonding

interactions. This finding also correlates with the more compact structure of the PP1
conformation (Figure 1.5).

Table 4.1. Average number of water molecules solvating the backbone carbonyl groups in the (Pro)9,
(Hyp)9 and [Hyp–(β–Gal)]9 peptides in the PPII conformation according to MD simulations in explicit
water.a,b
Residue (i)
1
2
3
4
5
6
7
8
9
(Pro)9
2.73 2.52 2.51 2.50 2.50 2.51 2.49 2.53 3.31
(Hyp)9
2.72 2.45 2.47 2.47 2.47 2.48 2.46 2.52 3.35
[Hyp–(β–Gal)]9 1.99 1.76 1.81 1.74 1.62 1.48 2.07 2.60 3.41
[a]Solvation was determined to occur if the water molecule was within 3.4 Å of the backbone, [b]A
0.002 standard error of the mean was obtained in all cases.

Table 4.2. Comparison of the average number of water molecules that solvate the backbone carbonyl
groups in the PPII and PPI conformations of (Hyp)9 and [Hyp–(β–Gal)]9 peptides according to MD
simulations in explicit water.a,b
Residue (i)
1
2
3
4
5
6
7
8
9
(Hyp)9
PPII 2.72 2.45 2.47 2.47 2.47 2.48 2.46 2.52 3.35
PPI 2.62 1.99 1.67 1.46 1.44 1.46 1.45 1.42 2.04
[Hyp–(β–Gal)]9 PPII 1.99 1.76 1.81 1.74 1.62 1.48 2.07 2.60 3.41
PPI 1.84 1.66 1.71 0.13 0.58 1.20 0.29 0.82 1.80
[a]Solvation was determined to occur if the water molecule was within 3.4 Å of the backbone, [b]A
0.002 standard error of the mean was obtained in all cases.

As expected, no intramolecular interactions were found in the (Pro)9 and (Hyp)9

peptides in the PPII conformation. However, several peptide–sugar and sugar–sugar

interactions are present in [Hyp–(β–Gal)]9. Table B1 (Appendix B) provides details (atoms

involved and percentage occupancies) of these intramolecular hydrogen-bonding

interactions. Overall, these contacts occur for a small portion of the MD calculation, with a
maximum occupancy of approximately 13%, since there is competition between the
backbone carbonyls and water for interactions with the sugar hydroxyl groups (> 84%,

Table B2). The sugar–backbone hydrogen-bonding interactions that occur for at least 5% of
the total simulation time include interactions between the O6'-hydroxyl hydrogen (Figure

4.2) at position i and the carbonyl oxygen (C=O) in the peptide backbone at positions i–2
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and i–3. Additionally, hydrogen bonding occurs between the O2' hydrogen of residue i and

O6' of residue i+1. Despite the large number of such interactions, their low occupancies
indicate that intramolecular hydrogen bonding cannot explain the increased thermal
stability of [Hyp–(β–Gal)]9 relative to (Pro)9 and (Hyp)9.

Figure 4.2. A snapshot from explicit solvent MD simulations of the Ac–[Hyp–(β–D–galactose)]9–NH2
peptide showing observed intramolecular hydrogen bonding interactions.

Compared with the PPII conformation, intramolecular hydrogen bonds are observed in

the PPI conformation with a higher frequency (Table B3). Indeed, several peptide–sugar

and sugar–sugar interactions exist, with 6 of these having occupancies over 50%. The
peptide–sugar interactions primarily occur between the O6'-hydroxyl hydrogen at position i

and the carbonyl oxygen (C=O) in the peptide backbone at position i–1. Sugar–sugar

interactions mainly take place between the O2' (O4') hydrogen of residue i and O6' of

residue i+3 (i+3). Therefore, while solvent–backbone hydrogen bonding is greatly reduced

in the PPI conformation of the [Hyp–(β–Gal)]9 peptide, strong intramolecular interactions

appear.
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The backbone (φ,ψ) dihedral angles for the calculations carried out in the PPII

conformation adopt average values of (–63°, 155°), (–61°, 153°) and (–65°, 160°) for the
(Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9 peptides, respectively. Furthermore, all ω dihedral angles

in the three peptides remain close to 180°. This indicates that all three peptides remain in

the PPII conformation for the duration of the calculation as expected based on previous

literature.16,18,30 While the length of these simulations is sufficient to obtain equilibrium
information about the PPII conformation, it may not be sufficient to overcome barriers to

other possible low energy states on the PES. For instance, other peptides that significantly

populate the PPII conformation can also adopt β–strand conformations.39-46 In addition, it

would be interesting to determine whether structures that significantly deviate from the

PPII conformation can be adopted without invoking trans to cis isomerization. This will

clarify proposals in the literature that cis/trans isomerization is the main source of

conformational heterogeneity in oligoproline peptides.47-49 To address these questions,
REMD simulations on the (Hyp)9 and [Hyp–(β–Gal)]9 peptides will be discussed in the next
section. The (Pro)9 peptide was not considered with REMD since the data presented in this

section suggests that this peptide and (Hyp)9 have similar solvation properties.

Additionally, the most likely explanation for the observed increased PPII stability of (Hyp)9
relative to (Pro)9 is increased trans stabilization due to the addition of the electronegative

OH groups.50

4.3.2. Structural Information from REMD Simulations in Explicit Water
To comprehensively explore the PPII conformation, as well as to identify any

significant deviations from the PPII structure that do not involve a trans to cis
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isomerization, a restraint force was applied in the REMD simulations in explicit water to
restrain the ω dihedral angle to represent the trans conformation.

Figure 4.3. Change in PPII content as a function of temperature according to REMD simulations of
the Ac–(Hyp)9–NH2 (circles) and Ac–[Hyp–(β–D–Gal)]9–NH2 (diamonds) peptides in explicit water.

Table 4.3. Comparison of the average number of water molecules that solvate the backbone carbonyl
groups of the (Hyp)9 and [Hyp–(β–Gal)]9 peptides at different temperatures according to REMD
simulations in the PPII conformation.a,b
Residue (i)
1
2
3
4
5
6
7
8
9
(Hyp)9
299.4K 2.72 2.51 2.45 2.48 2.49 2.49 2.47 2.53
3.35
492.5K 2.79 2.57 2.55 2.58 2.55 2.56 2.54 2.67
3.72
[Hyp–(β–Gal)]9
300.0K 1.98 1.68 1.70 1.69 1.64 1.54 2.06 2.58
3.40
552.6K 2.29 1.99 1.97 2.00 1.95 1.99 2.12 2.72
3.81
[a]Solvation was determined to occur if the water molecule was within 3.4 Å of the backbone, [b]A
0.002 standard error of the mean was obtained in all cases.

Following the analysis carried out in the previous subsection, Table 4.3 displays the

average number of water molecules within 3.4 Å of the peptide backbone carbonyls in the
(Hyp)9 and [Hyp–(β–Gal)]9 peptides at room temperature and the highest temperature

simulated. Solvation of the backbone carbonyl groups does not significantly deviate with
temperature for either peptide. However, the intramolecular hydrogen-bond occupancy

decreases with increased temperature for the [Hyp–(β–Gal)]9 peptide (Table B1). Indeed, at

the highest temperature considered (552.6 K), all but one peptide–sugar and sugar–sugar
intramolecular hydrogen bond is lost in the glycosylated peptide.
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The PPII content versus temperature is displayed in Figure 4.3, where a given

residue was considered to adopt a PPII conformation if (–110° < φ < –20°), (50° < ψ < 180°)

or (–120° < ψ < –180°) and the ω dihedral angle adopts a trans configuration. The data
indicates that even at very high temperatures, the φ and ψ dihedral angles remain in the

PPII region of the Ramachandran plot in both peptides when ω is constrained to adopt the

trans conformation. Analysis of the data reveals a mostly PPII family of structures with a
root mean square deviation (RMSD) of ≈ 1–2 Å from an idealised PPII and end-to-end

distances of approximately 22–28 Å (Figure 4.4). However, there are a few excursions from

an idealised PPII structure to more globular-like structures (RMSD ≈ 3–4 Å). These globular
structures arise in both peptides when the backbone dihedral angle ψ ≈ –50° in the residues

in the center region of the peptide (i = 4–5), which defines the αR-configuration. The number

of such transitions increases with temperature (Figure 4.4), but still corresponds to a very

small portion of the total trajectory. That very few excursions to the αR conformation occur

in these peptides is in agreement with the results obtained in Chapter 3. Specifically, the
monomeric Hyp compound and its glycosylated variants were found to occupy the PPII
conformation for 94–95% of the MD simulation initiated with the ω backbone dihedral
angle in the trans conformation.

The above homogenous results indicate that cis–trans isomerization is likely the

most important factor in the observed conformational heterogeneity of oligoprolines and

derivatives. Specifically, when the PPII conformation melts, cis conformations must be
adopted. Additionally, there is no evidence of β-sheet or random coil structures, even at the
high temperatures simulated. To determine whether the conformational ensemble changes

when the restraint on the ω dihedral angle is removed and gain free energy estimates for
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conversion between the PPI and PPII conformations, ABMD calculations were conducted as
described in the following sections.

Figure 4.4. End-to-end distance (residue 2 N to residue 10 C) versus root mean squared deviation
(RMSd) from an ideal PPII structure (left) and RMSD histograms (right) obtained from explicit
solvent REMD calculations on the Ac–[Hyp–(β–D–Gal)]9–NH2 peptide at 300 K (top) and 552 K
(bottom). Representative structures are shown for the conformations with the large deviations from
an ideal PPII helix.
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4.3.3. ABMD Simulations in Implicit Water
ABMD simulations were initially carried out in implicit water to investigate the

influence of cis–trans isomerization on the structural ensemble of all three peptides (Figure

4.1) since this transition does not occur on feasible timescales during regular dynamics. As
mentioned in the Computational Details, implicit solvation was used in the first instance
since it is very computationally expensive to derive the biasing potential from explicit

solvent calculations. Furthermore, a wide temperature range (300–1200 K) was

implemented in the implicit solvent calculations to aid transition between the PPII and PPI
structures. This combination of temperature and umbrella (ABMD) sampling has been
previously shown to adequately characterize the conformational dynamics of polyproline

peptides.30,32 Initial calculations were performed on (Pro)9 for comparison to previous

studies, as well as to obtain a PMF that can be extended to the (Hyp)9 and [Hyp–(β–Gal)]9

models.

From the PMFs (Figure 4.5), the free energy for transitioning from PPII to PPI

(∆F(PPII–PPI)) is estimated to be –20.5 kJ mol–1, –37.6 kJ mol–1 and –37.6 kJ mol–1 for (Pro)9,

(Hyp)9 and [Hyp–(β–Gal)]9, respectively. The more negative ∆F(PPII–PPI) for (Hyp)9 and
[Hyp–(β–Gal)]9 relative to (Pro)9 is expected since these PTMs have been shown to stabilize

the trans conformation.51 However, a higher value for ∆F(PPII–PPI) is expected for [Hyp–

(β–Gal)]9 based on Tm data. This lack of agreement in the relative values for ∆F(PPII–PPI) is

further explored below. The resulting PMFs were subsequently used in HT–REMD

simulations, which included an unbiased replica to obtain equilibrium data. Results from a

residue–based analysis of this equilibrium data are shown Table 4.4, which include the

percentage of conformations that adopt the true PPII structure (P(PPII)), trans ω dihedral
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angle (P(T)), as well as lie in the F region of the Ramachandran plot (P(F)), which
encompasses both PPI and PPII structures.

Figure 4.5. Potential of mean force (PMF) for conversion from PPII (Ω = –9.0) to PPI (Ω = +9.0) for
the (A) Ac–(Pro)9–NH2, (B) Ac–(Hyp)9–NH2 and (C) Ac–[Hyp–(β–D–Gal)]9–NH2 peptides obtained
from implicit solvent ABMD simulations.

The unbiased HT–REMD data indicates a high PPII content in the (Pro)9 peptide,

with P(PPII) ranging between 56–86% and on average being 65%. However, P(T) is on

average 69%, which implies there is a significant amount of the cis conformation about the

ω dihedral (31%). Furthermore, there is a decrease in the percentage occupation of the
trans isomer towards the middle of the peptide. Specifically, the occupation decreases from
74% for the first Pro residue in the peptide (Ac–P1) to 55% for the fifth residue (P4–P5), and
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then increases to 90% for the final residue (P8–P9). The P(F) region is occupied for

approximately 100% of the simulation for all residues in the strand except for the last prolyl
amide bond.

Similar results have been obtained in other computational studies of

oligoprolines,32,52-53 which verifies the approach used in this chapter.

Table 4.4. PPII and trans content of each residue in all model compounds obtained from unbiased
HT–REMD simulations in implicit water.

(Pro)9
(Hyp)9
[Hyp–(β–Gal)]9
a
b
c
a
b
c
Bond
P(PPII) P(T) P(F) P(PPII) P(T) P(F) P(PPII)a P(T)b P(F)c
Ac–P1
74
74
100
77
77
99
72
74
100
P1–P2
75
76
100
89
89
100
90
92
98
P2–P3
64
65
100
87
88
100
96
96
100
P3–P4
61
61
100
85
84
100
84
81
100
P4–P5
56
55
100
87
87
100
80
81
100
P5–P6
56
58
100
82
83
98
88
89
99
P6–P7
61
62
100
87
87
100
82
85
99
P7–P8
86
87
100
89
91
99
90
94
97
P8–P9
56
90
67
67
91
76
64
90
75
Average[d]
65
69
83
86
83
87

[a]P(PII)

refers to the percentage of time that a residue adopts the PPII conformation. [b]P(T) refers to
the percentage of time that a residue adopts the trans conformation. [c]P(F) denotes the percentage of
time spent in the F region (PPI and PPII) of the Ramachandran plot. [d]A standard error of the mean of
less than 1% was obtained in all cases for P(PPII) and P(T) for all peptides in this thesis.

There is an increase in the number of trans conformers in both modified peptides

relative to (Pro)9, which is expected since the PTMs have been shown to clearly enhance the
trans conformation.51,54-55 Indeed, the trans amide isomer exists for an average of 86% and

87% of the simulation time in (Hyp)9 and [Hyp–(β–Gal)]9, respectively. Furthermore,

P(PPII) is on average 83% for both peptides. Similar to (Pro)9, P(F) is nearly 100% in all but
the last residue in both modified peptides.

As discussed above, a sequence–based analysis on the equilibrium data can be done

to determine whether each residue in the peptide adopts the cis or trans conformation.

Subsequently, the probability that a particular conformational sequence is adopted can be
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obtained. The results of this analysis are shown in Table 4.5 for the seven most likely
sequences. In the (Pro)9 peptide, the all trans sequence is the most probable conformation.

Table 4.5. The seven most probable conformers of the (Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9 peptides in
terms of the cis (C) or trans (T) conformation about the ω dihedral angle for each residue according
to unbiased HT–REMD simulations in implicit water.
(Pro)9

Sequence
TTTTTTTTT
TTTTCTTTT
TTTTTCTTT
TTTTCCTTT
TTTCTTTTT
TTTTTTCTT
TTTCCTTTT

Prob.
(%)
3.3
3.0
2.4
2.2
2.1
1.9
1.9

(Hyp)9

Sequence
TTTTTTTTT
CTTTTTTTT
TTTTTCTTT
TTTCTTTTT
TTTTCTTTT
TTTTTTCTT
TTCTTTTTT

Prob.
(%)
26.5
7.9
5.3
4.9
3.9
3.9
3.8

[Hyp–(β–Gal)]9
Prob.
Sequence
(%)
TTTTTTTTT 27.8
CTTTTTTTT
9.7
TTTCTTTTT
6.4
TTTTCTTTT
6.2
TTTTTTCTT
5.0
TTTTTCTTT
3.3
TTTTTTTTC
3.2

However, this sequence has a low probability (3.3%) and a strand with cis

interruption in the middle of the strand is very close in probability. This implies that the

(Pro)9 oligomer likely adopts an ensemble of structures with consecutive trans residues
interspaced by cis residues even at 300 K. This result is in line with several recent

experimental and computational findings.47,49,52 More importantly, the calculations show a

significant increase in the all trans sequence in both the (Hyp)9 and [Hyp–(β–Gal)]9 peptides
(26.5 and 27.8% respectively) relative to (Pro)9 (3.3%). This finding correlates with the

experimentally-observed extra stabilization of the trans isomer due to these

modifications.51 Additionally, sequences with at least 6 trans residues exist for 72% of the

simulation time in the ensemble of structures obtained for the unmodified peptide
compared to 98% of the simulation time for both the hydroxylated and glycosylated
peptides.

Using the HT–REMD data, ∆F(PPII–PPI) is estimated to be –20.5, –42.2and –46.0.0 kJ

mol–1 for (Pro)9, (Hyp)9 and [Hyp–(β–Gal)]9, respectively. These values are very similar to

those obtained from the PMFs, which suggests that both sets of calculations are well
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converged. While this similarity is encouraging in terms of convergence, experimental Tm
values show that the glycosylated peptide (Tm = 70°C) is more stable than the hydroxylated

peptide

(Tm = 38°C), which should translate to a significantly more negative calculated ∆F

for the glycosylated peptide relative to (Hyp)9. It is anticipated that the absence of explicit

water molecules in the ABMD calculations could be responsible for this discrepancy. To test
this hypothesis, explicit solvent refinement of the implicit solvent PMFs was performed for
the (Hyp)9 and [Hyp–(β–Gal)]9 peptides as discussed below. (Pro)9 is not considered in this

analysis since the corresponding PMF is already much lower than that of (Hyp)9, which
corresponds well with experiment.4

4.3.4. ABMD Simulations in Explicit Water

Multiple walker ABMD simulations at 300 K were used to refine the PMFs obtained

in implicit solvent. Figure 4.6 compares the final results obtained from explicit solvent

simulations for (Hyp)9 and [Hyp–(β–Gal)]9, respectively. This comparison suggests that
explicit water molecules have a profound effect on the PMFs. In (Hyp)9, ∆F(PPII–PPI) is

approximately –83.6 kJ mol–1 in explicit solvent compared to –37.6 kJ mol–1 in implicit
solvent (Figures 4.5B and 4.6A). An even larger effect occurs for the [Hyp–(β–Gal)]9 peptide,
where the free energy difference decreases to approximately –192.3 kJ mol–1 from –37.6 kJ
mol–1 (Figures 4.5C and 4.6B).

Therefore, the state-of-the-art ABMD calculations in explicit water suggest that the

PPII structures are more strongly preferred relative to PPI by 108.7 kJ mol–1 in [Hyp–(β–

Gal)]9 compared to (Hyp)9. This finding is consistent with the experimentally observed Tm

values for the two peptides suggesting that discrete sugar–solvent and peptide–solvent

interactions are likely responsible for the increased thermal stability of the glycosylated
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peptide. A similar effect of sugar–explicit solvent interactions has been previously reported
in the literature for an N-glycosylated protein.10

Figure 4.6. Potential of mean force (∆F(PPII–PPI)) for conversion from PPII (Ω = –9.0) to PPI (Ω =
+9.0) for the (A) Ac–(Hyp)9–NH2 and (B) Ac–[Hyp–(β–D–Gal)]9–NH2 peptides obtained from explicit
solvent ABMD simulations.

