
   

THE ROLE OF TETRACYCLINE AND MACROMOLECULAR CROWDING ON 
THE FUNCTION OF ELONGATION FACTOR-TU 

 
 
 
 
 
 

KATHERINE ELIZABETH GZYL 
Bachelor of Science, University of Lethbridge, 2013 

 
 
 
 
 
 
 
 
 

A Thesis/Project 
Submitted to the School of Graduate Studies 

of the University of Lethbridge 
in Partial Fulfillment of the 

Requirements for the Degree 
 

MASTER OF SCIENCE 
 
 
 

Chemistry and Biochemistry 
University of Lethbridge 

LETHBRIDGE, ALBERTA, CANADA 
 
 
 

© Katherine Elizabeth Gzyl, 2017 
  



 

THE ROLE OF TETRACYCLINE AND MACROMOLECULE CROWDING ON THE 
FUNCTION OF ELONGATION FACTOR-TU 

 
KATHERINE ELIZABETH GZYL 

 
 
 

Date of Defence: April 21, 2017 
 
 
 
Dr. H.-J. Wieden     Professor     Ph.D. 
Supervisor 
 
 
 
Dr. U. Kothe     Associate Professor   Ph.D. 
Thesis Examination Committee Member 
 
 
 
Dr. M. Roussel     Professor    Ph.D. 
Thesis Examination Committee Member 
 
 
 
Dr. S. McKenna    Associate Professor   Ph.D. 
External Examiner 
University of Manitoba 
Winnipeg, Manitoba   
 
 
 
Dr. M. Gerken     Professor    Ph.D. 
Chair, Thesis Examination Committee 
  



iii 

Dedication 
 
Dedicated to, 
 
My parents who have always given me endless support and encouragement. 
 
My brother for always being there and putting up with all my science talk. 
 
My husband who willingly read, listened, and was interested in my work. And gave me 
encouragement, support and love when I needed it most.    



iv 

Abstract 

 The cellular environment affects dynamics of proteins moving from one 

conformation into another. Aspects of the cellular environment such as availability of 

ligands, osmolytes, and antibiotics affect proteins. However, the effect of macromolecular 

crowding remains debated. The translational GTPase EF-Tu undergoes a large 

conformational change during its delivery of aa-tRNA to the ribosome. Here, we 

investigated whether the antibiotic tetracycline or the crowded nature of the cell has an 

affect on the dynamics of EF-Tu. By comparing the rates of nucleotide binding, the 

GTPase activity of EF-Tu, and the stability of the EF-Tu�GTP�aa-tRNA complex with 

and without tetracycline, it was concluded that tetracycline did not affect the function of 

EF-Tu. Macromolecular crowding by the synthetic crowding agents dextran 40 and PEG 

4000 was found to influence the dynamics of nucleotide binding in EF-Tu suggesting the 

dynamics and function of EF-Tu should be studied in a more cellular-like context. 
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Chapter 1: Introduction  

Role of the cellular environment on protein dynamics 

 
Proteins adopt specific conformations to perform their functions in the cell. 

Different populations of conformations are controlled by factors in the cellular 

environment such as the availability of ligands (1), the presence of small molecule 

inhibitors (2, 3), the presence of osmolytes (4), and the crowded matrix of the cell (5). For 

instance, the concentration of GTP in the cell is about 10-fold greater than the GDP 

concentration in exponentially growing Escherichia coli (1). This concentration 

difference contributes to the binding of GTP over GDP to guanine binding proteins; 

therefore, favoring the GTP-bound over the GDP-bound conformation (6). Small 

molecule inhibitors, such as antibiotics, can trap a protein in an inactive conformation and 

prevent it from functioning (2, 3). Osmolytes such as glucose and sucrose are known to 

stabilize protein conformations (7). Macromolecular crowding is a phenomenon present 

in all cells (8); albeit, it is unknown how the densely packed environment of the cell 

influences the conformation or function of proteins. Here, two questions regarding the 

relationship between protein dynamics and function were addressed. First, the poorly 

understood effect of the antibiotic tetracycline on the function of the GTPase Elongation 

factor (EF)-Tu was investigated. Secondly, the effect that molecular crowding has on the 

nucleotide-binding properties of EF-Tu was studied.  

Role of elongation factor Tu in bacterial translation 

EF-Tu is a universally conserved bacterial protein that belongs to the family of 

translational GTPases, which have GTPase activity that is activated by the ribosome (9). 

Like all known GTPase, EF-Tu cycles between an active GTP state and an inactive GDP 
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conformation. EF-Tu consists of a G domain or domain I, domain II, and domain III that 

reorient depending on the nucleotide bound (Figure 1). The conformational change from 

the GTP state to the GDP state involves the conserved switch I and switch II regions 

found in GTPases (10-12). During the transition from the GTP to GDP bound state, 

domain I rotates 90o relative to domain II and domain III. This change exposes new 

surfaces along domain I and domain II (11, 13, 14). The conformation of EF-Tu directs 

the order by which protein and RNA factors associate to EF-Tu during translation (Figure 

2). In the active state, EF-Tu has a high affinity for aminoacyl (aa)-(t)ransfer RNA and 

forms the EF-Tu�GTP�aa-tRNA ternary complex (TC). While the aa-tRNA is part of the 

TC (figure 3) the aminoacyl-ester bond connecting the amino acid to the tRNA body is 

protected from spontaneous hydrolysis by ~10 fold (15). The TC associates with the 

L7/L12 stalk of the 50S subunit, then proceeds to interact with the A site on the 30S 

subunit of actively translating ribosomes (16, 17). Initial binding of the TC to the 

ribosome is codon independent; however, the ribosome activates the GTPase activity of 

EF-Tu when the aa-tRNA anticodon matches the mRNA codon present in the A site (18). 

The degree of GTPase activation by the ribosome depends on the degree of 

codon-anticodon complementarity (19). No complementarity results in a biologically 

insignificant rate of GTP hydrolysis (~10-2 to 10-3 s-1) (18). Complete complementarity 

results in a rate of GTPase activation up to 500 s-1 and a very fast rate of GTP hydrolysis 

(>1000s-1) (20). EF-Tu alone hydrolyses GTP with a rate (~10-5 to 10-4 s-1) that is 

biologically insignificant (21, 22). After GTP hydrolysis and inorganic phosphate (Pi) 

release, EF-Tu relaxes from the tight GTP conformation to the relaxed GDP conformation 

and the affinity for aa-tRNA significantly decreases (23). To complete the GTPase cycle, 
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EF-Tu associates with its guanine nucleotide exchange factor (GEF) EF-thermal stable 

(Ts), which accelerates dissociation of guanine nucleotides by ~6000 fold (6). Without 

EF-Ts, EF-Tu cannot sustain an in vivo translation rate. This conformational transition 

from the GTP to GDP bound state of EF-Tu keeps repeating throughout the elongation 

phase of translation.  
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Figure 1: Domain arrangement of EF-Tu in the GTP and GDP conformation. 