4.4. Discussion

Experimental results have shown that modifications to Pro can lead to an increased

structural integrity of oligoproline peptides.4,56 In particular, contiguous galactosylation of a

nonaproline oligomer, which is a model of the HRGPs found in plant cell walls, leads to a

relatively higher melting temperature when compared to the corresponding hydroxylated

model.4 The stabilizing effects due to contiguous hydroxylation in (Hyp)9 relative to the

unglycosylated (Pro)9 peptide can be understood in terms of stereoelectronic (n → π*)

effects that favor the trans conformation. 4R-hydroxylation or attachment of
119

electronegative elements such as fluorine to the Cγ atom of Pro has been shown to stabilize

the trans isomer of Pro. In particular Ktrans/cis of 6.1 and 4.6 was measured for Hyp and Pro in
D2O at 25°C.50 However, the reason for the increased stability due to glycosylation cannot be

fully attributed to such effects since glycosylation and hydroxylation yield similar trans
preference in a monomeric unit (Chapter 3).57 To explain this experimental observation, the

structure–function relationship of a covalently–linked sugar must be investigated. In this
light, the present Chapter outlines detailed conformational sampling of three oligoproline

peptides, (Pro)9 , (Hyp)9 and [Hyp–(β–Gal)]9.

A covalently–linked sugar can stabilize a particular peptide conformation via

different modes of action.10,58-60 First, the glycan could form strong intramolecular hydrogen

bonds (see Figure 4.2) to the peptide backbone and/or other glycans. Indeed, this has been
proposed in the literature to explain why certain oligomers containing other amino acid

residues, such as glutamines (Gln), have a high tendency to form PPII helices.61 In this case,

calculations show that the Gln sidechain forms a hydrogen bond to the preceding main

chain carbonyl group, which helps maintain the ψ dihedral of the Gln residue, as well as the
φ and ψ angles of the preceding residue, in the PPII conformation. In the case of β–D–
galactose addition, the data shows that there are indeed similar intramolecular hydrogen-

bonding interactions between neighboring sugars, and between the sugars and the peptide

backbone. Specifically, interactions exist between the O6'-hydroxyl hydrogen (Figure 3.2) at

position i and the carbonyl oxygen (C=O) in the peptide backbone at positions i–2 and i–3.

Additionally, hydrogen bonding occurs between the O2' hydrogen of residue i and O6' of

residue i+1. However, in the presence of explicit solvent molecules, there is a competition
between intramolecular interactions and intermolecular interactions with solvent. Indeed,

there is a maximum occupancy of only 13% for the sugar–backbone and sugar–sugar
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interactions in an 80 ns MD simulation. Thus, while the observed intramolecular hydrogen

bonding may contribute to the stability of the PPII conformation, it will not lead to the
observed 37°C difference in the melting temperature of the (Hyp)9 and [Hyp–(β–Gal)]9

oligopeptides. This contradicts a previous proposal (based on molecular mechanics
minimizations) that intramolecular hydrogen bonding is responsible for the observed
differences in melting temperatures between (Hyp)9 and [Hyp–(β–Gal)]9.4

The covalently-linked sugars can also lead to a favoured PPII conformation through

a steric mechanism. However, this cannot be the case for the glycosylated peptide studied in

this Chapter. Specifically, more energy could be required to transition from a PPII to PPI

conformation because of steric clashes during the cis to trans isomerization. While this may
be true for biological HRGP with complex polysaccharides attached,62 the calculations do

not support this proposal for the main source of increased PPII stability in the [Hyp–(β–

Gal)]9 model peptide. Indeed, PMFs obtained from implicit solvent ABMD calculations are
almost identical for (Hyp)9 and [Hyp–(β–Gal)]9 (Figure 4.5), which leads to very close

estimated free energy differences between PPI and PPII. Likewise, the HT–REMD free
energy estimates, as well as the estimated proportion of the all trans PPII sequence (Table
3.5), are very close for both oligopeptides.

Due to the observations outlined in the previous two paragraphs, the PMFs obtained

in implicit solvent were refined in explicit (water) solvent and the subsequent analysis
revealed the likely reason for the observed increased stability of the glycosylated peptide.

Specifically, the PPII conformation of the Hyp and [Hyp–(β–Gal)]9 peptides are more

stabilised relative to PPI in explicit solvent compared to the implicit solvent. However, this
effect is greater for the [Hyp–(β–Gal)]9 based on the PMF resulting from explicit solvent
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calculations. Therefore, the ∆F(PPII–PPI) for [Hyp–(β–Gal)]9 in explicit water is

approximately 109 kJ mol–1 lower than predicted for the hydroxylated peptide, which

agrees with experimental trends in PPII stability as described by the difference in Tm
between the peptides.4 Since implicit solvent does not allow direct hydrogen bonding

between the solvent and the backbone or sugar, the only available explanation for the
difference in ∆F(PPII–PPI) for (Hyp)9 versus [Hyp–(β–Gal)]9 is that the sugars interact with

the water molecules in some fashion that makes the PPII form much more stable. This
interaction is likely hydrogen bonding between the sugar hydroxyl groups and water

molecules. The equilibrium MD calculations in explicit solvent show that these hydrogen
bonds are present most of the time and are only briefly interrupted by intramolecular

hydrogen bonding to other sugars or the peptide backbone (Table B2). Conversion of a

peptide bond from the trans to cis configuration would require a disruption of this
hydrogen-bonding network and displacement of water molecules around the peptide.

Interestingly, several solvent–hydroxyl hydrogen bonds are also observed in the

hydroxylated derivatives, which have been highlighted previously in the literature8 and may

work with the stabilizing effects of electronegative hydroxyl substituents to contribute to
the greater PPII stability of these oligomers compared to (unsubstituted) oligoprolines.

In summary, the extensive MD calculations reported in this chapter suggest that

interactions between sugar moieties covalently attached to an oligoproline peptide and the

surrounding water molecules lead to an increased stability of the PPII conformation.

Additionally, this explains the recent experimental finding that contiguously galactosylated
peptides exhibit

higher melting temperatures compared to the corresponding

unglycosylated or contiguously hydroxylated peptides.4 This result highlights a potential
mode of action for complex glycans including in the HRGPs of plant cell walls.2
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4.5. Conclusions
In this chapter, extensive MD simulations were carried out in implicit and explicit

water to determine how contiguous glycosylation of Hyp residues as observed in plant
HRGPs affects the structure of oligoprolines.. Additionally, it was necessary to rationalize

experimental results showing an increase in the stability of the PPII conformation in a

contiguously glycosylated nonaproline peptide compared to a hydroxylated variant. A
variety of sophisticated molecular modeling techniques were applied including MD in
explicit water, REMD in explicit water and ABMD in implicit and explicit water. The results

show that glycosylation shields the backbone carbonyls from water in the PPII
conformation, which is compensated for by intramolecular hydrogen bonding between the

backbone carbonyls and the sugar moiety, as well as sugar–sugar interactions. However,

these discrete interactions are not persistent enough in explicit solvent to explain the
magnitude of the increase in the conformational stability observed experimentally.4

Both hydroxylation and glycosylation of proline increase PPII stability, which can be

partly explained by stereoelectronic effects induced by the modifications favouring the

trans amide isomer. Implicit solvent ABMD calculations indicate that the PPII conformation
of both hydroxylated and glycosylated compounds are similar in stability compared to the
PPI structure, which does not agree with the significantly higher melting temperatures

measured for the glycosylated peptide. Extending the ABMD calculations to include explicit

solvent yields the correct stability trend, which highlights the importance of sugar–solvent
interactions. Thus, it is concluded that intermolecular interactions between the sugar
moieties and the water molecules are the primary reason for the experimentally observed

increase in thermal stability of the glycosylated oligoproline compared to the hydroxylated
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and unmodified peptides. These results provide further support for previous literature
proposals2 that structure stabilization is one of the reasons for the extensive glycosylation

of biological HRGPs. The next chapter will consider non–contiguous glycosylation in order

to provide structural insight into another biologically–relevant proline glycosylation
pattern.
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Chapter 5. Conformational Analysis of Non-contiguously Glycosylated Oligoproline
Peptides a
5.1. Introduction
It was determined in the previous chapter that contiguous glycosylation of a

hydroxyproline oligopeptide significantly increases the stability of the PPII conformation
through sugar–solvent intermolecular interactions. This finding explains previous

experimental observations that contiguous glycosylation leads to a high Tm value (70°C)

compared to the unmodified (Tm = 22°C) or hydroxylated (Tm = 38°C) variants. While this

provides useful information about the role of the sugar moiety in contiguously glycosylated

hydroxyproline peptides, naturally occurring HRGPs also contain non-contiguous segments

of glycosylated Hyp.1-4 Therefore, the effects of non-contiguous glycosylation must be

considered. As a result, compounds with varying degrees of non-contiguous glycosylation

(Table 5.1) were synthesized and characterized using CD spectroscopy by Schweizer and

coworkers.5 The results show that all compounds exhibit a minimum at 205 nm and a

maximum at 225 nm in their molar ellipticities (θ), which is characteristic of a PPII

conformation.6-8

Table 5.1. Oligoproline compounds considered in this studya

Compound
Ac-(Pro)9-NH2
Ac-(Pro-Hyp-Pro)3-NH2
Ac- (Pro-[Hyp-(α-Galactose)]-Pro)3-NH2
Ac-(Pro-[Hyp-(β- Galactose)]-Pro)3-NH2
Ac-(Pro-Hyp-Pro)-(Pro-[Hyp-(α-Galactose)]-Pro)-(Pro-Hyp-Pro)-NH2
Ac-(Pro-Hyp-Pro)-(Pro-[Hyp-(β-Galactose)]-Pro)-(Pro-Hyp-Pro)-NH2
[a]O is used to represent the Hyp residue.

Abbreviation
(Pro)9
(POP)3
(POαP)3
(POβP)3
(POP)-(POαP)-(POP)
(POP)-(POβP)-(POP)

E. B. Naziga, S. Bommagani, J. O’Neil, E. Lattova, F. Schweizer and S. D. Wetmore, Conformational
Analysis of Non-contiguously Glycosylated Oligoprolines, unpublished work. 2013.
a
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The experimental data5 also shows that all non-contiguously hydroxylated and

glycosylated peptides register an increase in PPII character based on θmax at 225 nm
compared to the unmodified peptide. Unglycosylated (Pro)9 has a [θ]max of approximately

500 deg cm2 dmol–1 (Table 5.2). In contrast, the triply hydroxylated (POP)3 peptide has a

substantially larger value of [θ]max = 2844 deg cm2 dmol–1 relative to (Pro)9. This result

reflects the presence of three Hyp residues, which are more stable than Pro residues in the
PPII structure due to the more stable trans conformation of Hyp compared to Pro.
Table 5.2. Molar ellipticity at 225 nm for all compounds at 25°C[a].

[a] From

Compound
(Pro)9
(POP)3
(POαP)3
(POβP)3
(POP)-(POαP)-(POP)
(POP)-(POβP)-(POP)

[θ]max[b]
500
2844
3268
2126
3892
3433

reference 5. [b][θ]max in units of deg cm2 dmol–1.

The triply α-glycosylated (POαP)3 peptide has a [θ]max of approximately 3268 deg

cm2 dmol–1, which is much larger than the value obtained for the unmodified (Pro)9

compound, but only slightly larger than the triply hydroxylated (POP)3 peptide. This

indicates that non-contiguous hydroxylation and glycosylation produce similar effects on

the PPII stability. The triply β-glycosylated (POβP)3 peptide, on the other hand, has a

smaller ([θ]max ≈ 2126 deg cm2 dmol–1) molar ellipticity than the triply hydroxylated

compound, implying that triple β-glycosylation destabilizes the PPII helix compared to

triple hydroxylation or α-glycosylation. This contrasts the previous study of contiguously
glycosylated peptides that found α and β-glycosylation to yield similar effects on the PPII

structure and the reason for this contradiction is not immediately apparent.
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Peptides with a single α or β-glycosylation, namely (POP)-(POαP)-(POP) and (POP)-

(POβP)-(POP), have a maximum molar ellipticity at 225 nm of 3892 deg cm2 dmol–1 and

3433 deg cm2 dmol–1, respectively. These values are larger than for the triply α(β)-

glycosylated peptides described above, which suggests that PPII stability may not

necessarily increase with a higher degree of glycosylation when (at least) two amino acids
are between the glycosylated Hyp residues. Despite these interesting results, understanding

the molecular basis for these experimental observations requires detailed atomic level
information that can be obtained through computational studies for these complex
molecules.

Important structural information was obtained from the experimental study

described above, however, CD spectra can be difficult to interpret beyond establishing the

presence of the PPII conformation. For instance, while the height of the maximum at 225 nm
(θmax) has been correlated to PPII content in the literature,9-10 Tm data suggests that a (Flp)10
oligopeptide with a smaller value of θmax is more stable in the PPII conformation than a

(Hyp)10 compound with greater θmax at 225 nm.8,11 A unique Tm could not be determined for

the non-contiguously glycosylated peptides since multiple deep minima were obtained from
dθmax/dT, suggesting that the PES of these compounds is more complex than the
contiguously glycosylated peptide simulated in Chapter 4. Furthermore, as outlined above,

the peptides with either a single α or β- glycosylation are the most stable among the non-

contiguously glycosylated compounds (Table 5.1) according to θmax (Table 5.2). Therefore,
the PPII stability may not necessarily increase with a higher degree of glycosylation for the

structures considered in this Chapter, which have a minimum of two amino acids between
glycosylated Hyp residues. Understanding the molecular basis for these experimental
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observations requires detailed atomic level information that can be obtained through
molecular modeling studies for these complex molecules.

In the present Chapter, sophisticated molecular modeling methods are used for the

first time to study the five non-contiguously modified peptides examined by Schweizer and
coworkers (Table 5.1 and Figure 5.1).5 Data obtained for the (Pro)9 peptide in Chapter 4 is

also included in this chapter to allow for comparison with the substituted peptides. As done

in Chapter 4, advanced simulation techniques, such as ABMD and HT–REMD are used to
comprehensively sample the peptide conformations. This investigation reveals that
glycosylation can stabilize the PPII structure in agreement with previous experimental
data.12-13 However, there is a decrease in PPII character as the number of attached sugars

increases, which is explained by the formation of new intramolecular interactions in the
non-contiguously glycosylated peptides.

Figure 5.1. Models of the non-contiguously glycosylated oligoproline compounds
considered in this chapter.
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5.2. Computational Details
To provide structural information on non-contiguous glycosylation of oligoprolines

as well as complement and rationalize experimental information regarding the effects of

non-contiguous glycosylation on PPII stability, all available degrees of freedom in the five
modified peptides considered must be thoroughly sampled, including the puckering
transitions of the (substituted) Pro ring and variations in the backbone dihedral angles (φ,

ψ and ω). As reported in Chapter 4, several theoretical studies have established that the two

major puckering states in Pro (Cγ–exo and Cγ–endo), as well as the φ and ψ dihedral angles,

are well sampled over the course of a standard MD simulation.14-17 Consequently, the main

consideration for designing a sampling protocol for non-contiguously glycosylated

oligoproline peptides is the ω dihedral angle,18 which dictates whether a particular residue
adopts the cis or trans conformation. Indeed, transitions between unsubstituted Pro

isomers require more than 42 kJ mol-1,19-21 and therefore will not readily occur in a standard
MD simulation of several hundred nanoseconds.

With the above considerations in mind, a series of MD simulations that adequately

sample all low vibrational modes of the oligopeptides was implemented as described in

Chapter 4. As per Chapters 3 and 4, all calculations were carried out using AMBER 1122 with
the AMBER FF99SB23 and GLYCAM 06f24 force fields describing the peptide and sugar

moieties, respectively. Additional parameters for the hydroxyproline residue were obtained

from Park et al,25 and the glycosylated Hyp units were prepared as outlined in Chapter 3.
Implicit solvent calculations used a generalised Born model,26-27 while explicit water

molecules were represented by the TIP3P model.28 Further details of each type of
calculation are given below.
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5.2.1. ABMD Simulations in Implicit Water
ABMD29-30 simulations were used to overcome the barriers associated with cis to

trans isomerization of the peptide ω dihedral angle. Following recent protocols in the
literature for sampling the ω dihedral angle in oligoproline peptides,17-18,31-32 which was also

implemented in Chapter 4, a sum of cosines of ω was adopted as the collective variable (CV).

In particular, the following expression was used:

Ω = � cos (ω𝑖 )
𝑖

where Ω sums to +9 or –9 for a PPI (all cis) or PPII (all trans) structure, respectively.
Initially, the ABMD procedure (in a REMD scheme) was implemented to obtain the PMF. The

resulting PMFs were subsequently used in HT-REMD calculations to facilitate barrier
crossing. Additional details for each type of calculation are outlined below.

a. ABMD PMF Refinement: To facilitate convergence, an initial PMF for the five

modified peptides considered in the present chapter was adopted from the (Hyp)9
simulations presented in Chapter 4. Subsequently, refinement calculations were

performed with 4∆ξ = 0.1 and τF increased in two steps from 100 to 200 ps (see

Chapter 3 and literature33-34 for details about the parameters required in ABMD
calculations). At this stage, 24 replicas were implemented, each with a different
biasing potential and temperatures ranging from 300 to 1200 K, which has been

shown to aid transition between the PPII and PPI helices.32-33 ABMD simulations of

at least 100 ns per replica simulation were used to refine the PMFs for each
modified peptide.
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b. HT–REMD Calculations: Using PMFs obtained from the ABMD calculations

described above, HT–REMD calculations were performed to obtain equilibrium data.
In these calculations, a total of 28 replicas were implemented, including 4 additional

replicas at 300 K. One of the additional replicas was completely unbiased and was
used to collect equilibrium data, while the other three replicas were biased based on

the PMF of the 300 K replica and scaled by a range of factors (0.49, 0.76 or 0.90).

This procedure enhances the exchange to the unbiased replica.34 All other

simulation parameters were the same as for the refinement simulations. The HTREMD calculations were run for at least 250 ns per replica for each peptide.

5.2.2. MD Simulations in Explicit Water

The leading conformational sequence in terms of the cis and trans pattern for each

glycosylated compound (see Results section for details) was further simulated in the
presence of explicit water. The representative structure from clustering based on the

peptide backbone atoms was used as the starting solute (peptide) conformation. Initial

models were created with the xLeap module of AMBER, and solvated in an octahedral water

box leading to final box sizes of 47, 42, 45, 41 and 42 Å for the (POP)3, (POαP)3, (POβP)3,
(POP)-(POαP)-(POP), and (POP)-(POβP)-(POP) peptides, respectively. Two stages of

minimization were carried out. In the first step, the solute molecule was held fixed, while

the water molecules were relaxed. Next, the entire system was minimized. The resulting
structures were slowly heated from 5 to 300 K over 50 ps and allowed to further equilibrate

at the final temperature for another 50 ps in an NVT simulation. The equilibrated systems
were then subjected to NPT production calculations of at least 100 ns. A timestep of 1.0 fs
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was used in the NVT equilibration and 2.0 fs in the NPT calculations. van der Waals
interactions were consistently truncated at 10 Å.