Cartoon illustration of EF-Tu in the GTP state (panel A) and the GDP state (panel B). 
Domain I is cyan, domain II is pink, domain III is green, the magnesium ion is purple, 

and the nucleotide is black. Panel (A) is an E. coli homology model of the crystal 
structure of Thermus aquaticus EF-Tu•GTP (PDB ID 1EFT) (12), and panel (B) is the 

EF-Tu•GDP crystal structure (PDB ID 1EFC) (24). 
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Figure 2: Bacterial translation. 

Schematic representation of bacterial translation where the ribosome is green, aa-tRNA is 
red, EF-Tu (Tu) is blue, and EF-Ts (Ts) is orange. (A) The three phases of translation, 
which are initiation, elongation and termination. (B) The nucleotide exchange cycle of 

EF-Tu during the elongation phase of translation. During elongation EF-Tu�GTP delivers 
aa-tRNA to the A site of the ribosome. After a correct codon-anticodon interaction, GTP 
hydrolysis can occur and EF-Tu can dissociate from the aa-tRNA and ribosome. In order 

for EF-Tu to participate in another round of translation it is recycled back to the GTP 
state. Under physiological conditions, EF-Ts catalyzes the dissociation of GDP from 

EF-Tu in order for a GTP molecule to bind. 
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Figure 3: Structure of the EF-Tu•aa-tRNA complex. 

The cartoon representation was based on the crystal structure of the EF-Tu•GTP•aa-tRNA 
complex (PDB ID 1OB2), and EF-Tu is red and the tRNA is orange. 
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Antibiotics that target elongation factor Tu 

Due to the importance of EF-Tu during bacterial translation, the dynamics of 

EF-Tu interacting with its different partners and ligands has been the subject of numerous 

studies. Structural studies including X-ray crystallography and electron microscopy have 

been used in connection with molecular dynamics simulations and biochemical 

experiments to investigate the structural dynamics of EF-Tu (25, 26). Small molecule 

inhibitors have been used to determine how protein dynamics are influenced, so that the 

protein can no longer perform its function (2, 3, 27, 28). There are a number of antibiotics 

that interfere with the ability of EF-Tu to deliver the correct aa-tRNA efficiently to the 

ribosome (28). These antibiotics either act directly on EF-Tu or prevent EF-Tu from 

associating with the A site of the ribosome (29). To date, EF-Tu is the direct target of four 

structurally distinct classes of antibiotics that can be divided into two modes of action 

(28). Kirromycin (2) and enacyloxin IIa (3) both bind to the domain I/III interface and 

trap EF-Tu in a GTP-like state that prevents the release of EF-Tu�GDP from the 

ribosome. This results in the accumulation of blocked nonfunctional ribosomes. 

Pulvomycin and GE2270 A prevent the formation of a stable TC by sterically blocking 

EF-Tu�GTP from associating with aa-tRNA (27). Pulvomycin binds along the domain 

I/III interface with its lactone ring binding into the domain II interface, and GE2270 A 

binds along the domain I/II interface in the GTP conformation of EF-Tu and only 

interacts with domain I in the GDP conformation of EF-Tu. Kirromycin, enacyloxin IIa, 

and pulvomycin increase the GTPase activity of EF-Tu (3, 27, 28). The third group of 

antibiotics that have been suggested to interact with EF-Tu are the tetracyclines (14, 30). 

However, the effects on the key enzymatic properties of EF-Tu are only poorly described, 
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and contradicting evidence has been reported in the past (30-32). 

The tetracycline family of antibiotics can be separated into typical tetracyclines 

and atypical tetracyclines. Typical tetracyclines bind to the 30S ribosomal subunit and 

sterically block aa-tRNA from accommodating in the A site, while atypical tetracyclines 

target the bacterial cytoplasmic membrane (33). The accepted mode of action of typical 

tetracyclines is inhibition of cell growth by blocking aa-tRNA accommodation into the A 

site of the ribosome, which results in a halt of translation (32, 34, 35). Tetracycline binds 

in the irregular minor groove of helix 34 and the stem loop of helix 31 in the 16S rRNA, 

as depicted in Figure 4 (34-36). Tetracycline binding relies on interactions with 

magnesium ions, hydrophobic interactions and stacking interactions, and there are no 

specific nucleotide or amino acid interactions (37, 38). The unspecific interactions of 

tetracycline allow it to interact with secondary targets. Biochemical and crystallographic 

evidence suggests that tetracycline binds to secondary sites on the 30S and 50S subunits 

(35, 39). Whether these secondary-binding sites contribute to the primary mode of 

tetracycline action, have an alternative mode of action, or have no effect on translation is 

not known (35, 40). Additionally, translation inhibition by tetracycline in vitro requires 

concentrations higher than the observed minimal inhibitory concentration (MIC) in vivo 

(36, 41) suggesting aa-tRNA accommodation is not the only target of tetracycline. 
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Figure 4: Primary binding site of tetracycline on the 30S ribosomal subunit. 

Panel (A) shows the structure of tetracycline. Panel (B) illustrates the binding pocket of 
tetracycline (PDB ID 1HNW), and Panel (C) is a close up of the tetracycline-binding 

pocket in panel (B) (34). Tetracycline is colored by atom, the irregular minor groove of 
helix 34 is yellow, the stem loop of helix 31 is green, the remaining 16S-RNA is black, 

and the fragment of mRNA is orange, the tRNA is purple. 
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Evidence for the role of EF-Tu as one of tetracycline’s secondary targets comes 

from two crystal structures of a partially trypsin digested EF-Tu�GDP�tetracycline 

complex (14) (Figure 5). In one case, the trypsin-modified EF-Tu�GDP�tetracycline 

complex was crystalized, and in the other case, trypsin-modified EF-Tu�GDP was 

crystalized and tetracycline was soaked into the crystals. In both cases, tetracycline was 

found to bind to domain I of EF-Tu, having contacts with conserved amino acids in the 

phosphate binding loop and the switch I region. Based on the interaction with these 

functionally relevant regions of EF-Tu, it was speculated that tetracycline binding to 

EF-Tu could have an effect on the structural dynamics of EF-Tu and as a consequence 

modulate its key enzymatic properties such as guanine nucleotide binding, nucleotide 

exchange and/or GTP hydrolysis.  
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Figure 5: Binding pocket of tetracycline in EF-Tu. 

The GTPase domain of EF-Tu (red) bound to GDP (black) and tetracycline (colored by 
atom). Switch II is highlighted in green and the P-loop is highlighted in yellow. 

Tetracycline is coordinated by the conserved magnesium ion (purple), and interacts with 
Thr25 (E. coli numbering), Asp80, and Pro82, and is in close proximity to Asp21, Thr64, 
Ser65, and Leu178. The X-ray structure of the EF-Tu•GDP•tetracycline complex (PDB 

ID 2HCJ) (42) was used to generate the cartoon illustration. 
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Role of macromolecular crowding on protein dynamics 

 Over half of all known antibiotics target the processes of translation (29, 43). A 

great deal of investment has gone into understanding the molecular mechanisms of these 

antibiotics. However, most of these studies have been performed under in vitro conditions 

that do not represent the crowded environment of the cell. For instance, most proteins are 

studied at concentrations below 1 g/L (6, 44-46) whereas the cytoplasm of E. coli is 

estimated to contain a concentration between 300 g/L and 400 g/L of protein and RNA 

(47). Currently, there are no published studies addressing the role of macromolecular 

crowding on the modes of action of antibiotics. Macromolecular crowding has been 

shown to alter the activity of small molecule compounds (48). A study focusing on the 

ability of small molecule inhibitors to interfere with telomere maintenance through the 

stabilization of the telomere G-quadruplex found that under crowded conditions these 

ligands had diminished stabilizing ability (48). Before perusing studies that address the 

effects of antibiotics on the translation process, it should be established whether crowding 

does alter the process of translation. The only direct evidence that crowding does affect 

translation comes from the increased activity of the integrated rRNA transcription and 

ribosome assembly system with the addition of the crowding agent Ficoll 400; however, it 

is unknown whether Ficoll affects transcription or translation (49). No studies have been 

conducted on the functions of individual components of the translation machinery under 

crowded conditions.  

It would be ideal to study proteins in a more biologically relevant context such as 

in cell lysates, but experimentally it is very difficult and often not feasible to use cell 

lysates in many in vitro studies (50). Synthetic polymers such as dextran, ficoll, 
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(poly)ethylene glycol (PEG) and poly(vinylpyrrolidone) have been used to create 

crowded conditions in vitro. As well natural protein crowders such as bovine serum 

albumin and lysozyme have been used. The benefit of using synthetic polymers is that 

they are highly soluble and inert compared to proteins (51). The crowded environment 

created by either synthetic polymers or natural proteins can result in the macromolecular 

crowding effects of volume exclusion, confinement and nonspecific interactions between 

the crowding agents and the probe macromolecule (45, 52). Each macromolecule in the 

cell excludes volume from other macromolecules, because the macromolecule occupies 

space that cannot be used by another macromolecule. Excluded volume results from one 

soluble molecule occupying a volume that can no longer be occuied by another soluble 

molecule (52). Volume exclusion can lead to confinement, which occurs when crowders 

create a cavity that the macromolecule cannot escape from (53). Nonspesific interaction 

can occur when the crowder interacts with the macromolecule under study. These 

interactions can be stabilizing or destabilizing and depend on the chemical nature of the 

crowder and macromolecule understudy (50, 53). Crowding can result in altered activity 

of macromolecules by compressing flexible regions (5, 54, 55), creating cavities that the 

macromolecule cannot escape from (53), and altering the stability of the macromolecule 

through nonspecific interactions with the crowder (50, 53).  

The function of EF-Tu has been thoroughly studied using in vitro systems that can 

be adapted to study the role of molecular crowding on this translational GTPase. The 

large conformational change of EF-Tu from the GTP to the GDP state (Figure 1) makes it 

an excellent candidate to study the role of macromolecular crowding on protein 

dynamics. It is known that macromolecular crowding can compress flexible regions of a 
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protein to bring together distant subunits (5), but it is unknown how crowding affects the 

motions from one conformation into another. To decipher the roles of volume exclusion 

and non-specific interactions between EF-Tu and crowding agents, the chemically distinct 

polymers dextran 40 and PEG were compared. The effects of macromolecular crowding 

were also compared to the osmolyte glucose, which stabilizes proteins by preferential 

burial of the protein backbone (7). Studying the effects of macromolecular crowding on 

EF-Tu facilitates studies on EF-Tu dynamics under more in vivo like conditions that can 

aid in antibiotic development 

Objectives 

The two objectives of this thesis were to determine if tetracycline or 

macromolecular crowding had any effect on the dynamics of EF-Tu that contributed to 

the factor’s function. First, I assessed whether the antibiotic tetracycline had any effect on 

the intrinsic function of EF-Tu. Based on the location of the tetracycline binding site 

proximal to the nucleotide binding pocket in EF-Tu, it was predicted that tetracycline 

could interfere with the binding of GTP or GDP to EF-Tu, the interaction with EF-Ts, 

intrinsic and ribosome stimulated GTPase activity, and the stability of the 

EF-Tu•GTP•aa-tRNA complex. The stopped-flow method presented in Gromadski et al 

2002 (6) was adapted to take into account the auto-fluorescence of tetracycline, so that 

the kinetics of nucleotide-binding in EF-Tu could be assessed in the presence and absence 

of tetracycline. Through the use of a bandpass filter in the stopped-flow apparatus, it was 

determined that tetracycline did not affect either spontaneous nucleotide binding or EF-Ts 

stimulated nucleotide dissociation. Due to the lack of an effect of tetracycline on the 

EF-Ts stimulated nucleotide dissociation of EF-Tu, it was concluded that interaction 
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between EF-Tu and EF-Ts was not affected. EF-Tu’s GTPase activity was assessed by 

monitoring the hydrolysis of [γ-32Pi]-GTP in the absence or presence of 50S and 70S 

(stimulated) and including the effect of tetracycline. Under all conditions tested, 

tetracycline did not affect GTP hydrolysis. The last aspect of the EF-Tu tetracycline 

interaction studied was the stability of the EF-Tu•GTP•aa-tRNA ternary complex (TC) in 

the presence and absence of tetracycline. It was determined that tetracycline had no effect 

on the stability of the TC. It was concluded that tetracycline did not affect dynamics of 

EF-Tu that contributed to the intrinsic function of the factor.  

Second, the stopped-flow technique was used to determine if macromolecular 

crowding affected the dynamics of spontaneous nucleotide binding in EF-Tu. The effect 

of macromolecular crowding on the dynamics of EF-Tu was studied by observing the rate 

of nucleotide association and dissociation. It has been shown that to determine the effect 

macromolecular crowding on ligand binding both the association and dissociation rate 

constants must be determined, because both can be affected so that the dissociation 

constant remains the same (4). Using dextran 40 and PEG 4000 as crowding agents, it 

was determined that macromolecular crowding decreases the rate constant of GTP 

association, and GDP dissociation from EF-Tu. However, macromolecular crowding did 

not affect the association of GDP or dissociation of GTP from EF-Tu. This suggests that 

macromolecular crowding does affect the dynamics of EF-Tu in a manner that increases 

the affinity for GDP over GTP. This work paves the way to determine how 

macromolecular crowding affects the mechanism of antibiotics that target EF-Tu. 

Currently, all known antibiotics stabilize the GTP state of EF-Tu (27). It would be 
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interesting to determine if the GTP state of EF-Tu is stabilized in the presence of EF-Tu 

specific antibiotics under crowded conditions.     



17 

Chapter 2: Tetracycline does not directly affect EF-Tu function∗ 

Abstract  

Understanding the molecular mechanism of antibiotics currently in use is important for 

the development of new antimicrobials. The tetracyclines, discovered in the 1940s, are a 

well-established class of antibiotics that still have a role in treating microbial infections in 

humans. It is generally accepted that the main target of their action is the ribosome. The 

estimated affinity for tetracycline binding to the ribosomes is relatively low compared to 

the actual potency of the drug in vivo. Therefore, additional inhibitory effects of 

tetracycline on the translation machinery have been discussed. Structural evidence 

suggests that tetracycline inhibits the function of the essential bacterial GTPase 

Elongation Factor (EF)-Tu through interaction with the bound nucleotide. Based on this, 

tetracycline has been predicted to impede the nucleotide binding properties of EF-Tu. 