Umbrella sampling was implemented in explicit water for the (POP)3 and (POβP)3

peptides to characterize the stability of a specific ω dihedral in the cis and trans
conformation (see Results section for details). The (POP)3 peptide was chosen because it is

unglycosylated and has a cis/trans free energy difference comparable to the Pro residue. On

the other hand, the (POβP)3 peptide was chosen to represent the non-contiguously
glycosylated peptides that contain intramolecular hydrogen bonds and have a cis/trans

relative free energy that is different from a Pro residue. The –180° to 180° range of the ζ

improper dihedral, which was used as the CV (∠(CA–O–CD–CA)),35 was covered using 36

windows. A force constant of 100 kcal mol–1 rad–2 was used to restrain the CV around the

center of each window considered. A 14 ns MD simulation was carried out for each window

to yield a total of a 504 ns MD simulation per peptide. The weighted histogram analysis
method36-37 (WHAM) was implemented to generate the PMF using a computer program
developed by Dr. Alan Grossfield.38
5.3. Results

5.3.1. Residue-Based Analysis of PPII and Trans Content
Conformations obtained from HT-REMD sampling of (Pro)9, as well as the five non-

contiguously hydroxylated/glycosylated peptides (Table 5.1), were analysed for PPII

character. A residue was considered to adopt a PPII conformation if (–110° < φ < –20°),
(50° < ψ < 180°) or (–120° < ψ < –180°), and the ω dihedral angle is in the trans
configuration. The PPII conformation is preferred for each residue in the unmodified (Pro)9
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peptide (Table 5.3), with the probability of finding a residue in the PPII conformation

(P(PPII)) ranging from 56 to 86%, and being on average 65%. Similarly, the percentage of
time a particular amino acid adopts the trans conformation (P(T), (Table 5.4)) averages

69%, which implies that a significant number of residues (31%) occupy the cis
conformation. Furthermore, there is a decrease in the frequency of trans conformers
towards the middle of the peptide. In particular, P(T) decreases from 74% for the first Pro

residue in the peptide (Ac–P1) to 55% for the fifth residue (P4–P5), and then increases to

90% for the final residue (P8–P9). These results agree with previous computational studies

of unmodified oligoprolines of similar length,32,39 which validates the approach
implemented in this thesis.

The average PPII increases for (POP)3 (72%) relative to (Pro)9 (65%). Furthermore,

P(T) has a mean value of 75% for (POP)3 (Table 4.4), which is larger than for (Pro)9 (69%).

Similar to (Pro)9, P(T) is smallest in the middle of the peptide (52%) for (POP)3, while

hydroxylation leads to larger P(T) values for the P2–P3, P5–P6 and P8–P9 ω bonds compared

to the unmodified peptide, which is expected since this PTM favours the trans
conformation.12,40 Therefore, hydroxylation of three Pro residues stabilizes the PPII

conformation compared to (Pro)9, which correlates with the experimentally observed θmax
values of 500 and 2844 deg cm2 dmol–1 for (Pro)9 and (POP)3, respectively (Table 5.2).

Table 5.3. PPII content (P(PPII))a of each residue in model compounds obtained from unbiased HT–
REMD simulations in implicit water.
Compound
Ac–P1 P1–P2 P2–P3 P3–P4 P4–P5 P5–P6 P6–P7 P7–P8 P8–P9 Avg.
(Pro)9
74
75
64
61
56
56
61
86
56
65
(POP)3
78
69
85
60
52
82
77
78
65
72
(POαP)3
82
96
77
30
98
76
29
98
66
72
(POβP)3
68
77
94
28
84
85
31
94
68
70
(POP)-(POαP)-(POP)
76
83
76
38
80
79
78
78
64
72
(POP)-(POβP)-(POP)
77
76
86
35
81
83
75
75
64
72
[a]P(PPII) refers to the percentage of time an ω dihedral angle adopts the PPII conformation.
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For the (POαP)3 peptide, the average P(PPII) is the same as for (POP)3 (72%), but

different residues have larger (and smaller) contributions to this value than for (POP)3. In

particular, P(PPII) for P1–P2, P4–P5 and P7–P8 is 96, 98 and 98% in (POαP)3, respectively,

while the same residues have P(PPII) values of 69, 52 and 78% in (POP)3. However, the
large P(PPII) for these residues in (POαP)3 is offset by small P(PPII) values for the P3–P4 and

P6–P7 residues (30 and 29%, respectively). In contrast, P(PPII) values in (POP)3 for the P3–

P4 and P6–P7 residues are 60 and 77%, respectively. A similar trend occurs for P(T) (POαP)3,
where an average of 75% is obtained, and P(T) equals 94%, 98% and 98% for P1–P2, P4–P5

and P7–P8, but 33 and 31% for P3–P4 and P6–P7, respectively. Overall, these results imply
that glycosylation with three α sugar moieties does not on average enhance the stability of
the PPII conformation compared to a triply hydroxylated model.

Table 5.4. Trans content (P(T))a of each residue in model compounds obtained from unbiased HT–
REMD simulations in implicit water.
Compound
Ac–P1 P1–P2 P2–P3 P3–P4 P4–P5 P5–P6 P6–P7 P7–P8 P8–P9 Avg.
(Pro)9
74
76
65
61
55
58
62
87
90
69
(POP)3
78
69
85
61
52
82
77
79
94
75
(POαP)3
78
94
76
33
98
75
31
98
97
75
(POβP)3
69
76
94
27
85
86
30
95
95
73
(POP)-(POαP)-(POP)
76
83
77
38
79
79
77
79
93
76
(POP)-(POβP)-(POP)
77
76
86
35
81
83
75
77
94
76
aP(T) refers to the percentage of time that an ω dihedral angle adopts the trans
conformation.

The β-glycosylated (POβP)3 peptide exhibits a similar pattern of high and low

P(PPII) and P(T) values across the constituent amino acid residues as observed for (POαP)3.
Specifically, the average P(PPII) is 70%, while P(PPII) for P2–P3, P4–P5 and P7–P8 is 94, 84

and 94%, but P(PPII) for P3–P4 and P6–P7 is 28 and 31%, respectively. Similarly, the average

P(T) is 73%, with the P2–P3, P4–P5 and P7–P8 ω bonds having trans occupancies of 94, 86 and

95%, respectively. In contrast, the P3–P4 and P6–P7 ω dihedrals adopt the trans
conformation for a significantly smaller fraction of the simulation (27 and 30%,

respectively). Therefore, glycosylation with a triplet of α or β-galactose sugars produces on
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average similar effects on the peptide backbone in terms of the P(PPII) and P(T)
parameters, albeit slightly smaller values occur for the β-glycosylated variant.

The (POP)-(POαP)-(POP) peptide has an average P(PPII) of 72%. As discussed for

the α-glycosylated (POαP)3 peptide, P1–P2 and P4–P5 have a relatively higher P(PPII) (83 and

80 %, respectively) compared to (POP)3. However, only P3–P4 has a small PPII content

(38%) in (POP)-(POαP)-(POP). As seen for the other peptides, P(T) exhibits the same trend
as P(PPII). Specifically, the average P(T) for (POP)-(POαP)-(POP) is 76%, with 83 and 79%

for P1–P2 and P4–P5, respectively, but 38% for P3–P4. Thus, glycosylation with a single αgalactose causes P(PPII) and P(T) to decrease in only one residue, while triple glycosylation
causes a decrease in these values on two residues as described in the previous paragraph.

The average P(PPII) for (POP)-(POβP)-(POP) is 72%. Additionally, the P1–P2 and P4–

P5 residues have PPII content of 76% and 81%, respectively, while P3–P4 adopts the PPII

conformation for much less of the total simulation time (35%). The average P(T) is the same

as reported for the (POP)-(POαP)-(POP) peptide (76%). Similarly, the P3–P4 dihedral angle

for (POP)-(POβP)-(POP) has a much reduced P(T) (35%) compared to other residues in the

same peptide. Thus, a single β-glycosylation reduces the P(PPII) and P(T) of one residue and

yields similar average values for P(PPII) and P(T) as a single α-glycosylation.

Some trends emerge from the above analysis of the P(PPII) and P(T) values in the

various substituted oligoprolines. In particular, hydroxylation and glycosylation stabilize

the trans isomer of select residues compared to the unmodified peptide, which is in
agreement

with

several

experimental12-13,41-42

and

theoretical14,35,43-44

studies

of

hydroxylated Pro and glycosylated Hyp peptides. The PPII and trans content is on average

larger in all modified compounds compared to (Pro)9, which correlates with the measured
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relative heights of the ellipticity at 225 nm (Table 5.2). Additionally, glycosylation leads to a
low P(PPII) and P(T) in some residues. Since the number of such residues increases with
the degree of glycosylation, this phenomena could explain the experimentally observed

decrease in θmax for the triply glycosylated peptides compared to the singly glycosylated

compounds.

However, these results are in contrast to those from implicit HT-REMD

calculations on the contiguously glycosylated peptide in Chapter 4, where all residues adopt

the trans conformation for a majority of the simulation. This implies that the degree and
position of glycosylation can modulate the PPII stability of these oligoprolines.
5.3.2. Sequenced-Based Analysis of Trans Content.

The previous subsection considered the conformation of individual residues over

the course of an unbiased HT-REMD simulation. In the present subsection, a sequence-

based analysis is implemented to investigate whether non-contiguous modifications affect
the identity and populations of the preferred conformational sequences (Table 5.5).

As reported in Chapter 4, the all trans sequence (TTTTTTTTT) is the most prevalent

conformational sequence of the unmodified (Pro)9 peptide, with a 3.3% occupancy.

However, the next most prevalent sequence has a cis interruption in the middle of the
peptide and a very similar occupancy (3.0%). Additionally, the next five most occupied

sequences have one or two cis conformation(s) at various positions (∼2% occupancies).

This indicates that the unmodified peptide will adopt a variety of sequences in terms of cis
and trans patterns in water at room temperature, which is in accordance with other

experimental and theoretical studies of proline peptides.34,45
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Table 5.5. The seven most probable conformers of the model compounds in terms of the cis (C) or trans (T) conformation about the ω dihedral angle
for each residue according to unbiased HT–REMD simulations in implicit water.
st
Compound
1
2nd
3rd
4th
5th
6th
7th
(Pro)9
TTTTTTTTT
TTTTCTTTT TTTTTCTTT TTTTCCTTT TTTCTTTTT TTTTTTCTT TTTCCTTTT
(3.3)
(3.0)
(2.4)
(2.2)
(2.1)
(1.9)
(1.9)
(POP)3
TTTTTTTTT
TTTTCTTTT TTTCTTTTT TTTTCCTTT TTTCTTTTT TCTTTTTTT TCTTCTTTT
(6.8)
(6.2)
(4.5)
(4.1)
(2.1)
(3.0)
(2.7)
(POαP)3
TTTCTTCTT
TTTTTTCTT TTTCTTTTT TTTCTCCTT TTCCTCCTT CTTCTTCTT TTTTTTTTT
(17.4)
(8.5)
(7.9)
(5.9)
(5.6)
(5.0)
(3.9)
(POβP)3
TTTCTTCTT
CTTCTTCTT
TTTCTTTTT TTTTTTCTT TCTCTTCTT CTTCTTTTT TTTCCTCTT
(16.4)
(7.3)
(7.1)
(6.0)
(5.3)
(3.2)
(3.0)
(POP)-(POαP)TTTCTTTTT
TTTTTTTTT CTTCTTTTT TTCCTTTTT TTTCTTCTT TTTCCTTTT TTTCTCTTT
(POP)
(10.8)
(6.6)
(3.4)
(3.3)
(3.2)
(2.8)
(2.8)
(POP)-(POβP)TTTCTTTTT
TTTTTTTTT TCTCTTTTT TTTCTTCTT TTTCTTTCT CTTCTTTTT TTTCTCTTT
(POP)
(12.5)
(7.4)
(4.4)
(3.6)
(3.5)
(3.1)
(3.0)
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The (POP)3 peptide shows a higher percentage of the all trans sequence (6.8%) than

(Pro)9 (3.3%). However, similar to the unmodified peptide, the TTTTCTTTT sequence
occurs with close probability (6.2%), which implies that the two sequences are nearly
isoenergetic. Interestingly, the TTTTTTTTT sequence is the seventh most populated

conformational sequence for the (POαP)3 peptide (3.6% occupancy), and the tenth most
frequent sequence for the (POβP)3 peptide (2.6%). Furthermore, the most populated

sequence for both triply glycosylated peptides is TTCTTCTT, with occupancies of 17.4 and

16.4% for (POαP)3 and (POβP)3, respectively. The cis interruptions in both (POαP)3 and
(POβP)3 correspond to the P3–P4 and P6–P7 ω dihedrals, which have the smallest P(PPII) and

P(T) values among the ω dihedrals as described in the previous section.
For both

the (POP)-(POαP)-(POP) and (POP)-(POβP)-(POP) peptides, the

TTTCTTTTT sequence is most frequently adopted, with 10.8 and 12.5% occupancies,

respectively (Table 5.5). Additionally, the all trans TTTTTTTTT sequence is the next most

populated for both singly glycosylated peptides, with an occupancy of 6.6%(7.4%) for the
α(β)-glycosylated peptide. The cis residue in the most populated TTTCTTTTT sequence

corresponds to the P3–P4 ω bond, which has the lowest trans frequency (Table 5.4), and
hence PPII conformation, in these peptides (Table 5.3).

In summary, among the peptides considered in this Chapter, only (Pro)9 and (POP)3

most frequently adopt the all trans conformational sequence. Furthermore, glycosylation
with one (three) galactose sugars introduces one (two) cis isomers into the sequence. Thus,

the greater the number of non-contiguous sugar moieties, the more cis interruptions in the

most frequently adopted conformational sequence. A possible explanation for this
observation is that the sugar moieties introduce intramolecular interactions that affect the
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conformation of the peptide backbone, and therefore the PPII stability. This hypothesis is
considered in the next section.
5.3.3.

Sugar–Peptide

Backbone

Intramolecular

Hydrogen-Bonding

Interactions
An important feature of the PPII conformation of unmodified oligoprolines is the

absence of intramolecular hydrogen-bonding interactions.46 However, posttranslational

glycosylation can lead to glycan–peptide backbone interactions.18 Such inter/intramolecular
interactions have been used in the literature to explain why certain oligomers containing

other amino acid residues, such as glutamines (Gln), have a high tendency to form PPII
helices.46 Specifically, calculations revealed that the Gln sidechain forms a hydrogen bond to

the preceding main chain carbonyl group, which helps maintain the ψ dihedral of the Gln
residue, as well as the φ and ψ angles of the preceding residue, in the PPII conformation.

Therefore, the structures of the non-contiguously glycosylated peptides considered in the

present chapter must be analyzed for such contacts in order to understand changes in the
PPII content with the degree of glycosylation.

Table 5.6. Intramolecular hydrogen bonding in the PPII conformation of (POαP)3 observed during
HT-REMD simulation at 300 K in implicit water.a,b
Acceptor H
Donor
res@atom
res@atom
% occupied
3@O
9@H3O
52
2@O
6@H3O
22
4@O
6@H2O
19
7@O
9@H2O
17
5@O
9@H3O
13
2@O
6@H2O
11
5@O
9@H2O
7
1@O
3@H2O
7
3@O
9@H4O
5

[a]A

hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.
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As expected,46 no intramolecular hydrogen bonding is observed in the (Pro)9

peptide. Furthermore, apart from Pro residues, the (POP)3 peptide only contains Hyp

residues, which does not introduce intramolecular interactions as determined in Chapter 4.

However, several sugar–peptide interactions (Table 5.6) are observed in (POαP)3. The most
persistent hydrogen bond (with an approximate 52% occupancy) forms between a

glycosylated Hyp (H30, residue 9) and a backbone carbonyl oxygen (O, residue 3). Other
hydrogen bonds that are present for approximately 20% of the calculation include one

between H3O of residue 6 and the carbonyl O of residue 2, as well as the H2O of residue 6
and the carbonyl O of residue 4.

Similar hydrogen-bonding interactions are observed in the (POβP)3 peptide (Table

5.7, Figure 5.2). Specifically, the most frequent interaction in (POβP)3 occurs between a
glycosylated Hyp (H20, residue 9) and a backbone carbonyl oxygen (O, residue 5) for 30%
of the trajectory (Table 5.7). The (POP)–(POαP)–(POP) peptide also displays noteworthy
intramolecular interactions (Table 5.8), where the longest lasting hydrogen bond (H20,

residue 6 and O, residue 3) has an occupancy of 11%. Finally, the (POP)–(POβP)–(POP)

peptide also has several hydrogen bonds (Table 5.9), with the most frequent interaction
occurring for 15% of the trajectory (H20, residue 6 and O, residue 2). Interestingly, the

hydrogen-bonding interaction between the sugar hydroxyl and backbone carbonyl in all

glycosylated peptides does not require a direct contact with the residue in the cis
conformation. For instance, the interaction between H3O of residue 6 and the carbonyl of

residue 2 in the (POG)-(POαP)-(POG) peptide is facilitated by a cis conformation at residue

4, which appropriately bends the peptide to permit the interaction.
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In summary, glycosylation leads to intramolecular sugar–backbone hydrogen-

bonding interactions in all glycosylated peptides considered herein, while no corresponding

contacts occur in the unglycosylated (Pro)9 and (POP)3 peptides. These hydrogen-bonding

interactions are one way that glycosylation can introduce new structural preferences into

substituted oligoproline peptides and thereby affect the PPII content in oligoprolines.46
However, the presence of such intramolecular hydrogen-bonding interactions in
contiguously glycosylated peptides is greatly diminished in explicit water (see Chapter 4,

Section 4.4), while sugar–solvent interactions become important for dictating the preferred
structure of the peptide.18 Therefore, the presence of the sugar–backbone hydrogen-

bonding patterns discussed in this subsection must be validated in the presence of explicit
water molecules.

Table 5.7. Intramolecular hydrogen bonding in the PPII conformation of (POβP)3 observed during
HT-REMD simulation at 300 K in implicit water.a,b

Acceptor H
Donor
res@atom
res@atom
% occupied
5@O
9@H2O
30
2@O
6@H2O
23
3@O
9@H3O
13
3@O
9@H4O
7
5@O
9@H3O
4
3@O
9@H2O
2
2@O
6@H3O
1
1@O
3@H6O
1
2@O
3@H6O
1
5@O
6@H6O
1
[a]A hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.
Table 5.8. Intramolecular hydrogen bonding in the PPII conformation of (POP)-(POαP)-(POP)
observed during HT-REMD simulation at 300 K in implicit water.a,b
Acceptor H
Donor
res@atom
4@O
2@O
2@O

res@atom
6@H2O
6@H3O
6@H2O
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% occupied
11
9
4

[a]A

hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.

Figure 5.2. Intramolecular hydrogen bonding in the (POβP)3 peptide observed during MD simulation
at 300 K in explicit water.
Table 5.9. Intramolecular hydrogen bonding in the PPII conformation of (POP)-(POβP)-(POP)
observed during HT-REMD simulation at 300 K in implicit water.a,b
Acceptor H
Donor

res@atom
res@atom
% occupied
2@O
6@H2O
15
5@O
6@H6O
1
2@O
6@H3O
1
4@O
6@H6O
1
[a]A hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.
Table 5.10. Intramolecular hydrogen bonding in the PPII conformation of (POαP)3 observed during
MD simulation at 300 K in explicit water.a,b
Acceptor H
Donor

res@atom
res@atom
% occupied
5@O
9@H3O
34
3@O
9@H3O
26
3@O
9@H4O
20
2@O
6@H3O
19
5@O
9@H2O
5
2@O
6@H2O
4
2@O
6@H6O
3
1@O
3@H2O
3
[a]A hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.
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5.3.4. Conformational Preferences in Explicit Solvent
The persistence of the sugar–backbone intramolecular hydrogen bonds in the non-

contiguously glycosylated peptides will be assessed in explicit solvent in the present
section. However, the (Pro)9 and (POP)3 peptides are not considered since no

intramolecular interactions occur along the corresponding trajectories and the all trans

TTTTTTTTT conformational sequence is the most frequent for both peptides, even in
implicit solvent (Table 5.5).