However, detailed kinetic studies of tetracycline’s effect on nucleotide binding have been 

prevented by the florescence properties of the antibiotic. Here we report a fluorescence-

based kinetic assay that minimizes the effect of tetracycline autofluorescence, enabling 

the detailed kinetic analysis of the nucleotide binding properties of Escherichia coli 

EF-Tu. Furthermore, using physiologically relevant conditions, we demonstrate that 

tetracycline does not affect EF-Tu’s intrinsic or ribosome-stimulated GTPase activity, nor 

the stability of the EF-Tu•GTP•aa-tRNA complex. We therefore provide clear evidence 

that tetracycline does not directly impede the function of EF-Tu.

                                                
∗ Published in PLOS ONE. The autors of the paper are Katherine E. Gzyl and Hans-
Joachim. H-J.W. conceived the research; H-J.W. and K.E.G. designed the experiments; 
K.E.G. performed and analyzed the experiments; H-J.W. and K.E.G. wrote the paper. 
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Introduction  
Developing new antibiotics is a global priority due to antibiotic-resistant bacteria 

becoming more prevalent for common infections worldwide (56, 57). There has been 

great investment in developing new antibiotics from chemical libraries; however this 

route has not been overly successful (58, 59). The most promising route to developing 

new antibiotics to date has been through the modification of already known naturally 

produced antibiotics (58). However, resistance to these antibiotics usually occurs quickly 

because the respective resistance mechanisms are already present (59). An alternative 

approach would implement known antibiotic molecular mechanisms while screening 

chemical libraries and rationally designing new small molecule inhibitors (58, 60). 

However, from thousands of developed antibiotics, the molecular mechanism is only 

known for a few (29, 58). Furthermore, little is known about the secondary and non-

specific targets of these antibiotics. One of these antibiotics is tetracycline.  

Tetracycline is a broad spectrum antibiotic used in human and animal health with 

activity against a wide spectrum of pathogens (33, 61-63). While tetracycline use has 

declined due to increasing antibiotic resistance, many tetracycline derivatives have been 

developed based on the core molecular structure of tetracycline. Newly developed 

tetracycline derivatives can bypass current resistance mechanisms (33, 36, 64-66). All 

tetracyclines, except for atypical tetracyclines that target the bacterial cytoplasmic 

membrane, bind to the 30S ribosomal subunit and sterically block aminoacyl (aa)-tRNA 

from being accommodated into the A site (32, 33). The primary tetracycline binding 

pocket is formed by the irregular minor groove of helix 34 and the stem loop of helix 31 

in the 16S rRNA (34-36). Tetracycline’s polar edge interacts with the sugar phosphate 
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backbone of helix 34 and a magnesium ion, which coordinates indirect interactions with 

other nucleotides. A second magnesium ion coordinates interactions between tetracycline 

and helix 31. The hydrophobic face of tetracycline makes stacking interactions with bases 

of helix 34 (36). These unspecific interactions and the chelating properties of tetracycline 

are the reason why tetracycline binding can also be observed for a number of other 

secondary sites on the ribosome. The half maximal inhibitory concentration (IC50) in in 

vitro assays is ~10 µM; however, minimal inhibitory concentration (MIC) of tetracycline 

to stop the growth of E. coli in culture ~1 µM (36, 41). This discrepancy between the 

MIC and IC50 in addition to the diverse resistance mechanisms for tetracycline, support 

the functional relevance of tetracycline binding to these secondary binding sites (36, 41).  

 Apart from targeting the bacterial ribosome, a tetracycline binding pocket has also 

been reported in EF-Tu, suggesting that tetracycline does indeed affect the function of 

EF-Tu directly (32, 42, 67-71). The recent structure of a 1:1 complex of trypsin-modified 

EF-Tu•GDP and tetracycline, solved using X-ray crystallography, supports a putative role 

of tetracycline in interfering with efficient nucleotide exchange in vivo (42). In the 

structure, tetracycline is bound to the GTPase domain and interacts with several key 

functional regions within conserved motifs found in the GTPase and ATPase super 

families (Figure 5). Briefly, tetracycline is coordinated through a magnesium ion, which 

is an essential co-factor for nucleotide binding in EF-Tu (72). The following features of 

EF-Tu are involved in hydrogen bonding interactions with tetracycline: the α-phosphate 

of GDP, Thr25 (Escherichia coli numbering), and Asp80. Thr25 belongs to the conserved 

sequence of the phosphate binding (P)-loop ([G/A]X4GK[S/T]). Asp80 is part of the 

conserved switch II trigger sequence (DX2G). The Switch II trigger sequence and the P-
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loop are the most important contributors to GTP binding in all GTPases and guanine 

nucleotide specificity is due to the Asp in the Switch II trigger sequence (73). Both these 

motifs are conserved in many ATPases and GTPases (74). In addition, a stacking 

interaction occurs between Pro82 and tetracycline. This proline residue is invariant in 

translational GTPases (75, 76). Based on the location and the amino acids that 

tetracycline interacts with in EF-Tu, it was predicted that nucleotide binding and GTP 

hydrolysis would be affected (42). Minor steric clashes in the superposition of the EF-

Tu•GDP•tetracycline complex were observed and no steric classes in the EF-Tu•EF-Ts 

complex (Figure 6 and 7) were observed (42). However, given that the P-loop and 

magnesium ion are important features in EF-Ts-stimulated nucleotide dissociation, the 

ability of EF-Ts to stimulate GDP dissociation might be impeded (Figure 7) (72, 77). For 

example, in EF-Tu nucleotide dissociation is initiated by the release of the phosphate end 

of the nucleotide (78). Further, since the tetracycline binding pocket is conserved in many 

GTPases and ATPases, additional essential proteins could be affected by tetracycline. It is 

estimated that 10-18% of all gene products are P-loop NTPases (79). In turn, this would 

explain the observed discrepancy between the MIC and IC50 for in vitro translation 

assays. 
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Figure 6: Tetracycline binds proximal to switch I and II in EF-Tu. 

Cartoon illustration of the superposition of EF-Tu in the GTP state (panel A) and the 
GDP state (panel B) onto the trypsin-modified EF-Tu•GDP•tetracycline X-ray structure. 
Tetracycline is colored by atom, the magnesium ion is purple, switch I is highlighted in 
blue, switch II is highlighted in green, and the P-loop is highlighted in yellow. Panel (A) 
is the E. coli homology model of the crystal structure of T. aquaticus EF-Tu•GTP (PDB 
ID 1EFT) aligned to domain I of the EF-Tu•GDP•tetracycline crystal structure (PDB ID 

2HCJ) (42). Panel (B) is the EF-Tu•GDP crystal structure (PDB ID 1EFC) (24) aligned to 
domain I of the EF-Tu•GDP•tetracycline crystal structure (PDB ID 2HCJ) (42). 
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Figure 7: Tetracycline binding is compatible with EF-Ts binding to EF-Tu. 

Interaction between tetracycline (colored by atom) bound EF-Tu (red) and EF-Ts (green) 
is represented using a cartoon illustration. The phosphate-binding loop is highlighted in 
yellow. Domain I of EF-Tu in the EF-Tu•EF-Ts (PDB ID 1EFU) (80) crystal structure 

was superimposed onto domain I of EF-Tu•GDP•tetracycline (PDB ID 2HCJ) (42). 
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 Previously reported biochemical evidence suggests that tetracycline binding is 

able to modulate E. coli EF-Tu function (69, 70). Using fluorescence spectroscopy, the 

ability of tetracycline to bind both E. coli EF-Tu and Sulfolobus solfataricus EF-1α was 

demonstrated (69). This study also provided evidence that tetracycline binding might 

have an effect on nucleotide affinity as well as the rate of GTP hydrolysis in EF-1α. The 

effects of tetracycline on EF-1α were slight (a ~1.5-fold reduction in nucleotide affinity at 

50 µM tetracycline and a ~25% decrease in the salt stimulated GTPase activity at 120 µM 

tetracycline), but provided the basis for studying the effects of tetracycline on E. coli 

EF-Tu, which has a greater affinity for tetracycline than S. solfataricus EF-1α (69). Due 

to the use of non-equilibrium methods, such as nitrocellulose filtration, and non-

physiological conditions, such as salt stimulated GTPase activity, the results reported for 

S. solfataricus EF-1α make it difficult to assess what effect tetracycline will have on the 

GTPase activity under in vivo conditions. Here, we adapted the fluorescence stopped-flow 

approach previously used (72, 77, 78, 81, 82) to study the kinetics of nucleotide binding 

in EF-Tu in order to gain detailed kinetic and thermodynamic information regarding the 

interaction of guanine nucleotides with EF-Tu in the presence of tetracycline. With the 

previously reported approach, it is not possible to observe the fluorescence of mant-

labeled nucleotides in the presence of tetracycline due to the fluorescence properties of 

tetracycline (Figure 8). Furthermore, using purified components from the E. coli 

translation machinery, we were able to determine the intrinsic and ribosome stimulated 

GTPase activity of EF-Tu, as well as the stability of the ternary complex Phe-

tRNAPhe•EF-Tu•GTP in the presence of tetracycline, avoiding the use of non-

physiological, high salt conditions.  
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Figure 8: Fluorescence emission properties of tetracycline and mant-nucleotides. 

Comparison of the emission spectra of tetracycline and mant-GTP with the transmittance 
range of the 430 ± 10 nm bandpass filter (represented by the non-shaded areas). Three 

concentrations of tetracycline, 0.1 µM (light pink), 10 µM (red), and 100 µM (dark red) 
and two concentrations of mant-GTP, 1 µM (light blue) and 5 µM (dark blue), were 

excited at a wavelength of 335 nm in Buffer C (vide infra). 
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 To our knowledge, this is the first study that reports rate constants for the 

nucleotide binding kinetics of EF-Tu in the presence of tetracycline. The results reported 

here provide clear evidence that tetracycline does not affect translation through direct 

effects on the key enzymatic properties of EF-Tu, dismissing the observed interaction of 

tetracycline with EF-Tu as an exploitable target for antimicrobial drug development. 

Materials and Methods 

Expression and purification of EF-Tu and EF-Ts  

Proteins were expressed and purified to homogeneity as described in (81, 82). All 

purification steps contained GDP to prevent EF-Ts co-purification. The concentration of 

EF-Tu was determined with the extinction coefficient of 32,900 M-1cm-1 at a wavelength 

of 280 nm. The EF-Tu extinction coefficient was determined with ProtParam (83). 

Protein purity was assessed by 12% SDS PAGE stained with Coomassie Brilliant Blue.  

 EF-Ts was expressed as a fusion protein from the IMPACT I system (NE Biolabs) 

provided by Charlotte Knudsen (Åarhus, Denmark) as described in (82) to homogeneity. 

The fusion protein contains a self-splicing intein and a chitin-binding domain that is 

removed during purification. The concentration and purity of EF-Ts were determined 

through 14% SDS stained with Coomassie Brilliant Blue and Image J was used to 

quantify the concentration through densitometry.  

Preparation of nucleotide free EF-Tu 

Nucleotide free EF-Tu was prepared as described in (81, 82). Briefly, EF-Tu•GDP 

was incubated with Buffer A (25 mM Tris-HCl, pH 7.5, 50 mM NH4Cl, and 10 mM 

EDTA) at 37 oC for 30 min to promote the dissociation of GDP. Then EF-Tu and GDP 

were separated on a Superdex 75 (GE healthcare) size exclusion column in Buffer B 
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(25 mM Tris-HCl, pH 7.5, and 50 mM NH4Cl). Fractions containing EF-Tu were 

collected and the concentration was quantified spectroscopically (ε280 32,900 M-1cm-1). 

EF-Tu was diluted with Buffer C (50 mM Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 

and 7 mM MgCl2) prior to all experiments. All nucleotide-free EF-Tu was prepared the 

same day as rapid-kinetics assays were performed.  

Rapid-kinetics measurements 

A fluorescence stopped-flow apparatus (KinTek SF-2004) was used to determine 

rate constants as described in (72). Buffer C was used for all stopped-flow measurements. 

Nucleotide binding of EF-Tu was determined through fluorescence energy transfer from 

Trp184 (λex = 280 nm) in EF-Tu to the mant-group on either mant-GTP or mant-GDP. 

The fluorescence signal was detected after passing through a 430 ± 10 nm bandpass filter 

(Edmund Optical).  

Nucleotide association to EF-Tu is a second order reaction, which means that that 

the rate constant depends on both the concentration of mant-nucleotides and EF-Tu. 

However, pseudo first order conditions can be used so that the apparent first order rate 

constant depends on the concentration of only one of the reactants. Here, excess mant-

GTP/mant-GDP was titrated against a constant concentration of nucleotide free EF-Tu 

(~0.3 µM). Under these pseudo first order conditions it was assumed that the 

concentration of mant-GTP/mant-GDP remained constant during the time course, and that 

the apparent first order rate constant was only dependent on the initial concentration of 

mant. The observable for the association reaction is then the formation of the 

EF-Tu�mant-GTP/GDP complex. Each apparent first order rate constant at a specific 

mant concentration was determined by fitting the following one-exponential function to 



27 

each fluorescence time course, 

    ! = !! + ! exp(−!!"" × !)    (1) 

where F is fluorescence at time t, Fn is the final fluorescence, A is amplitude and 

kapp is the apparent rate constant. The plot of the apparent rate as a function of the 

nucleotide concentration should be linear. A linear line indicates that under the conditions 

used the reaction is first order, and only depends on the initial concentration of mant-

nucleotides. The slope of this line is the second order reaction rate constant. The 

association rate constant was determined by plotting the apparent rate as a function of the 

nucleotide concentration. For all association and dissociation experiments both syringes 

contained the appropriate concentration of tetracycline.  