Table 5.11. Intramolecular hydrogen bonding in the PPII conformation of (POβP)3 observed during
MD simulation at 300 K in explicit water.a,b
Acceptor H Donor

res@atom
res@atom % occupied
2@O
6@H2O
85
3@O
9@H4O
83
5@O
9@H3O
81
2@O
6@H3O
22
5@O
9@H2O
15
3@O
9@H3O
11
1@O
3@H6O
7
1@O
6@H3O
2
5@O
9@H4O
1
[a]A hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.
Table 5.12. Intramolecular hydrogen bonding in the PPII conformation of (POP)-(POαP)-(POP)
observed during MD simulation at 300 K in explicit water.a,b
Acceptor H Donor

res@atom
res@atom % occupied
2@O
6@H3O
23
2@O
6@H2O
9
2@O
6@H6O
2
[a]A hydrogen bond is considered to be present when the donor–acceptor distance is 3.5 Å or less, and
the donor–donor hydrogen-bond acceptor angle is 120° or greater. [b]Residue numbering is from 1
(Ac) to 11 (NH2) in the 9-mer peptides.

Explicit solvent MD calculations were initiated from the most frequent

conformational sequence according to the implicit solvent analysis (subsection 5.3.2) for

the glycosylated peptides (Table 5.5), which each contain at least one cis ω dihedral angle.
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Support for this protocol was obtained from a cluster analysis of the implicit solvent HTREMD trajectory (based on the CA, N, C and O backbone atoms). For example, clustering the

(POβP)3 trajectory into ten groups shows that the first cluster, which represents

approximately 56% of the trajectory, corresponds to the same cis/trans pattern as the most

frequent conformational sequence in implicit solvent. Furthermore, hydrogen-bond analysis
of the conformation in this dominant first cluster shows that the top four hydrogen-bonding

contacts (Table 5.7) for the entire trajectory approximately double for the conformers in
this cluster. On the other hand, the same analysis for the next most populated cluster, which
represents approximately 13% of the entire HT-REMD trajectory, does not contain any

sugar–backbone interactions. This implies that the intramolecular hydrogen-bonding

interactions are linked to the conformation in the first cluster, and justifies using the
corresponding representative structure as the starting structure in explicit solvent
calculations.

Table 5.13. Intramolecular hydrogen bonding in the PPII conformation of (POP)-(POβP)-(POP)
observed during MD simulation at 300 K in explicit water.a,b
Acceptor H
Donor

[a]A

res@atom
2@O
2@O
6@O4
6@O6
1@O
2@O
6@O3
2@O

res@atom
6@O2
6@O3
6@O6
6@O4
6@O3
6@O4
6@O4
6@O6

% occupied
64
19
7
5
4
1
1
1

hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or less, and
the donor–donor hydrogen acceptor angle is 120° or greater. [b]Residue numbering is from 1 (Ac) to
11 (NH2) in the 9-mer peptides.

The hydrogen-bond analysis of the explicit solvent trajectories is summarised in

Tables 5.10 to 5.13. Overall, while the occupancies of the hydrogen-bonding interactions in

the (POαP)3 peptide are altered compared to the implicit solvent calculation (Tables 5.6 and
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5.10), the results clearly show that the interactions prevail and, in some cases, are even

more prevalent in explicit solvent. For example, the most persistent (52% of the simulation)

hydrogen bond in implicit solvent, which occurs between a glycosylated Hyp (H30, residue
9) and a backbone carbonyl oxygen (O, residue 3), is present for 26% of the simulation in
explicit solvent. However, the population of the hydrogen bond between H3O of residue 9

and the carbonyl O of residue 5 increases from approximately 13% in implicit solvent to

approximately 34% in explicit solvent. Similarly, there is a significant increase in the
hydrogen-bonding occupancies of many backbone–sugar interactions in the (POβP)3 peptide

upon consideration of solvent (Tables 5.7 and 5.11). For example, the occupancy of the

hydrogen bond between H2O of residue 6 and the carbonyl oxygen of residue 2 is
approximately 23 and 85% in implicit and explicit solvent, respectively. Interestingly the

occupancies indicate that the intramolecular hydrogen bonds are stronger in (POβP)3
compared to (POαP)3 which implies that the cis interruptions will be more stable in the β-

glycosylated compound. This correlates with the experimentally observed larger [θ]max

value of 3268 deg cm–3 dmol–1 for (POαP)3 compared to 2126 deg cm–3 dmol–1 for (POβP)3

(Table 5.2).

While there are fewer hydrogen bonds in implicit solvent in the (POG)-(POαP)-(POG)

peptide compared to the triply glycosylated compounds, the occupancy of these
intramolecular hydrogen bonds also increases in explicit solvent MD calculations (Tables

5.8 and 5.12). Specifically, the most frequent hydrogen bond in implicit solvent, which
occurs for approximately 11% of the trajectory between a glycosylated Hyp (H20, residue

6) and a backbone carbonyl oxygen (O, residue 4), disappears in explicit solvent. However,

the interaction between H3O of residue 6 and the carbonyl O of residue 2 increases from
approximately 9% in implicit solvent to 23% in explicit solvent. Similarly, the hydrogen
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bond between H2O of residue 6 and the carbonyl O of residue 2 in the (POG)-(POβP)-(POG)

peptide grows from 15% in implicit solvent to 64% in explicit solvent (Tables 5.9 and 5.13).
As observed for the triply glycosylated peptides, the intramolecular hydrogen bonds are

stronger in explicit solvent for the β-glycosylated peptide compared to the α-glycosylated
variant. The higher hydrogen-bond occupancy for (POG)-(POβP)-(POG) correlates with the

lower [θ]max value of 3433 deg cm–3 dmol–1 compared to the [θ]max value of 3892 deg cm–3

dmol–1 determined for (POG)-(POαP)-(POG). The results for both singly and triply

glycosylated peptides suggest that non-contiguous glycosylation with a β sugar reduces the
PPII content to a greater extent than α glycosylation. This can be explained by the results

obtained in the Chapter 3 where both conformations of the β-glycosylated monomer

contained more extended conformations. The extended conformations allow for longer
range contacts than the stacked-like structures observed in the α-glycosylated variants.

Thus, while the exact percentage occupancies vary, the intramolecular hydrogen-

bonding interactions in the non-contiguously glycosylated compounds observed in implicit

solvent largely prevail in explicit solvent despite competition with interactions between the
sugar and water molecules. In fact, in some cases, the hydrogen-bonding occupancy

increases in explicit water. This finding is in contrast to the results for the contiguously
glycosylated nonaproline peptide considered in Chapter 4 where a maximum

intramolecular hydrogen-bond occupancy of 13% was observed in explicit solvent. This

difference is explained by the fact that there are at most three sugars and a minimum of two
unglycosylated residues between the glycosylated Hyp residues considered in the present

work. Furthermore, intermolecular interactions between the sugar moieties and water

molecules will be reduced in the non-contiguously glycosylated peptides due to the

persistence of the sugar–backbone intramolecular interactions. In contrast, intramolecular
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hydrogen bonding is reduced in the contiguously glycosylated peptide due to steric

crowding, which permits strong sugar–water interactions. Most importantly, explicit
solvent MD calculations support the proposal that sugar–backbone intramolecular
hydrogen bonding stabilizes the cis conformations of some residues in the non-contiguously
glycosylated compounds.

Figure 5.3. Potential of mean force (PMF) for cis-trans isomerization of the P3–P4 ω dihedral angle
obtained from explicit solvent umbrella sampling calculations for the (POP)3 (dashed line) and
(POβP)3 (solid line) peptides.

The role of intramolecular hydrogen-bonding interactions in dictating the structure

of the non-contiguously glycosylated peptides is supported by umbrella sampling

calculations that allow comparison of the stability of the trans and cis conformers of the

P3–P4 ω dihedral angle in the (POP)3 and (POβP)3 peptides. The (POP)3 peptide was chosen
since HT-REMD calculations show that the P3–P4 ω dihedral angle exhibits trans

percentages (61%) that are consistent with an unmodified Pro residue and this peptide
does not contain any intramolecular hydrogen bonds. In comparison, the corresponding

dihedral angle in the (POβP)3 peptide has an uncharacteristically low trans occupation

(27%) and this peptide contains the most persistent intramolecular hydrogen bond in
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explicit solvent (~80% occupancy). Umbrella sampling shows that the trans conformation

(ζ ~ ± 180°) is ~ 8 kJ mol-1 more stable than the cis conformation (ζ ~ 0°) for the (POP)3
peptide (Figure 5.3). In contrast, the cis isomer is ~ 19 kJ mol-1 more stable than the trans

for the (POβP)3 peptide. This result is in accordance with the HT-REMD calculations (Tables

5.3 to 5.5), showing significant population of the cis isomer of the P3–P4 ω dihedral for the
(POβP)3 peptide. Thus, sugar–peptide hydrogen bonding significantly affects the

conformational preference of the (POβP)3 peptide compared to the corresponding
unglycosylated variant. Although these extensive calculations were not conducted for all

non-contiguously glycosylated peptides considered within, it is a fair assumption that this
conclusion will extend other non-contiguously glycosylated peptides.
5.4. Discussion

Posttranslational glycosylation of Hyp residues is widespread in nature,3 where the

covalently-linked

glycan

has

been

proposed

to

have

important

biological

consequences.2,47-48 To characterize how glycosylation affects protein structure using

controlled models, contiguously glycosylated nonaproline peptides were previously
synthesized,11 and computationally modeled,18 which revealed that glycosylation enhances

the structural integrity of the peptide through sugar–solvent interactions. This finding
supports the proposal that enhancing structural stability is one of the functions of the sugar

units in biological HRGPs.47 Non-contiguously glycosylated oligopeptides (Table 5.1), which

model naturally occurring HGRPs that contain galactosylated clusters of non-contiguous
Hyp,1 were synthesised in an effort to understand the relative effects of contiguous and non-

contiguous glycosylation.5 However, CD spectroscopy revealed that non-contiguous
glycosylation has complex effects on the PPII conformation (Table 5.2), where all
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glycosylated peptides are more stable than the unmodified peptide, but peptides with three
sugars are less stable than those glycosylated with a single sugar (based on the amplitude of

the CD maximum at 225 nm). Therefore, molecular modeling were carried out to
understand the consequences of non-contiguous glycosylation and provide molecular level

information to help rationalize the experimental results.

Sophisticated HT-REMD calculations which enable statistically meaningful sampling

of the cis and trans isomers about the prolyl ω dihedral angles, reveal an overall high trans
content (69% or more) in all non-contiguously glycosylated peptides considered in the
present work. Consequently, a high percentage of residues adopt the PPII conformation. A
sequence-based analysis reveals that the all trans conformational sequence (TTTTTTTTT) is

the most frequent conformer adopted by the (Pro)9 and (POP)3 peptides, although

sequences containing one cis residue (TTTTCTTTT) have a similar occupancy to the
(TTTTTTTTT) conformational sequence. Additionally, no intramolecular hydrogen-bonding

interactions occur in either peptide, which is in line with previous literature.46

The (POαP)3, (POβP)3, (POP)-(POαP)-(POP) and (POP)-(POβP)-(POP) peptides yield a

very different picture from the corresponding unglycosylated oligoprolines in terms of the

most populated conformational sequence and the intramolecular hydrogen-bonding

patterns. Specifically, the all trans sequence (TTTTTTTTT) is not the most frequently
adopted conformer for any of the four non-contiguously glycosylated peptides considered
in this work. In fact, (TTTTTTTTT) is the seventh and tenth most populated conformational

sequence in the (POαP)3 and (POβP)3 peptides, respectively. Instead, the most frequent

sequence for both triply glycosylated peptides has two cis conformers, one at the P3–P4 and
one at the P6–P7 ω dihedral angle. For the singly-glycosylated (POG)-(POαP)-(POG) and
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(POG)-(POβP)-(POG) peptides, the most frequent sequence has one cis conformer at P3–P4,
while the all trans sequence is the second most populated conformational sequence.

The presence of residues in the cis conformation at certain positions in the non-

contiguously glycosylated peptides is associated with the formation of intramolecular

hydrogen bonds. Indeed, the cis conformation effectively bends the peptide and places the

sugar moiety in proximity of the peptide backbone, which make sugar–backbone hydrogen
bonding possible. Additionally, the number of such sugar–backbone intramolecular
interactions increases with the number of sugar molecules attached to the peptide. For

instance, the (POαP)3 peptide (three sugars) has nine intramolecular interactions compared

to three in the (POG)-(POαP)-(POG) peptide (one sugar) according to implicit solvent

calculations. A similar picture emerges when the most frequent sequence is used in explicit

solvent MD simulations. Therefore, non-contiguous glycosylation introduces intramolecular

hydrogen bonding that stabilizes the cis conformations of some residues in the peptides,

and thereby destabilizes the PPII conformation of the glycosylated peptides. The number of
intramolecular sugar–backbone hydrogen bonds increases with the number of residues

adopting the cis conformation, which increases with the number of sugars attached to the
non-glycosylated oligoproline peptide. Furthermore, the intramolecular hydrogen bonds in

explicit solvent and by extension the cis interruptions are more stable in the β-glycosylated

compared to the α-glycosylated variants.

The difference in the effects of non-contiguous and contiguous glycosylation noted

here for the first time is particular intriguing. Specifically, the present Chapter shows an

apparent decrease in PPII stability upon non-contiguous glycosylation with three sugar
moieties compared to glycosylation with a single sugar, which correlates with an increase in
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the number of sugar–peptide backbone interactions. In contrast, the PPII structure is

stabilized due to sugar–solvent interactions upon contiguous glycosylation (Ac-[Hyp-(βGal)]9-NH2).11 Previous experimental Ktrans/cis data12-13 and computational results35,41 have

shown that hydroxylation and glycosylation lead to comparable stabilization of the trans

isomer of Pro. Therefore, any further consequences of glycosylation on the structure of
oligoprolines are related to specific interactions in the peptide, such as sugar–peptide

backbone, sugar–sugar or sugar–solvent interactions.18 The number and proximity of the

sugars dictates which of these interactions will dominate in explicit solvent. In particular,

strong sugar–backbone interactions occur more frequently in the non-contiguously
glycosylated peptides, which lower the PPII content of some residues, since there are at

least two unmodified residues between glycosylated Hyp, which prevents sugar–sugar

contacts. In contrast, steric restrictions prevent strong sugar–backbone interactions in fully
contiguously glycosylated proline oligomers, and the maximum occupancy of sugar–sugar

interactions is too low to explain experimental observations. Instead, sugar–solvent
interactions are the main factor stabilizing the dominant backbone conformation.

Therefore, the pattern and degree of glycosylation dictates the PPII stability of glycosylated
oligoprolines.

The results for non-contiguous glycosylation are similar to previous literature that

shows non-covalent interactions can tune cis/trans stability in Pro containing peptides and

proteins.49-55 For instance, aromatic amino acid residues can significantly increase the cis

population of Pro residues contained in Pro-Pro-Xaa peptides54-55 (Xaa = aromatic residue).

Another study examined the structure of the hinge peptide (HP) of the human serum

immunoglobulin A1 protein (IgA1), which mainly consists of Pro, Thr and Ser residues, and
observed that glycosylation of a Thr or Ser residue preceding a Pro decreases the amount of
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cis Pro residues by 7–8%.52 Similarly, the data presented in this chapter shows a significant

increase in the cis population of Pro in non-contiguously glycosylated compounds and

therefore such modifications may provide a way to introduce structural bias into

oligoproline peptides.

5.5. Conclusions
Detailed MD simulations were carried out on oligoproline peptides in implicit and

explicit water to examine the structural consequences of non-contiguous glycosylation that

is observed in plant HRGPs. Additionally, experimental maximum molar ellipticity at 225
nm ([θ]max) determined by Schweizer and coworkers indicate that the degree of

glycosylation influences the PPII content of oligoprolines. In particular, peptides
glycosylated with a single sugar appear to be more stable in terms of [θ]max than those

glycosylated with a triplet of sugars. This implies that the degree of glycosylation does not

necessarily correlate with PPII stability in non-contiguously glycosylated oligoprolines,
therefore further studies are required. A variety of sophisticated molecular modeling
techniques including MD in explicit water, ABMD in implicit water and umbrella sampling in
explicit water were applied to study this problem.

The results from all methods applied show strong intramolecular hydrogen bonding

between the sugar moieties and the peptide backbone. These interactions stabilize the cis
conformation of nearby residues and thereby lower the PPII character of the peptide. The

number of such hydrogen bonds increase with the number of glycosylations and correlates

with the lower [θ]max measured for the triply glycosylated compounds compared to those

glycosylated with a single sugar. Additionally, the intramolecular hydrogen bonding were
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observed to be stronger in the β-glycosylated (single or triply) peptides compared to their

α—glycosylated variants, which also correlates with [θ]max.

In conclusion, while Chapter 4 proposed that contiguous glycosylation stabilizes the

trans conformation of oligoprolines, the present chapter shows that sugar–backbone

interactions stabilize the cis conformations of nearby residues in non-contiguously
glycosylated oligoprolines. Therefore, the position of the glycan and the degree of

glycosylation are important factors in determining the stability of the PPII conformation of
oligoproline peptides.
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Chapter 6. Effects of Hydroxyproline Glycosylation on Collagen Stability a
6.1. Introduction
As described in Chapter 1, collagen is the most abundant protein in the animal

kingdom. Its presence in a variety of tissues and organs, including skin, bone, muscles and

membranes,1-2 demonstrates the versatility and importance of this class of proteins.

Consequently, collagen has been implicated in many disease conditions, such as various
cancers and osteogenesis imperfecta.3-4 Since structure and function are closely related for

most proteins, understanding the factors that determine collagen structural integrity is of

great importance. Collagen consists of three protein (peptide) strands that are wound

around each other to form a triple helix (Figure 6.1). Each strand contains a distinctive
X–Y–Gly amino acid sequence repeat adopting the PPII conformation.5-8 Pro and its modified

derivative

Hyp

occur

frequently

in

collagen,9

where

experimental10-14

and

computational15-16 evidence show that Hyp, particularly in the Y position, significantly

stabilizes collagen structures due to stereoelectronic effects. This is because the Cγ-exo

pucker induced by electronegative substituents such as the OH in Hyp stabilizes the trans

isomer required for the PPII conformation. Furthermore, the pucker orders the backbone ϕ

and ψ dihedral angles to values that are optimal for the Y position in triple helix.1

In contrast to the HRGPs described in the previous chapters, Hyp glycosylation has

not been observed in collagen. Since HRGPs are the plant analog of collagen due to their

similar structural roles, it is interesting to determine the reason for the natural lack of

glycosylation in animals. Given the experimental difficulties associated with crystallizing
biological

collagen,

synthetic

CMPs

are

usually

employed

to

study

collagen

Reprinted in part with permission from S. Bommagani, E.B. Naziga, N. W. Owens, E. Lattová, J. D.
O’Neil, S. D. Wetmore and F. Schweizer, The Effects of (2S,4R)-4-Hydroxyproline Glycosylation on the
Stability of the Collagen Triple Helix, unpublished work 2013.
a
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structure–function relationships.17-20 Therefore, to provide a comprehensive picture of the

effects of Hyp glycosylation on collagen triple helix stability, CMPs with varying degrees of
glycosylation were synthesized (see Table 6.1) by Schweizer and co–workers.21 The melting

temperatures (Tm) were determined using circular dichroism (CD) spectroscopy by
monitoring the molar ellipticity at 225 nm over a temperature range and fitting the data to a
two state model or taking the first derivative with respect to temperature.

Figure 6.1. (Top) A model of the collagen triple helix of a (POG)7 peptide and a closed up view
(bottom) showing an interstrand backbone–backbone (C=O∙∙∙H–N) hydrogen bond
(dashed lines).