  Dissociation rate constants were determined by forming an 

EF-Tu•mant-GTP/mant-GDP complex with 0.6 µM EF-Tu and 6 µM mant nucleotide 

(syringe concentrations). Then EF-Tu•mant-GTP/mant-GDP was chased with 60 µM of 

unlabeled nucleotide. The dissociation rate constant was determined by fitting each time 

course to a one-exponential function (Equation 1).  Nucleotide dissociation from EF-Tu is 

a first order reaction and the rebinding of unlabeled nucleotide is rapid, so the determined 

apparent rate was the rate constant. 

 The association reaction between EF-Tu�mant-GTP/GDP to EF-Ts also used 

pseudo first order conditions. For this reaction the concentration of EF-Ts was much 

greater than EF-Tu�mant-GTP/GDP. To observe the interaction between EF-Tu and EF-

Ts, excess unlabeled nucleotides were added into the EF-Ts syringe allowing us to detect 

the interaction between the two proteins as a fluorescence decrease. Excess unlabeled 

nucleotide prevented the rebinding of mant. The pseudo first order rate constant of EF-Tu 
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EF-Tu�mant-GTP/GDP�EF-Ts complex formation was only dependent on the 

concentration of EF-Ts, which was assumed to remain constant through the experiment. 

The first portion of the kapp with respect to EF-Ts concentration was linear. This indicates 

that the formation of the EF-Tu�EF-Ts complex was rate limiting under these EF-Ts 

concentrations. If the concentration of EF-Ts had been further increased the plot would 

have reached saturation and plateaued (6). The kapp at saturation is the rate of EF-Tu�EF-

Ts complex formation.  

GTPase assays 

The rate of GTP hydrolysis was determined as in (84). All GTPase assays were 

performed in Buffer C. Prior to measuring GTPase activity, [γ-32P]GTP (20 µM) was 

charged for 15 min at 37 oC with phosphoenol pyruvate (3 mM), and pyruvate kinase 

(0.02 µg/µL). Then EF-Tu (10 µM) alone or together with EF-Ts (0.02 µM or 0.2 µM) 

was added and the reaction was incubated for 15 min at 37 oC. EF-Ts is added into the 

reaction mixture to prevent GDP dissociation from being the rate-limiting step. The 

reaction was allowed to cool to room temperature for 5 min. The reaction was started by 

the addition of the solution containing the appropriate concentration of tetracycline with 

no ribosomes, 70S ribosomes (0.1 µM), or 50S ribosomal subunits (0.1 µM). The 70S 

ribosome is composed of the 30S and 50S ribosomal subunits. EF-Tu binds the L12 stalk 

region and SRL on the 50S subunit (16, 17). At each time point, a 5 µL aliquot of the 

reaction was quenched in 50 µL of perchloric acid (1 M) and dipotassium phosphate 

(2 mM) to denature the proteins and RNA components so that they could no longer 

hydrolyze GTP. Free γ-32P was extracted using 400 µL isopropyl and 300 µL sodium 

molybdate (20 mM), because free γ-32P forms a complex with molybdate that is soluble in 



29 

the organic phase. The amount of hydrolyzed [γ-32P]-GTP was determined by adding 

200 µL of the organic phase to 2 mL of scintillation cocktail (EcoLite, MP Biomedical) in 

10 mL scintillation vials and scintillation counting (Tri-Carb 2800TR Perkin Elmer). 

Background radioactivity was determined and subtracted by using a reaction mixture that 

contained all components except EF-Tu. 

Hydrolysis protection assays 

The stability of the EF-Tu•GTP•aa-tRNA ternary complex was assessed as 

described in (81). The EF-Tu•GTP•aa-tRNA ternary complex was formed in Buffer D 

(50 mM Tris-HCl, pH 7.5 (4 oC), 70 mM NH4Cl, and 10 mM MgCl2) with EF-Tu 

(1.5 µM), [14C]Phe-tRNAPhe (1.08 µM), GTP (1.5 mM), phosphoenol pyruvate (3 mM), 

and pyruvate kinase (0.17 µg/µL). [14C]Phe-tRNAPhe was prepared as described in (81) by 

incubating tRNAPhe (E. coli MRE 600, Sigma) with ATP (6 mM), inorganic 

pyrophosphatase (3 mM), phosphoenol pyruvate (3 mM), and pyruvate kinase 

(0.17 µg/µL) in Buffer E (25 mM Tris-Ac pH 7.5 (room temperature), 11 mM Mg(OAc)2 

100 mM NH4OAc, 30 mMKOAc, and 1 mM Dithiothreitol) for 30 min at 37 oC. Then 

[14C]-Phe (40 µM) and purified phenylalanyl-tRNA synthetase (~1 µM) was added to the 

solution, and incubated for 20 min at 37 oC. The reaction was quenched with the addition 

of 3 M KOAc (pH 4.5) to a final concentration of 0.3 M. Following the 

phenol/chloroform extraction, the RNA was precipitated with 2.5 volumes of cold 

(-20 oC) 100% ethanol overnight.  
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Results and discussion 

The effect of tetracycline on the nucleotide binding properties of EF-Tu 

  The crystal structure of trypsin-modified EF-Tu•GDP•tetracycline revealed 

tetracycline bound to the GTPase (G)-domain of E. coli EF-Tu (Figure 5). Binding in this 

region was predicted to affect the ability of EF-Tu to bind and exchange guanine 

nucleotides (42). In an unrelated study, tetracycline was reported to decrease the affinity 

of guanine nucleotides (1.7- and 1.5-fold for GDP and GTP respectively) and this 

decrease in affinity was suggested to be the result of tetracycline affecting the association 

rate constant of GTP/GDP (69). Since tetracycline has a greater affinity for E. coli EF-Tu 

than S. solfataricus EF-1α, we predicted the effect of tetracycline on nucleotide binding 

would be greater on E. coli EF-Tu. We therefore modified the previously reported 

stopped-flow approach, described in (72, 77, 78, 81, 82), to enable the direct analysis of 

guanine nucleotide association and dissociation kinetics in EF-Tu. The major challenge to 

this approach is the autofluorescence of tetracycline which, at sufficiently high 

concentrations, overwhelms the mant fluorescence signal that reports binding of the 

respective nucleotide to EF-Tu (72). A close inspection of the fluorescence spectra of 

mant-nucleotides and tetracycline when excited at 280nm reveals that the majority of the 

tetracycline autofluorescence occurs at wavelengths greater than 450nm, whereas the 

florescence maximum of mant lies at 440nm (Figure 8). In the past, mant fluorescence 

was recoded using 400nm long-pass cut-off filters. Based on these spectral properties, we 

used a 430 ± 10 nm band-pass filter that is optimal to reduce tetracycline emission and 

still observe the fluorescence emission of the mant group (Figure 8) with high enough 

sensitivity to obtain time-resolved fluorescence changes of mant-GTP/GDP (Figure 9). 
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This modification of the well-established approach to dissect the nucleotide binding 

kinetics in E. coli EF-Tu (72, 77, 78, 81, 82), allowed us to study the association and 

dissociation of GTP and GDP, and EF-Ts-stimulated nucleotide exchange in EF-Tu 

according to the kinetic scheme shown in Figure 10.  
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Figure 9: Effect of tetracycline on the association rate of EF-Tu and 
mant-nucleotides. 

Representative time courses of (A) mant-GTP (2 µM) or (B) mant-GDP (2.5 µM) binding 
nucleotide free EF-Tu (0.3 µM) in the presence of either 0 µM (grey) or 100 µM (red) 

tetracycline measured by exciting the single tryptophan residue at 280 nm and observing 
fluorescent energy transfer to the mant group through a 430 ± 10 nm band-pass filter. 

Concentration dependence of kapp for mant-GTP (C) or mant-GDP (D) in the presence of 
either 0 µM tetracycline (grey) or 100 µM tetracycline (red). Each kapp was determined by 

fitting time courses to a single exponential function, and the average of (n > 10) time 
courses determined at a given nucleotide concentration is plotted. Error bars represent 

standard error. 
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Figure 10: Kinetic mechanism of nucleotide exchange in EF-Tu. 
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Nucleotide Association (k1 and k5) 

The association rate constants for GDP (k1) and GTP (k5) were determined by 

titrating mant-guanine nucleotides against a constant concentration of nucleotide free EF-

Tu. At each nucleotide concentration, the apparent association rate constant was 

determined in the presence and absence of 100 µM tetracycline (Figure 9C). By plotting 

the apparent rate constants with respect to nucleotide concentration, the association rate 

constant was determined (Table 1). The GTP association rate constant in the absence of 

tetracycline was k5 = 3.9 ± 0.1 × 105 M−1s−1, and the addition of 100 µM tetracycline 

resulted in an unchanged rate constant (k5, tet = 3.4 ± 0.1 × 105 M−1s−1). Both of these GTP 

association rate constants are in agreement with the previously reported rate constant of 

k5 = 5 ± 1 × 105 M−1s−1 (72). Similarly, the GDP association rate constant of 

k1 = 2.1 ± 0.1 × 10 6 M−1s−1 is not affected by the addition of 100 µM tetracycline 

(k1,tet = 2.1 ± 0.3 × 106 M−1s−1), and both rate constants agree with the earlier reported 

value of k1= 2.0 ± 0.5 × 106 M−1s−1 (72). Therefore, tetracycline has no effect on the 

association rate constants of either GTP or GDP to E. coli EF-Tu and, in turn, on the 

thermodynamics of this interaction.  
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Table 1: Kinetic parameters of nucleotide binding in EF-Tu in the presence of 0 µM and 
100 µM tetracycline. 

Condition Rate 
k1  2.1 ± 0.1 × 106  M−1s−1 
k1, tet 2.1 ± 0.3 × 106  M−1s−1 
k5  3.9 ± 0.1 × 105  M−1s−1 
k5, tet 3.4 ± 0.1 × 105  M−1s−1 
k−1  1.4 ± 0.1 × 10−3  s−1 
k−1,tet 1.2 ± 0.1 × 10−3  s−1 
k−5  1.4 ± 1 × 10−2 s−1 
k−5, tet 1.7 ± 1 × 10−2 s−1 
k3 / (1 + k−3 / k−4) 13.4 ± 1.1 × 106 M−1s−1 
k3  / (1 + k−3 / k−4)tet 13.9 ± 0.5 × 106 M−1s−1 
k6 / (1 + k−6 / k−7) 21.9 ± 1.4 × 106 M−1s−1 
k6 / (1 + k−6  / k−7)tet  19.8 ± 1.1 × 106 M−1s−1 

 

Nucleotide dissociation (k−1 and k−5) 

The dissociation rate constants for GDP (k−1) and GTP (k−5) were measured by chasing 

EF-Tu•mant-GTP/mant-GDP with excess unlabeled GTP/GDP (72). Under these 

conditions, dissociation of the mant-labeled nucleotide is rate limiting and the binding of 

unlabeled nucleotide is rapid, effectively preventing rebinding of the labeled nucleotide. 

Therefore, the observed dissociation rate is the rate constant of this first-order 

dissociation reaction (k−1, k−5). Figure 11A shows the obtained dissociation time course of 

GDP in the absence of tetracycline. When carried out in the presence of increasing 

concentrations of tetracycline, no change of the rate constant for either GTP 

(k−5 = 0.017 ± 0.003 s−1) or GDP (k−1 = 0.0012 ± 0.0001 s-1) was observed (Figure 11B). 

The obtained dissociation rate constants (summarized in Table 1) agree with the 

previously reported rate constants of k−5 = 0.03 ± 0.01 s−1 for GTP and 

k−1 = 0.002 ± 0.001 s−1 for GDP dissociation. These results demonstrate that tetracycline 



36 

does not interfere with the spontaneous release of guanine nucleotides from EF-Tu (k−1 

and k−5). 
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Figure 11: Effect of tetracycline on the dissociation rate of EF-Tu and 
mant-nucleotides. 

Panel (A) shows a representative time course of GTP dissociation from EF-Tu (0.3 µM) 
in the presence of either 0 µM tetracycline (grey trace) or 100 µM tetracycline (red trace). 
The concentration dependence of the k−5 (GTP, ■ symbols and broken line) or k−1 (GDP, 
● symbols and solid line) as a function of tetracycline concentration is shown in panel 

(B). Fluorescence energy transfer was monitored by exciting the single tryptophan residue 
present in EF-Tu and monitoring mant fluorescence through a 430 ± 10 nm bandpass 

filter. Each rate constant is an average of (n > 9) time courses fit to a single exponential 
function, and error bars are standard errors. 

  



38 

EF-Ts stimulated nucleotide dissociation from EF-Tu (k3 / (1 + k−3 / k−4) and 

k6 / (1 + k−6 / k−7))  

Under in vivo conditions, the exchange of nucleotides in EF-Tu requires an 

additional translation factor, EF-Ts. The action of nucleotide exchange factor EF-Ts is 

required due to the fact that spontaneous dissociation of nucleotides, in particular GDP, 

from EF-Tu is too slow to sustain in vivo protein synthesis rates. To investigate a 

potential effect of tetracycline on this physiologically relevant step, we performed an EF-

Ts titration of the stimulated nucleotide exchange reaction. We determined the apparent 

rate of nucleotide dissociation from EF-Tu at increasing concentrations of EF-Ts in the 

presence of a constant amount of EF-Tu•mant-GTP/mant-GDP, similar to the approach 

describe above (72). Consistent with the coupled equilibria in Figure 10, we observed a 

linear initial phase (Figure 12) under low concentrations of EF-Ts, which represents the 

combined rate constants for the formation of the EF-Tu•GTP/GDP•EF-Ts complex and 

the dissociation of the nucleotide (Figure 10). This approach allows us to assay if any of 

the EF-Ts related steps are affected by tetracycline, as a change in the rate constant of 

either of the contributing steps will alter the slope of the concentration dependence. 