The molar experimentally determined ellipticity at 225 nm was monitored over a 5

to 90°C temperature range for the peptides (Table 6.1) in aqueous media.21 The

unglycosylated (POG)7 peptide displayed an unfolding transition, and a melting temperature
of 39.2±1°C was determined. The measured Tm is similar to a previous value of 36±1°C

obtained for an uncapped (POG)7 triple helix.12 The experimental results also indicated that

a single β–glycosylation per strand ((POG)3–(POβG)–(POG)3) decreases the melting
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temperature of the (POG)7 CMP from 39.2±1°C to 37.1±1°C, while the triple helix no longer

forms after three or more β–glycosylations per strand ([(POG)–(POβG)]3–(POG) and

(POβG)7). Furthermore, a single α–glycosylation per strand ((POG)3–(POαG)–(POG)3)

prevents helix formation. Unfortunately, the reason for the loss of the triple helical structure
upon glycosylation is not clear from this study. However, steric repulsion due to the large
sugar groups was proposed to be the most likely factor.17 To explain the above experimental

findings, and by extension provide a rationalization for the lack of Hyp glycosylation in

naturally occurring collagen, molecular modeling studies, including MD simulations and
DFT optimizations were carried out in this Chapter. The modeling data provides an

explanation for the experimental observation that glycosylation destabilizes the triple helix
and rationalize the natural absence of glycosylation in animal collagen.

Table 6.1. Abbreviations for the collagen model compounds considered in this chapter.a
Compound
Abbreviation
Ac–(POG)7–NH2
(POG)7
Ac–(POG)3–(POαG)–(POG)3–NH2
(POG)3–(POαG)–(POG)3
β
Ac–[(POG)–(PO G)]3–(POG)–NH2 [(POG)–(POβG)]3–(POG)
Ac–(POβG)7–NH2
(POβG)7
[a]O is used to represent Hyp residues.

6.2. Computational Details

6.2.1. Molecular Dynamics Simulations
MD simulations were carried out using the AMBER suite of programs22-23 on the

following CMPs: (POG)7, (POG)3–(POαG)–(POG)3, [(POG)–(POβG)]3–(POG) and (POβG)7
(Figure 6.2). Initial heavy (non-hydrogen) atom conformations in the (POG)7 triple helical

model were taken from a crystal structure of CMP (protein data bank (PDB) entry 1CAG).5
Hydrogen atoms were added to the experimental structure using the xLeap module of

AMBER. Subsequently, three POG triplets were removed from the initial structure, the
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alanine substitution in the middle of the peptide was mutated to a glycine, and the C and N–
terminals were capped with acetyl and amide groups, respectively. In all triple helices,

strands 1, 2 and 3 therefore contain residues 1 to 23, 24 to 46 and 47 to 69, respectively.

Figure 6.2. Molecular models of the triple helices considered in this chapter (A) Ac–(POG)7–NH2 (B)
Ac–(POG)3–(POαG)–(POG)3–NH2 (C) Ac–[POG–(POβG)]3–(POG)–NH2 and (D) Ac–(POβG)7–NH2.
(hydrogen atoms removed for clarity).

Hyp residues were mutated to glycosylated Hyp as required. The AMBER FF99SB

parameter set24 was used for the amino acid residues, while the sugar moieties were
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modeled with the GLYCAM06c parameters.25 Using the xLeap module of AMBER, the initial

triple helices were solvated in a rectangular box of TIP3P water26-27 such that the minimum

distance between the solute and the edge of the box was 15.0 Å. The resulting structures

were subjected to two rounds of minimization. In the first round, the solute was held fixed,

while the water molecules were relaxed. In the second round, ten thousand minimization

steps were implemented with all backbone heavy atoms held fixed using a restraint force of
50 kcal (mol Å)–1. The final structure from this process was slowly heated to 300 K over a

100 ps time frame, while holding the solute fixed using a weaker 10 kcal (mol Å)–1 restraint.
A second NPT equilibration step of 100 ps was then carried out to stabilize the box
dimensions, and a box size of approximately 100 × 50 × 50 Å3 was obtained in all cases. The

equilibrated structures were used for 10 ns production calculations at 300 K. However, in
the MD simulations of the fully glycosylated peptide ((POβG)7), the long axis of the peptide
diffused and approached the short end of the box at approximately 5 ns. Therefore, to

ensure that the solute does not interact with its image under the periodic boundary
conditions, an octahedral box of size 78 × 78 × 78 Å3 was used to simulate the system for 19
ns.

MD simulations were also carried out on monomer strands of the CMPs with initial

structures taken from one strand of the corresponding crystal structure triple helix. A

previous study has shown that the monomeric form of a (POG)10 peptide does not remain in
an extended PPII conformation in solution, but rather collapses into more globular

structures due to the formation of turn segments.28 Therefore, to save computational cost,
initial 100 ns simulations of the single strands were run in implicit solvent to obtain folded

structures. The resulting trajectories were clustered into four groups based on the

backbone conformation and a representative member of each cluster was subjected to a
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Low-MODe (LMOD) minimization.29-30 LMOD minimizations, which has been applied in
protein loop optimizations,29 utilize the low vibrational modes of a macromolecule to

explore the potential energy surface and locate local minima.

The resulting monomer structures were then subjected to the same sequence of

minimization and equilibration steps as implemented for the triple helices, which led to
cubic boxes with sides of approximately 45 Å in all cases. Production calculations of at least
300 ns were then implemented for each peptide. For the (POG)7 peptide, an additional

calculation was started from a fully–extended conformation to allow for comparison to the

ensemble of structures obtained from the MD simulation initiated from an implicit

solvent/LMOD (or globular) minimized structure. This simulation was equilibrated as
described above, which led to an octahedral box size of 81 Å on each side. A production

calculation of 350 ns was subsequently conducted. All equilibration calculations employed a

timestep of 1.0 fs, while a 2.0 fs timestep was used in the production stages. A non–bonded
cutoff of 10 Å was used for all calculations.
The

Molecular

Mechanics

Reference

Interaction

Site

Model

(MM–RISM)

methodology31-34 was used with the MMPBSA.py35 script in the AMBER suite of programs to
estimate single strand (M) to triple helix (TH) molecular association energetics as:
∆𝐺 =

∆𝐺𝑇𝐻
− ∆𝐺𝑀
3

The free energy of the triple helical state was divided by three to average the energies of the

three strands in the triple helix and subsequently the energies of the monomer state was

subtracted. Averages were computed using 400 and 800 snapshots for the triple helices
and monomeric strands, respectively.
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Figure 6.3. PCM–B3LYP/6–31G(d) optimized structure of (A) (POG)3 and (B) (POG)–(POβG)–(POG)
(hydrogen atoms removed for clarity).

6.2.2. DFT Calculations

DFT calculations on triple helix models consisting of 27 amino acids were carried

out using Gaussian 09.36 Specifically, the (POG)3 and (POG)–(POβG)–(POG) models (Figure
6.3) were composed of 351 and 432 atoms, respectively. The ends of each monomer strand

were capped with methyl groups to reduce unphysical hydrogen–bond formation between

the end groups. The B3LYP density functional was used with the 6–31G(d) basis set for the

geometry optimizations. Solvent (water) was included in the optimization step using the
(implicit) IEF–PCM37 methodology (ε = 78.3). Initial structures for the DFT calculations

were taken from arbitrary MD snapshots. Given the size of the basis set implemented and

the close packing of residues observed in the triple helix, the solvent–phase interaction
energies were corrected for basis set superposition error (BSSE) using a counterpoise
methodology.38-40 Specifically, a solvent correction, δsol = ∆EPCM – ∆Egas, was added to the

gas–phase counterpoise corrected interaction energy (∆Ecp_gas) to yield the solvent–phase

interaction energy (∆Esol): ∆Esol = ∆Ecp_gas + δsol, where ∆EPCM and ∆Egas are the PCM and gas–
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phase interaction energies, respectively. This methodology has been previously applied in
the literature to estimate solvent–phase counterpoise corrected interaction energies.41
6.3. Results

6.3.1. Structure of the Triple Helical Collagen Model Peptides
A collagen triple helix is composed of three polyproline II strands coiled about each

other and held together by intermolecular C=O∙∙∙H–N hydrogen bonding, as well as other

non–covalent interactions.6,8 To investigate the effect of glycosylation on the structure of

model collagen peptides, structural information from MD simulations in explicit solvent, as
well as implicit solvent B3LYP geometry optimization, was obtained.

First, the values of the backbone ϕ and ψ dihedral angles were examined, which are

vital for establishing the PPII structure of the individual strands and the intermolecular
hydrogen bonds that are necessary for triple helix stability. To remove bias due to the
flexibility in the end residues, only the middle five triplets of each strand will be analyzed.
The average values of the ϕ and ψ dihedral angles (Figures 6.4 and 6.5) cluster around the
PPII region of the Ramachandran plot in all CMPs, which is characteristic of the collagen

triple helix.5 This finding indicates that the backbone conformations of the monomers in the

triple helix are not severely altered upon glycosylation, even with seven sugars per strand.

This is particularly interesting since experimental data shows multiple glycosylation is not
conducive to triple helix formation.21

Further structural information was obtained using electronic structure (B3LYP)

method. While it has been shown that over five triplets per strand are required for a stable

triple helix,42-44 experimental trends in stability have been reproduced using triple helix
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models composed of smaller oligomers, such as (Pro–Hyp–Gly)2, (Pro–Pro–Gly)2 and

(Pro–Pro–Ala)(Pro–Pro–Gly).40,45 Therefore, the (POG)3 and (POG)–(POβG)–(POG) models

consisting of three triplets per strand (a total of 27 residues per model) were used in this

study. To my knowledge, these models are larger than those implemented in similar DFT
studies in the literature which contained 18 amino acid residues.40,45-46

Figure 6.4. Average values for the φ dihedral angles obtained from MD simulations for the (A)
(POG)7, (B) (POG)3–(POαG)–(POG)3, (C) [(POG)3–(POβG)]3–(POG) and (D) (POβG)7 triple helices.

Comparison of the average B3LYP backbone (φ and ψ) dihedral angles (Table 6.2)

for the (POG)3 triple helix to available experimental structural data suggests that B3LYP

accurately models the structure of this CMP. Specifically, a maximum deviation of

approximately 5° is observed in the average φ dihedral angle of the Hyp residues of (POG)3
relative to the experimental average.5 The B3LYP averages (Table 6.2) are also in line with

those from MD (Figures 6.4 and 6.5). Although an experimental crystal structure is not

available for the (POG)–(POβG)–(POG) triple helix, average φ and ψ dihedral angles of this
glycosylated variant do not significantly deviate from the values for the (POG)3 model,

which is in agreement with the conclusion from MD. Thus, there is overall agreement
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regarding the structure of the CMPs between experimental, force field and DFT data, which

means that molecular modeling (MM and DFT) results can be used to explain the
experimentally–observed properties of these model collagen compounds.

Figure 6.5. Average values for the ψ dihedral angles obtained from MD simulations for the (A) POG7,
(B) (POG)3–(POαG)–(POG)3, (C) [(POG)3–(POβG)]3–(POG) and (D) (POβG)7 triple helices.
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Table 6.2. Average backbone dihedral angles in the (POG)3 and the (POβG)3 model triple helices with various conformations of the β–glycosylated Hyp
residue (Oβ).[a]

POG
POβG 180[d]
POβG 210[e]
POβG 210–h[f]
POβG 275[g]
POβG φg50[h]

[a]Geometry

Exp.[b]
Calc.
Diff.[c]
Calc.
Calc.
Calc.
Calc.
Calc.

φ
Avg.
287.4
284.7
–2.7
284.1
283.4
283.2
285.3
282.2

Pro

SD
1.6
4.3
2.0
2.8
3.3
2.3
2.0

ψ
Avg.
163.7
162.1
–1.6
167.5
164.7
164.9
165.9
167.3

SD
1.4
7.0
1.0
2.7
3.2
0.9
0.5

φ
Avg.
302.6
297.9
–4.7
299.7
299.6
299.0
299.6
299.9

Hyp

SD
1.7
2.3
2.3
3.5
2.4
2.7
3.0

ψ
Avg.
151.8
149.6
–2.2
152.6
153.0
152.8
153.0
153.4

SD
1.4
8.0
2.8
4.1
2.9
4.1
3.5

Hyp–β–Galactose
φ
ψ
Avg. SD Avg. SD

299.9
296.3
299.1
303.1
293.6

1.4
0.5
3.4
0.7
1.2

153.0
153.5
153.0
151.3
156.5

1.0
0.8
0.7
3.1
0.8

φ
Avg.
287.5
290.6
3.1
290.4
290.1
290.7
299.0
289.6

Gly

SD
2.1
2.0
0.7
1.3
1.1
1.3
1.0

ψ
Avg.
174.2
170.2
–4.0
173.4
171.0
169.7
175.8
173.3

SD
1.5
5.3
0.9
5.3
5.0
3.4
4.0

optimizations were carried out at the PCM–B3LYP/6–31G(d) level of theory. All dihedral angles are reported in degrees (°). [b]Experimental
structure from Bella et al.5 [c]Difference between experimental and calculated averages. [d]POβG 180 refers to the conformation with a glycosidic linkage
ψg = 180°. ePOβG 210 refers to the conformation with a glycosidic linkage ψg = 210°. [f]POβG 210–h refers to the conformation with a glycosidic linkage
ψg = 210° and an intramolecular hydrogen bond between sugar and backbone. [g]POβG 275 refers to the conformation with a glycosidic linkage ψg = 275°.
[h]POβG
φg50 refers to the conformation with a glycosidic linkage φg = 50°.
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Since interstrand hydrogen bonding is the primary attractive interaction

responsible for the formation of the collagen triple helix,5,8 it is intriguing to determine
whether glycosylation alters these hydrogen bonds. A list of the backbone C=O∙∙∙H–N

hydrogen bonds present in the MD simulations on (POG)7, (POG)3–(POαG)–(POG)3, [(POG)–

(POβG)]3–(POG) and (POβG)7 (Tables 6.3 – 6.6) show an occupancy rate greater than 80% in

all cases, which indicates that these interactions are not adversely affected by glycosylation.
However, new intrastrand hydrogen–bonding interactions are introduced upon inclusion of

the sugar moiety. Specifically, for the ([(POG)–(POβG)]3–(POG) and (POβG)7) compounds,

new intrastrand interactions mainly arise between the O6 sugar hydrogen of the
glycosylated Hyp residue (H6O) and the backbone carbonyl oxygen of Gly (O) two residues
down on the same strand (i+2) that is not involved in interstrand hydrogen bonding.

Nevertheless, no new interstrand hydrogen–bonding interactions arise due to the sugar

moiety in the β-glycosylated models. Interestingly, additional interstrand hydrogen bonding

is observed in (POG)3–(POαG)–(POG)3 between the sugar O6 hydroxyl of a glycosylated Hyp

residue and either another glycosylated Hyp or an unglycosylated Hyp residue. Indeed,
three such hydrogen bonds occur with occupancies of approximately 25%, 35% and 45% in
a 10 ns MD calculation.

Analysis of the conformational space available to the covalently–linked sugar moiety

was considered by monitoring the glycosidic-linkage dihedral angles (φg and ψg) which

revealed additional, significant differences between the α and all β–glycosylated peptides

(Figure 6.6). Specifically, β–glycosylation yields greater conformational freedom about ψg,

with minima adopted at approximately 180°, 210° and 270°. In contrast, there is

considerable restriction in the conformational space of the sugar in (POG)3–(POαG)–(POG)3,

where ψg shows a single minimum at approximately 250°. This is not unexpected since the
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preferred ψg in α–glycosylated Ac–[Hyp–(α–Gal)]–OMe is a stacked orientation of the sugar

and peptide (Chapter 3), which would lead to severe steric clashes in the triple helix.

Furthermore, comparing the isolated Ac–[Hyp–(α/β–Gal)]–OMe compounds to those in the
triple helix shows that an additional minimum with respect to ψg is introduced in the β-

glycosylated peptides, while there is a reduction from two to one minimum in the αglycosylated peptide upon triple helix formation. These differences could only arise from

steric constrains in the CMPs compared to the isolated Ac–[Hyp–(α/β–Gal)]–OMe
compounds.

Table 6.3. Interstrand hydrogen-bonding interactions observed in the triple helix of
Ac–(POG)7–NH2 according to MD simulations in explicit water.a

Accepter
Donor
% occupancy
:11@O
:59@N
98
:51@O
:30@N
98
:34@O
:10@N
98
:5@O
:53@N
98
:63@O
:42@N
98
:54@O
:33@N
98
:14@O
:62@N
98
:57@O
:36@N
98
:60@O
:39@N
98
:40@O
:16@N
98
:37@O
:13@N
98
:8@O
:56@N
98
:31@O
:7@N
97
:43@O
:19@N
97
:48@O
:27@N
97
:2@O
:50@N
97
:28@O
:4@N
97
:17@O
:65@N
96
:66@O
:45@N
96
:20@O
:68@N
89
:68@O
:22@N
19
[a]A hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.
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Figure 6.6. Histograms of the ψg dihedral angle for the glycosylated Hyp obtained from MD
simulations (A) (POG)3–(POαG) –(POG)3 and (B) (POβG)7 triple helices.

Table 6.4. Interstrand and intrastrand (sugar backbone) hydrogen-bonding interactions observed in
the triple helix of Ac–(POG)3–(POαG)–(POG)3–NH2 according to MD simulations in explicit water.a
Acceptor
:31@O
:5@O
:8@O
:37@O
:63@O
:34@O
:51@O
:14@O
:40@O
:28@O
:60@O
:11@O
:43@O
:54@O
:57@O
:20@O

Donor
:7@N
:53@N
:56@N
:13@N
:42@N
:10@N
:30@N
:62@N
:16@N
:4@N
:39@N
:59@N
:19@N
:33@N
:36@N
:68@N

176

% occupancy
98
98
98
98
98
98
97
97
97
97
97
97
96
96
96
96

:17@O
:65@N
96
:48@O
:27@N
95
:2@O
:50@N
94
:66@O
:45@N
94
:4@O
:6@O6
68
:42@O
:44@O6
55
:30@O
:32@O6
50
:13@O
:15@O6
45
:19@O
:21@O6
44
:65@O
:67@O6
44
:62@O
:64@O6
37
:33@O
:35@O6
34
:53@O
:55@O6
32
:36@O
:38@O6
30
:50@O
:52@O6
27
:56@O
:58@O6
26
:68@O
:22@N
25
:16@O
:18@O6
25
:39@O
:41@O6
22
:27@O
:29@O6
22
:1@O
:3@O6
20
:61@O
:38@O2
20
:7@O
:9@O6
18
:10@O
:12@O6
16
:24@O
:26@O6
14
:47@O
:49@O6
14
:64@O6 :38@O3
14
:49@O
:26@O2
13
:18@O6 :18@O4
13
:38@O
:12@O6
11
:12@O
:58@O2
10
:49@O
:26@O6
10
:9@O
:55@O6
9
:52@O
:29@O2
7
:50@N
:27@N
6
:30@N
:4@N
6
:62@N
:39@N
6
:29@O
:3@O2
6
:15@O
:61@O2
6
:39@N
:13@N
5
:36@N
:10@N
5
[a]A hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.
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Table 6.5. Interstrand and intrastrand (sugar backbone) hydrogen-bonding interactions observed in
the triple helix of Ac–[(POG)–(POβG)]3-(POG)–NH2 according to MD simulations in explicit water.a
Acceptor Donor % occupancy
:8@O
:56@N
98
:60@O
:39@N
98
:37@O
:13@N
98
:11@O
:59@N
98
:14@O
:62@N
98
:5@O
:53@N
98
:57@O
:36@N
98
:20@O
:68@N
98
:43@O
:19@N
97
:51@O
:30@N
97
:40@O
:16@N
97
:17@O
:65@N
97
:48@O
:27@N
97
:31@O
:7@N
97
:54@O
:33@N
97
:63@O
:42@N
97
:28@O
:4@N
97
:34@O
:10@N
97
:2@O
:50@N
96
:66@O
:45@N
92
:56@O
:58@O6
63
:50@O
:52@O6
52
:39@O
:41@O6
38
:62@O
:64@O6
27
:4@O
:6@O6
21
:16@O
:18@O6
21
:68@O
:45@N
17
:27@O
:29@O6
12
:18@O4 :18@O6
5
:52@O
:29@O2
5
[a]A hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.

Table 6.6. Interstrand and intrastrand (sugar backbone) hydrogen-bonding interactions
observed in the triple helix of Ac–(POβG)7–NH2 according to MD simulations in explicit water.a
Acceptor
:60@O
:31@O
:34@O
:40@O
:14@O
:8@O
:54@O

Donor
:39@N
:7@N
:10@N
:16@N
:62@N
:56@N
:33@N

178

% occupancy
98
98
98
98
98
98
97

:5@O
:53@N
97
:28@O
:4@N
97
:43@O
:19@N
97
:57@O
:36@N
97
:63@O
:42@N
97
:17@O
:65@N
97
:48@O
:27@N
97
:51@O
:30@N
97
:2@O
:50@N
97
:37@O
:13@N
97
:11@O
:59@N
96
:66@O
:45@N
96
:20@O
:68@N
96
:58@O
:35@O6
37
:12@O
:58@O6
30
:38@O
:12@O6
20
:68@O
:22@N
13
:13@N
:59@N
10
:12@O4 :12@O6
8
:39@N
:13@N
8
:58@O4 :58@O6
7
:59@N
:36@N
7
:12@O6 :12@O4
6
:36@N
:10@N
5
[a]A hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.

In summary, the results from MD simulations of the triple helix suggests that

glycosylation of the triple helix may not be precluded since the triple helical structure and

associated intermolecular (N–H∙∙∙O=C) hydrogen bonding is preserved in the (POG)3–

(POαG)–(POG)3, [(POG)–(POβG)]3–(POG) and (POβG)7 CMPs for the duration of the MD
simulations. Additionally, new hydrogen–bonding interactions arise between the sugar

moieties and the peptide backbone in all glycosylated compounds that have significant

(>20%) occupancies. Nevertheless, these observations do not explain the experimentally
observed destabilization effects of glycosylation on the triple helix, which suggests that the
individual CMP strands must be considered.
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6.3.2. Structure of the Monomeric Collagen Model Compounds
Since the MD data for the triple helices does not provide an obvious explanation for

the experimentally observed triple helix destabilization upon glycosylation, the
conformations of the monomeric strands are studied in this subsection. Indeed, previous
investigations47-50 have reported that N(O)-glycosylation can alter the conformational

ensemble available to model glycopeptides and often acts as a conformational switch.51-53

Therefore, MD simulations on the (POG)7, (POG)3–(POαG)–(POG)3, [(POG)–(POβG)]3–(POG)

and (POβG)7 monomer strands were carried out.

Figure 6.7. Structure of the (POG)7 peptide at various points during the MD simulation in explicit
solvent.

The radius of gyration (Rg) based on the backbone Cα atoms was used to

characterize the structural ensemble of the peptides since this variable adequately

describes the level of compactness or ‘folding’. Rg adopts a value of approximately 7.8 Å in
the initial globular structure of (POG)7 (Figure 6.7 and 6.8), which increases to

approximately 12.0 Å during the first 100 ns of the simulation, and corresponds to a
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partially unwound structure. However, Rg assumes a value of approximately 6.3 Å after

approximately 120 ns and remains close to this value for the reminder of the 337 ns

simulation. The ensemble of structures obtained during this stable period (120 - 337 ns)
exhibit a turn segment from Pro8 to Pro14, with residues 1 to 7 and 16 to 23 exhibiting a
parallel conformation (Figure 6.7).

Figure 6.8. Radius of gyrations (Rg) from MD simulations on a monomeric strand of the
unglycosylated (POG)7 CMP obtained starting from (A) an extended conformation and (B) a globular
structure.

To determine the effect of the starting structure, MD simulations on the (POG)7

peptide starting from an extended conformation were also carried out as described in the

Computational Details. During the first 250 ns of the 350 ns simulation, the peptide unfolds
several times (Figure 6.8). Rg decreases from over 13 Å, which represents an extended

conformation to a more compact structure with Rg ~ 7 Å after approximately 100 ns. Rg
subsequently oscillates between 7 and 13 Å over the next 60 ns before finding a more
compact conformation. The peptide then partially unfolds (Rg < 10 Å) over the next 100 ns.

However, in the last 100 ns of the MD simulation, Rg stabilizes to approximately 6.8 Å, which

is similar to the value obtained from the simulation using the globular starting structure.
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This suggests that comparable equilibrated structural ensembles are obtained regardless of
whether a globular or extended starting point is used.

Figure 6.9. Representative structures obtained from MD simulations on the (A) POG7, (B) [(POG)–
(POαG)]3–(POG), (C) [(POG)–(POβG)]3–(POG) and (D) (POβG)7 monomers.

Additional support that both starting structures lead to similar conformations is

obtained from analysis of the intramolecular hydrogen bonding. Specifically, while the

occupancies vary, most interactions are present in both simulations. For instance, a

hydrogen bond between the carbonyl oxygen of residue 5 and the NH group of residue 19

occurs for 63% of the simulation starting from the extended structure, and 53% of the

simulation starting from the globular structure. Similarly, an interaction between the NH
group of residue 7 and the carbonyl of residue 17 takes place for 45% and 25% of the

calculation initiated from extended and globular structures, respectively. This implies that a

similar structural ensemble is sampled irrespective of the starting structure. Thus, the MD
structures obtained represent the actual conformational ensemble of the peptide to within
the accuracy of the applied force field. Furthermore, this analysis suggests that globular
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structures obtained in implicit solvent can be used as input for explicit solvent MD for
glycosylated monomer strands.

Figure 6.10. Radius of gyrations (Rg) for the monomeric strand of (A) (POG)3–(POαG)–
(POG)3, (B) [(POG)–(POβG)]3–(POG) (red) and (C) (POβG)7 monomers obtained from MD simulations.

Rg for the [(POG)–(POβG)]3–(POG) monomer strand remains close to the starting

value of 6–7 Å for approximately 120 ns (Figures 6.9 and 6.10). Subsequently, the peptide
undergoes a rearrangement, but quickly refolds to a structure with Rg near the initial value.

The structures occurring in the simulation from approximately 170 to 230 ns, 405 to 418 ns
and 425 to 465 ns exhibit a turn fragment from Pro11 to Pro14, have several intramolecular

hydrogen bonds (Table 6.7), and represent the lowest energy conformers for this peptide

(Figure 6.9C). Interestingly, one glycosylated Hyp residue is embedded in the turn segment

and directed away from the peptide into solution, which reduces unfavourable steric

interactions. Additionally, the two other glycosylated residues are positioned to interact
with each other via favorable hydrogen–bonding contacts. The set of structures found

between approximately 310 and 380 ns have Rg similar to the aforementioned structures,
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but do not contain any intramolecular interactions and appear to be an intermediate for the

formation of the aforementioned structures. Minimization of the representative structure

from this set gives an approximately 13 kcal mol–1 higher conformation energy compared to

the minimized structure of the representative from the 425 to 465 ns range. Most
importantly, the observed intramolecular hydrogen bonding could stabilize the monomeric

strand of the glycosylated collagen. Indeed, several such interactions exist for up to 70% of
the MD simulation time (Table 6.7).

Table 6.7. Hydrogen-bonding interactions observed in the monomer strand of compound Ac–
[(POG)–(POβG)]3-(POG)–NH2 according to MD simulations in explicit water.a
Acceptor

[a]A

:18@O2
:11@O
:10@O
:8@O
:8@O
:9@O
:18@O6
:21@OD1
:12@O4
:4@O
:9@O
:10@O
:13@O
:3@O
:14@O
:6@O6
:18@O6
:10@O

Donor

:13@N
:19@N
:12@O6
:22@N
:21@OD1
:22@N
:10@N
:10@N
:18@O6
:6@O6
:12@O6
:18@O6
:18@O3
:6@O6
:18@O2
:6@O4
:12@O3
:12@O4

% occupancy
71
50
45
40
26
19
18
15
15
14
10
9
6
5
5
5
5
5

hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.
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Table 6.8. Hydrogen-bonding interactions observed in the monomer strand of compound Ac–
(POβG)7–NH2 according to MD simulations in explicit water.a

Acceptor Donor % occupancy
:21@O2
:13@N
86
:16@O
:3@O6
85
:13@O
:21@O3
74
:20@O
:4@N
68
:21@O
:10@N
68
:10@O
:12@O6
65
:21@O6 :12@O2
49
:1@O
:22@N
41
:7@O
:9@O6
37
:2@O
:22@N
34
:15@O2 :21@O4
32
:3@O2
:19@N
30
:1@O
:21@O2
29
:15@O2
:3@O4
24
:21@O3 :15@O2
22
:3@O6
:18@O2
19
:21@O4
:3@O3
16
:1@O
:13@N
14
:21@O4
:3@O4
14
:19@O
:3@O2
13
:3@O4
:15@O2
13
:13@O
:21@O2
11
:14@O
:21@O2
11
:9@O2
:12@O4
11
:3@O6
:16@N
10
:16@O
:18@O6
9
:9@O4
:6@O2
9
:12@O6
:10@N
9
:9@O6
:7@N
9
:6@O2
:9@O4
8
:19@O
:4@N
8
:14@O
:21@O3
7
:15@O3 :21@O4
7
:13@O
:15@O6
6
:6@O6
:6@O4
5
:4@O
:6@O6
5
:21@O4 :15@O2
5
:5@O
:23@N
5
:17@O
:19@N
4
:18@O
:6@O4
4
:12@O2 :21@O6
4
[a]A hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or
less, and the donor–donor hydrogen acceptor angle is 120° or greater.
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The (POG)3–(POαG)–(POG)3 monomer strand is more dynamical in Rg than the

β–glycosylated compounds. Starting at approximately 7 Å, Rg rises to over 10 Å several

times in the first 70 ns of the simulation (Figure 6.9). After 100 ns, an ensemble of
structures with Rg equal to approximately 7 Å is observed. These structures show the
formation of a turn fragment from Pro11 to Pro14, as observed for the other monomer

strands, but the parallel sheet–like conformation is not present. Furthermore, the strand
subsequently unravels and forms the aforementioned parallel conformation in the last 50
ns of the simulation. As observed in the [(POG)–(POβG)]3–(POG) monomer, the sugar moiety

is embedded in the turn segment and directed into the solvent.

The (POβG)7 monomer strand with seven glycosylations shows remarkable stability

in the folded conformation. Specifically, Rg oscillates around the starting (folded) value of

approximately 8.0 Å for the duration of a 400 ns MD simulation (Figures 6.9 and 6.10).

Hydrogen–bonding analysis (Table 6.8) identifies many hydrogen bonds that exist for over

half of the simulation time in the folded structure with occupancies of up to 86%.
Furthermore, all sugar moieties are directed towards the solvent, which leads to maximum

solvation of the sugar hydroxyl groups. Therefore, a combination of intramolecular and
intermolecular interactions, including sugar–solvent contacts, yields a very stable fold in
this glycosylated peptide.

In summary, the analysis in this section suggests that glycosylation alters the

conformation of the monomeric units of the CMPs; stabilizing folded structures. It further

appears that the conformational stability of the folded monomers increases with the
number of attached glycans. These findings are in agree with several computational and
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experimental studies showing that glycosylation modulates the structural stability of
peptides and proteins.47-48,54

5.3.3. Energetics of Triple Helix Association

To determine how stabilization of the monomer strands affects the trimerization

thermodynamics, the energetics of monomer to triple helix formation were evaluated based

on PCM–B3LYP/6–31G(d) single–point calculations (Table 6.9) and a molecular mechanics

MM–RISM analysis (Table 5.10). PCM–B3LYP/6–31G(d) interaction energies for the

truncated (POG)3 model and various conformations about the glycosidic linkage ψg dihedral

angle in the (POG)–(POβG)–(POG) peptide (Figure 6.6) suggest that a triplet of sugars

destabilizes the unsubstituted triple helix. Specifically, the gas–phase BSSE–corrected

interaction energies for triple–helix formation with the β–glycosylated compound are
weaker by up to –11 kJ mol–1 for all conformations relative to the unglycosylated model. The

one exception is the conformation with a glycosidic ψg dihedral angle of approximately 50°,

which leads to a more stable triple helix than the unglycosylated compound. The fact that

the conformation with a glycosidic ψg ≈ 50° is more stable than the unmodified peptide in
the gas phase is interesting since previous work (Chapter 3) on Ac–[Hyp–(α/β–Gal)]–OMe55

shows that this conformation is higher in energy than the other minimum (ψg ≈ 275°).

However, when ψg ≈ 50° in the CMPs considered in this Chapter, the sugar points away from

the peptide and hence reduces unfavourable steric interactions in the triple helix. This

indicates that steric repulsion due to the bulky sugar moiety in part destabilizes the triple
helix.

When implicit solvent is taken into account in the B3LYP calculations, the

unglycosylated compound becomes more stable than all conformations of the glycosylated
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compound, which indicates that solvation also plays an important role in triple helix

stability. Furthermore, the trend in solvent–phase binding energies correlates with
experimental findings that show a drop in melting temperature from 39.2±1°C to 37.1±1°C
upon glycosylation with one sugar per strand.21

Table 6.8. PCM–B3LYP/6–31G(d) energies for triple helix formation.[a]

[a]Energies

Peptide/
Conformation
POG
POβG180[d]
POβG210[e]
POβG210–h[f]
POβG275[g]
POβGφg50[h]

∆Ecp_gas[b]
–35.9
–30.9
–35.5
–31.2
–24.7
–42.2

∆Esol[c]
–62.7
–40.1
–47.2
–46.0
–43.4
–51.4

are in units of kJ mol–1. [b]Counterpoise–corrected gas–phase interaction energy.
solvent–phase interaction energy. [d]POβG 180 refers to the Oβ conformation
with a glycosidic linkage ψg = 180°. [e]POβG 210 refers to the Oβ conformation with a glycosidic linkage
ψg = 210°. [f]POβG 210–h refers to the Oβ conformation with a glycosidic linkage ψg = 210° and an
intramolecular hydrogen bond between sugar and backbone. [g]POβG 275 refers to the Oβ conformation
with a glycosidic linkage ψg = 275°. [h]POβG φg50 refers to the conformation with a glycosidic linkage ψg
= 50°.
[c]Counterpoise–corrected

To further explore the origins of the preferential stability of the monomer strand in

larger models, an MM–RISM analysis was applied to the (POG)7, (POG)3–(POαG)–(POG)3,

[(POG)–(POβG)]3–(POG) and (POβG)7 CMPs (Table 6.9). In the unglycosylated peptide, ∆Eelec
is very favourable since backbone intermolecular hydrogen bonding leads to a large

electrostatic energy for self association. In addition, ∆Evdw is negative as van der Waals

interactions are enhanced by the close packing of the collagen triple helix. In contrast, ∆Esol

is positive and offsets the former two components. This is expected given the hydrophobic
nature of many of the residues in the peptide. Addition of the vibrational entropy change

between the monomeric and triple helical states yields a total free energy of

–45.1 kJ mol–1, which compares favourably with the value of –51.8 kJ mol–1 obtained
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experimentally56 and provides support for applying of this approach to the glycosylated
variants.

In the [(POG)–(POβG)]3–(POG) CMP, the ∆Eelec component of the interaction energy

is more positive (–130.4 kcal mol–1) relative to (POG)7 (–173.1 kcal mol–1), which suggests
unfavorable steric interactions in the triple helix or more favourable intramolecular
interactions in the monomer. In contrast, ∆Evdw and ∆Esol are similar in both compounds.

Addition of the vibrational entropy change leads to a positive total free energy of triple helix

formation for [(POG)–(POβG)]3–(POG), implying that a triple helix is not viable upon
glycosylations with three sugars per collagen strand. This result agrees with experimental

findings where triple helix formation does not occur for this peptide.

Table 6.10. Differences in the energy components of the triple helical and monomeric states for the
(POG)7, (POG)3–( POαG)–(POG)3, [(POG)–( POβG)]3–(POG) and (POβG)7 CMPs.[a]

Component
∆Eelecb
∆Evdwc
∆Eintd
∆Epole
∆Eapolf
∆Etotg.h
–T∆S
∆G

POG7

–173.2
–166.5
–31.8
201.7
76.1
–119.2
74.1
–45.2

[(POG)–(POβG)]3–
(POG)
–130.5
–172.0
–22.2
89.5
178.2
–57.3
77.8
21.8

(POβG)7
28.0
–31.8
–41.8
–3.3
21.8
–26.4
40.6
14.2

(POG)3–(POαG)–(POG)3
–210.5
–200.8
–29.7
295.8
31.4
–113.4
88.7
–24.7

[a]All energies are obtained from the MM–RISM approach and are in units of kJ mol–1. [b]∆E
elec is the
force field electrostatic energy. [c]∆Evdw is the force field van der Waals energy. [d]∆Eint is the force field
internal energy (bonds, angles and dihedrals). [e]∆Epol is the polar solvation energy calculated using
3D–RISM. [f]∆Eapol is the non-polar solvation energy calculated using 3D–RISM. [g]∆Etot =
(∆Eelec+∆Evdw+∆Eint+∆Epol+∆Eapol). [h]A maximum 7.5 kJ mol–1 standard error of the mean was
obtained for the calculation of ∆Etot for all peptides.

The (POG)3–(POαG)–(POG)3 monomer is not as stable as the unglycosylated

monomer in terms of the electrostatic and van der Waals energies, which leads to a lower
∆Eelec and ∆Evdw in this compound compared to (POG)7. However, both compounds have
similar total solvation energies. Furthermore, adding the vibrational entropy correction to
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the total energy yields a triple helix formation free energy of –24.7 kJ mol–1, which is 20.5kJ

mol–1 higher than for the unglycosylated peptide. This indicates that the inability of the α-

glycosylated monomer to form a triple helix may be due to entropic effects. Entropy can be
partitioned into rotational, translational, vibrational and configurational components in

single molecule calculations. Following this approximation of separability, T∆S in Table 6.10

contains a sum of the rotational, translational and vibrational components of the peptide
entropy. The translational and rotational components were calculated using statistical

mechanical estimates for an ideal gas, while the vibrational component was estimated with
the harmonic approximation using normal mode calculations. The configurational entropy

that is associated with the reorganisation of the internal degrees of freedom of the molecule

is not considered in the entropy calculations in Table 6.10. A previous literature study

revealed that the configurational entropy can be substantial in situations where the peptide
backbone is very dynamic,28 as observed for the (POG)3–(POαG)–(POG)3 peptide in the

present Chapter (Figure 6.10) and destabilize the triple helix.

The fully β-glycosylated (POβG)7 monomer shows a marked reduction in ∆Eelec (28.0

kJ mol–1) and ∆Evdw (–31.8 kJ mol–1), and an associated large decrease in the solvation

energy compared to (POG)7. This reduction in ∆Eelec and ∆Evdw are explained by the
structural information given in the previous section. In particular, the folded structure of
the fully glycosylated monomer contains many intramolecular hydrogen bonds, and the

sugar moieties are pointed towards the solvent (Figure 6.9), which reduces unfavourable

steric interactions. Additionally, the more compact nature of the fold allows for more

favourable van der Waals interactions. Most importantly, the total free energy for triple
helix formation in (POβG)7 is 14.2 kJ mol–1, which suggests that triple helices are not viable,

as proposed by experimental findings.21 In summary, the MM–RISM analysis suggests that
190

glycosylation increases the stability of the monomer strands through electrostatics,
noncovalent interactions and solvation, which in turn disfavours triple helix formation.
6.4. Discussion

Average MD ϕ and ψ backbone dihedral angles (Figures 6.4 and 6.5) show that

(POG)7 adopts a triple helix structure, as per experiment. In contrast, while experiments

show that (POG)3–(POαG)–(POG)3, [(POG)–(POβG)]3–(POG) and (POβG)7 do not form triple
helices, average MD and DFT backbone dihedral angles, the PPII conformation

and

interstrand (N–H∙∙∙O=C) hydrogen bonds are preseved upon glycosylation (Tables 6.2 to

6.5). This suggests that glycosylation may be permited if a triple helix is in place. Regardless,
the thermodynamics of monomer to triple helix formation is not favourable.

Analysis of the simulation data on the monomers reveals a collapse from the

extended conformations adopted in the triple helix to more globular forms containing many

intramolecular hydrogen bonds. The monomer of the unglycosylated (POG)7 peptide

contains a turn segment that effectively bends the peptide and brings the two end segments

into a parallel arrangement (Figure 6.9). The (POG)3–(POαG)–(POG)3 and [(POG)–(POβG)]3–
(POG) peptides have a similar turn segment which contains a glycosylated Hyp residue
(Figure 6.9). The two other sugar moieties in the [(POG)–(POβG)]3–(POG) peptide interact
via stabilizing hydrogen bonds. For (POβG)7, the monomer adopts a folded structure that is

very stable according to the calculations. The alteration of peptide structure by

glycosylation has been observed in several literature studies where glycosylation has been
deemed to act as a 'conformational switch'.47-48,52-53 Therefore, the likely reason for triple

helix destabilization with an increasing level of glycosylation is the additional
conformational stability the sugar moieties provide to the monomer strands.
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The structural proposal described above is supported by the calculated trends in

monomer to triple helix conversion energetics (Table 6.9). In particular, (force field)
electrostatic energies become more unfavourable with increase in degree of glycosylation

for the β-glycosylated compounds. ∆Eelec, –171.8, –130.4, and 20.8 kJ mol–1 for (POG)7,

[(POG)–(POβG)]3–(POG) and (POβG)7, respectively, which suggests that the sugar is less
sterically hindered in the monomer compared to the triple helix. Additionally, the most

stable conformation according to PCM–B3LYP/6–31G(d) calculations for the (POG)–
(POβG)–(POG) model occurs when φg ≈ 50°, which maximally directs the sugar away from

the rest of the peptide (Table 6.6). These findings support previous literature proposals that

unfavourable steric interactions due to bulky groups can destabilize the triple helix.17,57 For

example, steric repulsions due to 30 acetate groups were used in the literature to explain

the 11 °C drop in Tm observed for a contiguously O–acylated [Pro–Hyp(C(O)CH3)Gly]10 triple

helix compared to the unmodified [Pro–Hyp–Gly]10 compound.57 In addition, sterically
demanding groups such as (α/β)–galactosylated triazole moieties produced a 7 °C Tm

decrease when attached to an azidoproline (Azp) residue in (Pro–Hyp–Gly)3–[Pro–Azp–

Gly]–(Pro–Hyp–Gly)3 triple helices.17 The stability of the monomeric α-glycosylated (POG)3–
(POαG)–(POG)3 strand may be entropically controlled as –T∆S (rotational + translational +
vibrational) is the largest (~ 89 kJ mol–1) for this peptide. Additionally, conformational

entropy could be significant given the very dynamic backbone.

The finding that monomeric states are favoured over the triple helix in the

glycosylated compounds is also buttressed by the electrostatic energies, which point to

stabilizing intramolecular hydrogen–bonding contacts as explicitly discussed for the
[(POG)–(POβG)]3–(POG) and (POβG)7 peptides. Additionally, solvation is important in order
to explain the experimental findings. Specifically, calculated solvation energy estimates
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show that solute–solvent interactions become increasing more favourable upon

glycosylation. The solvation energy (∆Epol+∆Eapol) is 277.6, 267.5 and 18.4 and kJ mol–1 for

(POG)7, [(POG)–(POβG)]3–(POG) and (POβG)7 respectively which underscores the need to

include solvent in the optimization process, which was done in this chapter, but is currently
not common in the literature.40,45 Indeed, the solvent phase PCM-B3LYP calculations (Table

6.8) results agree with the observed drop in melting temperature upon glycosylation with a
triplet of sugars. Thus, the monomers are stabilized to a greater extent by solvent than the

triple helix. These results are in contrast to previous studies on (Pro–Thr–Gly)10 peptides,

which require Thr glycosylation for triple helix formation.58-59 Specifically, the glycosylated
(Pro–Thr–Gly)10 CMPs that were synthesised based on the collagen observed in the cuticle

of deep sea warms notably showed a lack of Hyp residues, which has been shown to

correlate with triple helix stability.60-61 However, very slow proton exchange by the NH
groups involved in triple helix hydrogen bonding was observed in NMR experiments,
leading the authors to propose that the attached sugar moieties shield the backbone from
water. This in turn leads to stronger C=O∙∙∙H–N hydrogen bonds, and consequently a more

stable triple helix. The data obtained in this chapter shows a high occupancy of the C=O∙∙∙H–

N (>95%, Tables 6.2-6.4) hydrogen bonds for all glycosylated compounds, indicating that

shielding of the backbone will likely not provide further stabilization.

Thus, a combination of enhanced electrostatic (stabilizing intramolecular hydrogen

bonding) and reduced steric clashes, as well as other non–bonding contacts, stabilize the

glycosylated collagen monomers compared to the corresponding triple helix. The stability of
the monomer strands increases proportionally to the number of attached glycans and
explains the experimentally-observed decrease in triple helix stability upon glycosylation.21
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6.5. Conclusion
As discussed in Chapter 1, PTMs occur frequently in nature and influence the

structure and properties of proteins. Collagen (the most abundant protein in animals),
undergoes several modifications, including glycosylation. However, hydroxyproline

glycosylation has not been observed in collagen even though it occurs in HRGPs (the
corresponding plant structural protein).

In this Chapter, the structures and energetics of glycosylated collagen model

peptides were studied using extensive MD simulations in explicit solvent, as well as DFT
optimizations in implicit solvent. The aim was to explain experimental observations that
Hyp glycosylation destabilizes the collagen triple helix,21 and thereby rationalize the lack of

Hyp glycosylation in animal collagen. The results show that the PPII backbone structure, as

well as interstrand hydrogen bonding, is preserved in the glycosylated triple helical models.

Instead, the conformations of monomer strands are greatly affected by glycosylation

through intramolecular hydrogen bonds, sterics and solvation. Indeed, analysis of the
energetics of triple helix formation (using both PCM–B3LYP/6–31G(d) and molecular

mechanics-based MM–RISM) reveals that electrostatics (intramolecular hydrogen bonding),
noncovalent interactions (van der Waals), and solvation (sugar–solvent) destabilize the
triple helix upon glycosylation. In contrast, the more compact structures of the monomers

upon glycosylation enhance the van der Waals contacts in the monomer phase. Thus, a
combination of unfavourable interactions in the triple helix, and favourable interactions in

the monomers, contribute to favour the monomeric state of the (POG)3–(POαG)–(POG)3,

[(POG)–(POβG)]3–(POG) and (POβG)7 peptides over the triple helix as observed
experimentally.
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The results outline above may explain why Hyp residues in collagen are not

glycosylated in nature. This is in contrast to lysine glycosylation which occurs naturally in

vertebrates. Additionally, the cuticle of deep sea worms has been found to contain
glycosylated collagen. Interestingly, the collagen of these deep sea worms replaces Hyp with
glycosylated threonine in the Y position of the collagen X-Y-Gly triplet repeat.

In conclusion, Hyp glycosylation favours the monomer state of collagen model peptides

over the triple helical conformation and rationalizes why this post-translational
modification is absent in vertebrates.
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Mlá dek, A. t.; Sharma, P.; Mitra, A.; Bhattacharyya, D.; S� poner, J. i.; S� poner, J. E., Trans
Hoogsteen/Sugar Edge Base Pairing in RNA. Structures, Energies, and Stabilities
from Quantum Chemical Calculations. J. Phys. Chem. B 2009, 113, 1743–1755.

Berg, R. A.; Olsen, B. R.; Prockop, D. J., Titration and Melting Curves of the Collagenlike Triple Helices Formed from (Pro-Pro-Gly)10 in Aqueous Solution. J. Biol. Chem.
1970, 245, 5759–5763.

Shikata, T.; Yoshida, N.; Okuyama, K., Anomalous Dehydration Behavior of a Short
Collagen Model Polypeptide, (l-Prolyl-l-ProlylGlycyl)5, in Aqueous Solution. J. Phys.
Chem. Lett. 2009, 1, 412-416.
198

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

Raman, S. S.; Parthasarathi, R.; Subramanian, V.; Ramasami, T., Role of LengthDependent Stability of Collagen-like Peptides. J. Phys. Chem. B 2008, 112, 1533–
1539.

Xu, Y.; Dannenberg, J. J., Completely Geometrically Optimized DFT/ONIOM TripleHelical Collagen-like Structures Containing the ProProGly, ProProAla, ProProDAla,
and ProProDSer Triads. J. Am. Chem. Soc. 2005, 127, 14130–14131.
Palfi, V. K.; Perczel, A., Stability of the Hydration Layer of Tropocollagen: A QM
Study. J. Comput. Chem. 2010, 31, 764–777.
Shental-Bechor, D.; Levy, Y., Effect of glycosylation on protein folding: A dose book at
thermodynamic stabilization. Proc. Nat. Acad. Sci. U. S. A. 2008, 105, 8256–8261.

Shental-Bechor, D.; Levy, Y., Folding of glycoproteins: toward understanding the
biophysics of the glycosylation code. Curr. Op. Struct. Biol. 2009, 19, 524–533.

Meyer, B.; Moeller, H., Conformation of glycopeptides and glycoproteins. Topics
Curr. Chem. 2007, 267, 187–251.
Cheng, S. M.; Edwards, S. A.; Jiang, Y. D.; Grater, F., Glycosylation Enhances Peptide
Hydrophobic Collapse by Impairing Solvation. ChemPhysChem 2010, 11, 2367–
2374.
Bosques, C. J.; Tschampel, S. M.; Woods, R. J.; Imperiali, B., Effects of Glycosylation on
Peptide Conformation: A Synergistic Experimental and Computational Study. J. Am.
Chem. Soc. 2004, 126, 8421–8425.

Matsushita, T.; Ohyabu, N.; Fujitani, N.; Naruchi, K.; Shimizu, H.; Hinou, H.;
Nishimura, S.-I., Site-Specific Conformational Alteration Induced by Sialylation of
MUC1 Tandem Repeating Glycopeptides at an Epitope Region for the Anti-KL-6
Monoclonal Antibody. Biochemistry 2012, 52, 402–414.
Ellis, C. R.; Maiti, B.; Noid, W. G., Specific and Nonspecific Effects of Glycosylation. J.
Am. Chem. Soc. 2012, 134, 8184–8193.

Owens, N. W.; Stetefeld, J.; Lattova, E.; Schweizer, F., Contiguous O-Galactosylation of
4(R)-Hydroxy-L-proline Residues Forms Very Stable Polyproline II Helices. J. Am.
Chem. Soc. 2010, 132, 5036–5042.

Naziga, E. B.; Schweizer, F.; Wetmore, S. D., Conformational Study of the
Hydroxyproline-O-Glycosidic Linkage: Sugar-Peptide Orientation and Prolyl Amide
lsomerization in (alpha/beta) Galactosylated 4(R/S)-Hydroxyproline. J. Phys. Chem.
B 2012, 116, 860–871.

Erdmann, R. S.; Wennemers, H., Importance of Ring Puckering versus Interstrand
Hydrogen Bonds for the Conformational Stability of Collagen. Angew. Chem.-Int. Edit.
2011, 50, 6835–6838.
199

57.
58.
59.
60.
61.

Jenkins, C. L.; McCloskey, A. I.; Guzei, I. A.; Eberhardt, E. S.; Raines, R. T., O-acylation
of hydroxyproline residues: effect on peptide-bond isomerization and collagen
stability. Biopolymers 2005, 80, 1–8.
Bann, J. G.; Peyton, D. H.; Bachinger, H. P., Sweet is stable: glycosylation stabilizes
collagen. FEBS Lett. 2000, 473, 237–240.

Bann, J. G.; Bachinger, H. P., Glycosylation/hydroxylation-induced stabilization of the
collagen triple helix - 4-trans-hydroxyproline in the Xaa position can stabilize the
triple helix. J. Biol. Chem. 2000, 275, 24466–24469.

Persikov, A. V.; Ramshaw, J. A. M.; Kirkpatrick, A.; Brodsky, B., Amino acid
propensities for the collagen triple-helix. Biochemistry 2000, 39, 14960–14967.

Brodsky, B.; Thiagarajan, G.; Madhan, B.; Kar, K., Triple-helical peptides: An
approach to collagen conformation, stability, and self-association. Biopolymers
2008, 89, 345–353.

200

Chapter 7. Conclusions and Future Work
7.1. General Overview
This thesis set out to determine how hydroxyproline O–galactosylation affects the

structure of model peptides and, by extension, the biological implications of this

modification. This work was necessitated by a general lack of details on this type of
glycosylation, as well as recent literature studies showing that Hyp glycosylation has a
profound importance in many aspects of plant life.1-3 In this concluding chapter, a summary

of the work carried out in this thesis to accomplish these goals is provided, and avenues for

future studies that can be carried out using the computational procedures used in this thesis
are outlined.

7.2. Contributions from this Thesis
In order to explore the effects of Hyp glycosylation on peptide and protein structure,

the glycosidic linkage must be characterized since no computational or experimental three
dimensional data on its structure exists in the literature. Furthermore, an understanding of

the linkage conformation is vital since it directs glycan orientation, and hence dictates

sugar–peptide interactions. Additionally, experimental studies4 on Ac–(4R/S–Hyp–[α/β–

Gal])–OMe model compounds revealed that 4R–glycosylation of Hyp does not lead to a
measurable change in the trans population of the prolyl ω dihedral that is important in the
biologically-important PPII conformation. However, 4S–glycosylation favours the trans

structure, and leads to an increase in the isomerization rate. Since the reasons for these
observations were not clear from the experimental data, Chapter 3 of this thesis used MD
simulations in explicit water and implicit solvent DFT calculations to investigate the
experimental findings.
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The data revealed the presence of two major conformations of the glycosidic linkage

dihedrals for both α and β O–linked galactose sugars. However, glycosylation using β

anomeric sugars produces structures with the sugar directed away from the peptide into

solution, while α linkage results in more compact, stacked–like arrangements (Figure 3.6).
This is interesting since plant HRGPs usually contain β O–glycosidic linkages. As mentioned

in Chapter 1, two proposals have been made for the 3D structure of HRGPs. The “wattle

blossom” model depicts a glycopeptide structure with globular sugars that point away from

the peptide backbone, while the “twisted hairy rope” model suggests the sugars adopt a

parallel-like fashion and interact with the protein backbone. The structure of the β O–
glycosidic linkages determined in this thesis is more consistent with the “wattle blossom”

model since the sugar moiety is directed away from the protein component in the
glycopeptides (Figure 3.6). However, only monosaccharides were attached to the peptides

considered in this thesis. Covalent linkage of a polysaccharide could lead to a more complex

structure than predicted by the simple “wattle blossom” or “twisted hairy rope” models. In
particular, while the structure of the β O–glycosidic is consistent with the “wattle blossom”
model, oligosaccharide growth via linkage to the O6 hydroxyl for instance could place the

remainder of the sugar in a parallel fashion to the peptide backbone, leading to an amalgam
of both proposed models.

An explanation for the increase in the trans isomer stability observed for the 4S

compound was provided by the simulations. Specifically, a hydrogen–bonding interaction
between the sugar moiety and the peptide backbone occurs due to Cγ–endo puckering

induced by the 4S–substituent. This interaction is sometimes mediated by a water molecule
and organises the peptide backbone for the stabilizing n → π* interaction that favours the
trans isomer.
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The work carried out in Chapter 3 provided the first molecular level structural

information in the literature on the conformation of the Hyp–O–glycosidic linkage. The
preferred orientation of the sugar and (hydroxy) proline rings determined in Chapter 3

indicate that intra (to peptide) and inter (to solvent) interactions could occur in
oligopeptides that include the glycosylated Hyp residue. Such interactions could stabilize

the PPII conformation of the peptide backbone, implying that the glycosylation observed in
biological HRGPs plays a structural role. Indeed, the results obtained in Chapter 4 using
advanced MD sampling (REMD, ABMD and HT–REMD) of the Ac–(Pro)9–NH2, Ac–(Hyp)9–

NH2 and Ac–(Hyp–[β–Gal])9–NH2 peptides demonstrate the existence of intramolecular

sugar–peptide and sugar–sugar hydrogen–bonding interactions in the contiguously
glycosylated peptide (Figure 4.2). Additionally, it was determined that sugar–solvent

interactions significantly stabilize the PPII conformation in Ac–(Hyp–[β–Gal])9–NH2 relative

to the unglycosylated and hydroxylated peptides. These results explain the very high

melting temperature (70°C) observed experimentally for Ac–(Hyp–[β–Gal])9–NH2 and were
used to propose a likely mode of action for the covalently–attached sugars that are present
in the contiguously glycosylated segments of plant hydroxyproline rich glycoproteins
(HRGPs)3,5 namely stabilizing the PPII conformation of the peptide backbone.

Chapter 5 uses the effective suite of techniques applied in Chapter 4 to study the

effects of non–contiguous glycosylation. This study was motivated in part by the presence of
non–contiguously glycosylated sequences in biological HGRPs.5 Additionally, synthetic
compounds with the same glycosylation patterns (Table 5.1) were developed by Schweizer

and coworkers as a model for this kind of natural glycosylation.6 Specifically, the (Pro)9,

(POP)9, (POP)–(POαP)–(POP), (POP)–(POβP)–(POP), (POαP)3 and (POβP)3 peptides were
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considered. Experimental results obtained from CD spectroscopy suggested that the

attachment of one sugar moiety ((POP)–(POα/βP)–(POP)) stabilizes the PPII conformation to
a greater extent than glycosylation with three sugars ((POα/βP)3). This is in contrast to the

stability observed for the contiguously glycosylated Hyp peptide considered in Chapter 4,

and the reason for this difference was not clear from the experimental data. The molecular
modeling implemented in Chapter 5 revealed that intramolecular sugar–peptide hydrogen-

bonding interactions that favour the cis conformation (Figure 5.2) of certain residues are

introduced upon glycosylation. Furthermore, more such contacts exist in the triply
glycosylated (POα/βP)3 relative to the singly glycosylated (POP)–(POα/βP)3–(POP), which may
be the reason for the relative decrease in PPII character observed experimentally for the

non-contiguously glycosylated peptides simulated in Chapter 5. These results for noncontiguous glycosylation are similar to previous literature results, which show that non-

covalent interactions can tune cis/trans stability in Pro containing peptides and proteins.20

For example, aromatic amino acid residues in a Pro-Pro-Xaa (Xaa = aromatic residue)
sequence can greatly increase the cis population of the preceding Pro residue.20 The

significant increase in the cis population of Pro in non-contiguously glycosylated
compounds studied in this thesis suggests that such modifications may provide a way to
introduce structural bias into oligoproline peptides (proteins).

The results in Chapters 3 to 5 further support literature proposals that glycosylation

provides structural stability to the PPII conformation adopted by HRGPs.2-3 Additionally, the

results show that the location of the glycosylation is vital to conformational stability, at least
when a monosaccharide is attached to non-contiguously glycosylated Hyp oligopeptide.

However, the steric demands of a complex polysaccharide may compensate for the lack of
contiguous glycosylation. In this light, it is interesting to note that it has been proposed in
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the literature that clusters of non-contiguous Hyp are glycosylated with arabinogalactan

polysaccharides, while contiguously glycosylated Hyp contain smaller arabinose sugars.5
While all models presented above (Chapters 3 – 5) are associated with naturally-

occurring glycosylation in plants, Chapter 6 aims to explain the lack of such modifications in

collagen (animals). Interestingly, while threonine7-8 and lysine9-10 residues in collagen can

be glycosylated in nature, Hyp–O–glycosylation has not been observed in collagen, despite
containing a large number of hydroxyproline residues and being structurally similar to
HGRPs.3,11 Therefore, triple helices of the (POG)7, (POG)3–(POβG)–(POG)3, (POG)3–(POαG)–

(POG)3, [(POG)–(POβG)]3–(POG) and (POβG)7 CMPs with varying degrees of glycosylation, as

well as their monomeric strands, were simulated using MD. Furthermore, the (POG)3 and
(POG)–(POβG)–(POG) triple helical segments were optimized using implicit solvent DFT
calculations. The same CMPs were synthesized by Schweizer and coworkers and

characterized using CD and NMR spectroscopies.6 Experiments show that glycosylation

destabilizes the triple helix. In particular, a slight reduction in the melting temperature
(~2°C) was observed in (POG)3–(POβG)–(POG)3 compared to the unmodified CMP. However,
all other glycosylated CMPs did not form a triple helix.

Analysis of MD data on the triple helices demonstrates that vital interstrand

hydrogen-bonding interactions are preserved in all glycosylated CMPs. Moreover, new intra

(α and β-glycosylated CMPs) and intermolecular (α-glycosylated CMP) hydrogen bonds

involving the sugar hydroxyl groups and the peptide backbone are introduced that could
stabilize the triple helix. Therefore, no conclusions could be drawn about CMP stability
based on triple helical data alone. However, MD simulation on the corresponding monomer

strands indicate that glycosylation stabilizes the monomer conformations, where the level

of stability is related to the degree of glycosylation. Molecular mechanics analysis of the
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energetics of monomer to triple helix formation showed that glycosylation provides a better

electrostatic, entropic and solvation environment for the monomer compared to the triple

helix in the CMPs. This finding explains the lack of triple helices in the (POG)3–(POαG)–

(POG)3, [(POG)–(POβG)]3–(POG) and (POβG)7 CMPs.

The study of the glycosylated triple helices and their monomer strands provide a

rational for the lack of Hyp glycosylation in vertebrate collagen. In contrast to the stabilizing

effects of contiguous glycosylation of Hyp observed in plants, the biologically required triple
helix is destabilized by Hyp glycosylation in vertebrate collagen. In particular, HRGPs make
use of glycosylation to stabilize the PPII structure through intramolecular and

intermolecular interactions, which justifies the presence of this double post-translational

modification. Glycosylation with a single sugar moiety per stand ((POG)3–(POβG)–(POG)3),

where the β-anomeric orientation of the sugar points it away from the helix allows for triple
helix formation, albeit with a small reduction in melting temperature. However, more than

three glycosylated Hyp residues per strand cannot be accommodated, and thereby leads to

loss of the triple helix. These results are in contrast to O-acylation of Hyp which led to only a
moderate destabilization of the triple helix.19 For instance, contiguous O-acylation of Hyp in

[Pro-Hyp-Gly]10 as in [Pro-Hyp(C(O)CH3)Gly]10 results in only a 11 °C drop in melting point

of the triple helix. This destabilization was attributed to steric interactions caused by 30

acetate groups in the trimeric complex. Also, an interesting comparison is found in the fact
that the β-D-galactosylation of Thr in Ac-[Gly-Pro-Thr]10-NH2 collagen model peptides is

required for triple helix formation, where the carbohydrate was attributed with shielding

the triple helix from strong interactions with water molecules, thereby stabilizing
interchain N-H to C=O hydrogen bonding interactions.7-8 In conclusion, it appears that the
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absence or presence of Hyp-glycosylation provides a rationale for the observed different

aggregation states of the PPII helix in vertebrate and plant species, respectively.

Overall, the work presented in this thesis has used a blend of different

computational theories and techniques to provide important structural details about Hyp

O–glycosylation and explained the results of several experimental investigations. In

particular, sophisticated MD techniques, such as REMD, ABMD, HT–REMD and umbrella
sampling, were implemented. Additionally, electronic structure information was obtained
using PCM–B3LYP calculations on select conformations identified using MD simulations.

The level of detailed information obtained using these approaches demonstrate that the

suite of computational protocols implemented in this thesis can be applied to many
problems that involve elucidating the structural details of oligopeptides. Furthermore, the

work in this thesis highlights the effectiveness of a combined approach to biochemical
problems, which should be applied to further expand on the work carried out in this thesis.
7.3. Future Work

The structural information about Hyp O–glycosylation described above demonstrate

that the methodologies used in this thesis can be applied to other systems to yield valuable

insight into peptide structure. In this light, several avenues can be pursued to continue the
work on Hyp glycosylation. For instance, it is known that extensins (a class of HRGPs) are
glycosylated with five–membered arabinose sugars.12-13 Like the arabinogalactan proteins,

the extensin subfamily of HRGPs have been implicated in cell wall assembly and growth in

plants.1-3 They commonly contain the X–(Hyp)n sequence motif (n is typically 4–6), where
the serine amino acid residue is frequent in the X position and is glycosylated with short

arabinose polysaccharides. This particular O–glycosidic linkage should be characterized and
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compared to the Hyp–galactose linkage considered in this thesis. Thereafter, the effects of
contiguous and non–contiguous arabinosylation should be evaluated. These investigations

should evaluate whether the consequences of glycosylation are sugar specific or vary
depending on the type of attached sugar. Additionally, including Ala and Ser interruptions

should be considered since the (Ala/Ser–Hyp)n sequence repeat has been observed in

several HRGPs.5

It would be interesting to consider the effects of expanding the carbohydrate moiety

attached to the non–contiguously glycosylated compounds to more complex sugars, such as
the polysaccharides identified by Kieliszewski and coworkers.14-15 The data presented in

this thesis provides evidence that intramolecular hydrogen bonding reduces PPII character
in

non–contiguously

glycosylated

oligoprolines

upon

attachment

of

a

simple

monosaccharide sugar. However, bulkier polysaccharides could alter this pattern and may

lead to stronger PPII helices in non-contiguously as well as contiguously glycosylated Hyp
containing oligopeptides (proteins).

While experimental data and modeling show that multiple Hyp glycosylation does

not allow triple helix formation in the CMPs discussed in this thesis, collagen obtained from
the cuticle of certain worms only form a triple helices when threonine residues are highly

glycosylated.7-8 However, there is a reduced occurrence of Hyp residues in such collagen. A

computational study using the methodologies implemented in Chapter 6 of this thesis will
provide the structural and energetic basis for these observations and explain why a

glycosylated threonine per triplet of residues is required for collagen stability. Additionally,

the associated study will provide vital information about how glycosylated threonine
compensates for a reduced number of Hyp residues in such collagen.
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As mentioned in previous Chapters, some lysine residues of human collagen are

glycosylated.9,16 A galactose monomer or a glucose–galactose disaccharide is found to be the

most frequent covalently linked sugars to (hydroxy)lysine.9 The level of glycosylation varies

among collagen types, with fibril forming collagen types I and III much less glycosylated
than type II or IV collagen. This has led to the hypothesis that the degree of glycosylation is

responsible for fibril size differences between types I and II collagen.21 This notion is
supported by the work of Torre-Blanco et al.21 In their study, monomer strands of type I

collagen from human fibroblasts was produced at an elevated temperature of 40.5°C, which

hinders folding and allows for more post translational modifications before triple helix
assembly. No measureable increase in thermal stability due to hydroxylation/glycosylation
was observed, but the time required for collagen triple helix assembly increased. This
implies that folding of the monomer strands is affected as N(C)-proteinase (which cleaves
peptide terminals before assembly) is known to require a native peptide conformation for

enzymatic activity.23 Computational studies similar to what is implemented in this thesis
will provide details about the effects lysine glycosylation on the triple helix and monomer
strands of the collagen and help rationalize the experimental findings.

Additionally, it was observed in the experimental study by Torre-Blanco and

coworkers described above21 that the type I collagen fibrils obtained were much thinner in

the sample prepared at 40.5 °C. This is in consonance with observations of thinner fibers for
type IV collagen, which is naturally more glycosylated. An interesting project would study

how lysine glycosylation influences collagen fibril formation. Here, a sequence from

collagen will be glycosylated to various degrees, thereafter MD simulations will examine
how self-association into fibrils depends on the degree of glycosylation. The results from the
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MD study will explain the thinner fibers obtained at 40.5 °C and thereby provide further
insight into the structural consequences of glycosylation which is the theme of this thesis.
7.4. Conclusions

The body of work presented in this thesis has revealed important structural

information about the effects of naturally occurring Hyp glycosylation in the HRGPs of

plants, as well as explained the natural lack of Hyp glycosylation in the collagen of animals.
Interestingly, these effects are varied, and can be stabilizing or destabilizing to the PPII

conformation that is important for collagen and HRGP structure. This heterogeneity of
glycan action has been previously noted in the literature for other N(O)-glycosylated
proteins17 and entails that predicting the outcome of a specific glycosylation is difficult.

Therefore, computational strategies, such as those applied in this thesis, in collaboration

with experimental work will be very useful for unraveling the various effects of
glycosylation in nature. This is particularly important since over half of animal proteins are

glycosylated.18
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Table A1: PCM–B3LYP/6–311++G(d,p) calculated activation parameters (kJ/mol) for cis-trans
isomerization in Hyp and hyp compoundsa.
∆GTS-Cis
∆HTS-Cis
∆ETS-Cis
Compound Minimum 1 Minimum 2 Minimum 1 Minimum 2 Minimum 1 Minimum 2
Hyp
81.7
77.5
79.5
Hyp(α-Gal)
80.8
82.6
76.8
78.7
78.5
80.6
Hyp(β-Gal)
83.1
82.0
78.3
77.2
79.4
79.2
hyp
84.7
77.5
82.2
74.4
83.8
76.2
hyp(α-Gal)
80.1
79.5
76.0
74.8
78.0
76.9
hyp(β-Gal)
81.7
83.8
78.1
79.0
79.9
81.0

[a]For

unglycosylated hyp, minimum 2 refers to the conformation with an intramolecular
hydrogen bond between the Cδ hydroxyl and the peptide backbone. In glycosylated models,
minima refer to the conformation about the glycosidic linkage defined by φg and ψg(see
Scheme 3 and Figures 4 and 5). In glycosylated hyp compounds, minimum 2 has an
intramolecular hydrogen bond between sugar and peptide.
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derivative of Hyp (a, b) or hyp (c, d).
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Figure A9. The αR conformation of the ψ dihedral angle in (a) Hyp–α–Gal and (b) hyp–α–Gal,
illustrating the weak contact between the sugar C2 hydroxyl group and the ester oxygen of the
peptide in the hyp glycopeptide.
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Figure A11. PCM-B3LYP/6-311++G(d,p) optimized structure of trans 4(S)-O-methylated
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Figure A12. B3LYP/6-31G(d) optimized structure of hyp–β–Gal surrounded by 10 discrete water
molecules including a bridging water molecule.

225
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Table B1: Intramolecular hydrogen bonding in Ac-[Hyp-(β-D-Gal)]9-NH2 in the PPII conformation
observed during MD simulation at 300 and 552 K.a,b
Acceptor H
res@atom
5@O6'
7@O
9@O6'
2@O
8@O6'
4@O
10@O6'
6@O
6@O6'
1@O
3@O
5@O
4@O6'
2@O
4@O6'
7@O
6@O
1@O
4@O
3@O
6@O6'
8@O
7@O6'

300K

Donor
res@atom
4@H2O
10@H6O
8@H2O
5@H6O
7@H2O
6@H6O
9@H2O
9@H6O
6@H4O
4@H6O
5@H6O
8@H6O
3@H2O
4@H6O
4@H4O
9@H6O
8@H6O
3@H6O
7@H6O
6@H6O
5@H2O
10@H6O
6@H2O

% occupied
13.04
11.69
10.73
10.54
10.31
9.72
9.28
9.28
8.85
8.57
8.55
8.08
8.07
8.06
7.31
7.11
6.83
6.39
6.32
6.17
5.64
5.27
5.12

552K

Acceptor H
res@atom

Donor
res@atom

7@O

9@H6O

[a]A

% occupied

5.15

hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or less, and
the donor–donor hydrogen acceptor angle is 120° or greater. [b]Residue numbering is from 1 (Ac) to
11 (NH2) in the 9-mer peptides.
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Table B2: Intermolecular hydrogen-bonding interactions in Ac-[Hyp-(β-D-galactose)]9-NH2 in the
PPII conformation observed during MD simulations at 300 K.a,b
Acceptor H

Donor

9@O

solvent

res@atom
10@O
1@O
8@O

2@O6'
2@O

3@O6'

10@O2'
5@O
4@O

9@O2'
8@O2'
3@O

7@O2'
6@O2'
4@O2'
5@O2'
7@O6'
2@O2'
3@O2'
6@O

4@O6'

10@O6'
9@O6'
8@O6'
6@O6'
7@O

4@O3'
5@O6'
3@O3'
6@O3'
9@O3'
8@O3'
2@O3'
7@O3'

10@O3'
5@O3'

res@atom
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
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% occupied

144.92
124.44
119.44
105.35
98.23
97.26
95.81
94.74
94.35
94.1

93.71
92.79
92.46
91.37
91.35
90.4

90.15
88.87
87.92
87.31
87.2

86.67
86.57
85.41
85.38
85.19
84.62
84.25
83.17
82.95
82.21
81.58
81.56
81.45
81.15
80.98
79.22

solvent

2@H3O

solvent

10@H3O

solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
4@O4'
3@O4'

solvent
solvent
2@O4'

solvent

10@O4'
6@O4'
9@O4'
5@O4'
7@O4'
8@O4'

solvent
solvent
solvent
solvent

9@H3O

77.7
77.6

3@H3O

77.55

8@H3O

77.23

4@H3O
7@H3O
5@H3O

10@H2O
6@H3O
2@H4O
2@H2O
3@H4O
5@H2O
7@H4O

10@H4O
2@H6O
6@H2O
3@H2O
9@H4O
4@H4O
9@H2O
5@H4O
7@H2O
8@H2O
solvent
solvent

8@H40
4@H20
solvent

6@H40
solvent
solvent
solvent
solvent
solvent
solvent

3@H6O
7@H6O
8@H6O
6@H6O

234

77.53
77.26
77.1

77.09
76.86
76.17
74.84
74.74
73.74
71.97
71.86
71.62
70.85
70.75
70.67
70.21
70.18
69.15
68.87
68.47
67.71
66.95
66.87
66.05
65.94
65.46
63.49
63.48
63.15
63.15
62.9

62.81
62.81
62.65
58.41
55.48
54.19

solvent

4@H6O

53.34

solvent

10@H6O

50.46

solvent
solvent

[a]A

solvent

9@H6O
5@H6O

11@HN1

53.02
51.45
21.52

hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or less, and
the donor–donor hydrogen acceptor angle is 120° or greater. [b]Residue numbering is from 1 (Ac) to
11 (NH2) in the 9-mer peptides.
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Table B3: Hydrogen-bonding interactions in Ac-[Hyp-(β-D-Gal)]9-NH2 in the PPI conformation
observed during MD simulation.a,b
Acceptor H
res@atom
5@O
6@O6'
8@O
2@O
9@O6'
6@O
7@O6'
9@O
3@O
10@O6'
5@O6'
8@O6'
7@O
10@O
3@O4'
2@O2'
8@O6'
5@O6'
1@O
3@O6'
4@O6'
2@O6'
9@O2'
10@O2'
4@O
8@O2'
6@O2'
7@O2'
3@O2'
10@O
2@O
9@O3'
8@O3'
solvent
4@O2'

Donor

res@atom
Intramolecular
6@H6O
3@H4O
9@H6O
3@H6O
6@H4O
7@H6O
4@H4O
10@H6O
4@H6O
7@H4O
2@H2O
5@H2O
8@H6O
8@H2O
2@H6O
5@H6O
9@H4O
2@H3O
Intermolecular
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
solvent
5@H4O
solvent
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% occupied

85.1
73.78
70.42
58.41
57.95
56.49
35.2
32.85
30.65
21.45
21.23
10.83
10.78
10.27
9.57
8.92
7.28
5.94

144.14
100.77
100.49
94.04
93.48
93.34
89.53
89.22
86.46
85.8
85.36
84.92
84.67
83.37
83.18
82.46
81.7

10@O3'
solvent
3@O
solvent
8@O6'
solvent
solvent
solvent
2@O3'
solvent
solvent
solvent
solvent
solvent
6@O4'
solvent
5@O2'
7@O
solvent
7@O3'
5@O6'
4@O3'
solvent
solvent
3@O3'
6@O3'
solvent
7@O4'
solvent
solvent
solvent
4@O4'
10@O6'
5@O4'
solvent
solvent
solvent
10@O4'
8@O4'
5@O3'
2@O4'
3@O4'

solvent
3@H3O
solvent
6@H3O
solvent
8@H3O
10@H3O
9@H3O
solvent
9@H2O
4@H3O
10@H4O
3@H2O
10@H2O
solvent
7@H3O
solvent
solvent
6@H2O
solvent
solvent
solvent
8@H4O
4@H2O
solvent
solvent
2@H4O
solvent
9@H4O
2@H3O
5@H2O
solvent
solvent
solvent
8@H2O
7@H2O
5@H3O
solvent
solvent
solvent
solvent
solvent
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81.66
79.34
79.01
181
78.5
77.99
77.96
77.88
77
76.81
75.86
75.35
75.14
74.78
74.7
74.52
74.33
73.82
73.28
73.01
72.81
72.78
72.25
72.11
71.88
71.76
71.7
71.61
71.53
71.5
70.75
70.56
69.49
69.43
67.04
66.9
65.97
65.86
64.33
63.75
63.54
62.86

9@O4'
solvent
solvent
7@O6'
solvent
9@O
solvent
2@O2'
solvent
solvent
solvent
solvent
9@OD1
10@OD1
6@O
8@OD1
2@OD1
9@O6'
solvent
solvent
8@O
6@O6'
solvent
solvent
solvent
solvent
4@OD1
5@OD1
7@OD1
5@O
solvent

solvent
7@H4O
8@H6O
solvent
2@H6O
solvent
5@H6O
solvent
2@H2O
4@H4O
4@H6O
10@H6O
solvent
solvent
solvent
solvent
solvent
solvent
6@H4O
7@H6O
solvent
solvent
3@H6O
9@H6O
3@H4O
11@HN1
solvent
solvent
solvent
solvent
6@H6O

[a]A

59.8
59.77
56.65
55
54.63
51.99
51.56
50.31
49.54
45.1
42.32
42.05
36.19
35.24
34.47
31.15
30.94
30.54
27.98
26.5
19.49
17.12
16.42
14.48
14.41
14.03
12.72
11.09
10.86
8.75
5.42

hydrogen bond is considered to be present when the donor–receptor distance is 3.5 Å or less, and
the donor–donor hydrogen acceptor angle is 120° or greater. [b]Residue numbering is from 1 (Ac) to
11 (NH2) in the 9-mer peptides.
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