Interestingly, the slope of the combined rate constants in the presence and absence of 

100 µM tetracycline is unchanged (summarized in Table 1). The value of the combined 

rate constants for stimulated GTP dissociation was 

k6 / (1 + k−6 / k−7) = 21.9 ± 1.4 × 106 M−1s−1 in the absence of tetracycline and 

k6 / (1 + k−6 / k−7)tet = 19.8 ± 1.1 × 106 M−1s−1 in the presence of 100 µM tetracycline. Both 

of these values agree with earlier reported work (k6 / (1 + k−6 / k−7) = 20 × 106 M−1s−1) and 

indicate that tetracycline does not affect EF-Ts stimulated dissociation of GTP from EF-
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Tu (72). Similarly, the combined rate constants for the stimulated dissociation of GDP 

were determined to be k3 / (1 + k−3 / k−4) = 13.4 ± 1.1 × 106 M−1s−1 in the absence of 

tetracycline and k3 / (1 + k−3 / k−4)tet = 13.9 ± 0.5 × 106 M−1s−1 in the presence of 100 µM 

tetracycline, which is in excellent agreement with the reported value of 

k3 / (1 + k−3 / k−4) = 16 × 106 M−1s−1 (72). Therefore, our results indicate that tetracycline 

does not affect either the interaction of EF-Tu and EF-Ts (k−3 and k−6) or the subsequent 

nucleotide release steps from the EF-Tu•GTP/GDP•EF-Ts ternary complex (k4, k−4 and k7, 

k−7).  
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Figure 12: Effect of tetracycline on EF-Ts-stimulated dissociation of 
mant-nucleotides from EF-Tu. 

The EF-Ts dependence of the dissociation rates for mant-GTP (■) and mant-GDP (●) 
from EF-Tu (0.15 µM) is shown in the presences (red) and absence (gray) of 100 µM 

tetracycline. Fluorescence energy transfer from the mant group to the single tryptophan in 
EF-Tu was observed through a 430 ± 10 nm band-pass filter by exciting the single 

tryptophan in EF-Tu at 280 nm. Each kapp is the average (n > 11) of time courses at that 
EF-Ts concentration. The error bars indicate the standard error. 
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 In summary, the detailed kinetic analysis of the nucleotide binding properties of 

EF-Tu in the presence of up to 100 µM tetracycline support the notion that this essential 

step in the functional cycle of EF-Tu is not affected by tetracycline. The tetracycline 

concentration used here is much greater than the peak plasma concentration of a single 

standard administered dose of tetracycline in humans, which is 1.02 µg/mL (2.29 µM) 

(85). Therefore, we feel confident that tetracycline does not target nucleotide binding in 

EF-Tu as part of its mode of action. Our results are in contrast to data reported by 

Lamberti et al (2011), which reported a slight (1.7- to 1.5-fold) decreased affinity in EF-

1α for guanine nucleotides in the presence of 50 µM tetracycline. However, non-

equilibrium methods were used by Lamberti et al and the effect on the association rate 

constant was not directly measured (69). Furthermore, our observations are supported by 

a computational study suggesting that tetracycline binding to EF-Tu causes only a small 

change in free energy and is facilitated indirectly via the magnesium ion and GDP (67).  

Tetracycline has no effect on the GTPase activity of EF-Tu 

 Although the nucleotide binding properties of EF-Tu are not altered in the 

presence of tetracycline, the fact that tetracycline binds to the G domain of EF-Tu and 

interacts with the P-loop and the switch II trigger sequence (Figure 6) gave rise to the 

hypothesis that its mode of action might include a direct effect on GTP hydrolysis by 

EF-Tu (42, 86). Consistent with such a role, the previously reported salt-stimulated 

GTPase activity of S. solfataricus EF-1α was reduced by ~25% in the presence of 120 µM 

tetracycline (69). However, decreasing the already extremely slow intrinsic GTP-

hydrolysis rate of EF-Tu seems like an unlikely additional mode of tetracycline antibiotic 

action. To investigate this further, we used physiologically relevant buffer conditions to 
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determine if tetracycline had an effect, not only on the intrinsic, but also on the 70S 

ribosome and 50S ribosomal subunit-stimulated GTPase activity of EF-Tu.  

Intrinsic GTPase activity 

To learn if tetracycline is able to modulate the intrinsic GTP hydrolysis reaction of 

EF-Tu, we determined the multiple turnover GTPase activity of EF-Tu at increasing 

concentrations (up to 500 µM) of tetracycline. Rates of multiple turnover GTP hydrolysis 

(kGTPase) were determined from the initial linear phase of the time course, both in the 

presence and absence of tetracycline (Figure 13A, Table 2). Our results in the absence of 

tetracycline are consistent with previous work using the same buffer (84). In addition, 

increasing the tetracycline concentration up to 500 µM (Figure 13B) did not reduce the 

observed multiple turnover hydrolysis rate of intrinsic GTP hydrolysis (summarized in 

Table 2). This further supports our observation that tetracycline at concentrations higher 

than 100 µM is not interfering with the EF-Ts-mediated nucleotide exchange reaction. 

Furthermore, our results presented here demonstrate that tetracycline, although binding in 

the vicinity of the γ-Phosphate of the bound GTP, does not alter the intrinsic GTPase 

activity of EF-Tu.  
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Figure 13: Effect of tetracycline on the intrinsic GTPase activity. 

The linear phase of time courses of reactions using 10 µM EF-Tu and 0.2 µM EF-Ts are 
plotted in panel (A) for 0 µM (grey) and 100 µM (red) tetracycline. The rate of hydrolysis 
at different tetracycline concentrations is shown in Panel (B). Data plotted is an average 

(n = 3) and the error bars indicate the standard error. 
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Table 2: Effect of 100 µM tetracycline on the intrinsic, 70S-, and 50S-stimulated GTPase 
activity of EF-Tu. 

Condition Rate (µ Ms−1) 
kGTPase 7.67 ± 1.33 × 10−4 
kGTPase, tet 6.67 ± 1.33 × 10−4 
kGTPase, 0.02 µM EF-Ts 5.33 ± 0.67 × 10−4 
kGTPase, 0.02 µM EF-Ts, tet 4.67 ± 0.67 × 10−4 
kGTPase, 0.2 µM EF-Ts 5.33 ± 0.33 × 10−4 
kGTPase, 0.2 µM EF-Ts, tet 4.67 ± 0.33 × 10−4 
kGTPase,70S 2.67 ± 0.20 × 10−3 
kGTPase,70S, tet 2.17 ± 0.23 × 10−3 
kGTPase,50S 1.0 ± 0.3 × 10−3 
kGTPase,50S tet 1.3 ± 0.3 × 10−3 

 

Ribosome-stimulated GTPase activity 

The multiple turnover GTPase activity of EF-Tu can be stimulated ~2-fold by the 

presence of empty 70S ribosomes (70, 84), providing a sensitive measure for tetracycline 

interfering with the interaction of EF-Tu•GTP. Similar to the reported intrinsic GTPase 

activity, rates of hydrolysis were determined from the initial phase of the respective GTP 

hydrolysis time courses. The 70S-stimulated multiple turnover GTP hydrolysis activity of 

EF-Tu was kGTPase,70S = 2.67 ± 0.20 × 10-3 µMs−1 (Figure 14A and Table 2). In the 

presence of increasing concentrations of tetracycline, up to 500 µM (Figure 14B), the 

multiple turnover GTP hydrolysis activity remains essentially unaffected. With a k70S, tet at 

100µM of 2.17 ± 0.23 × 10-3 µMs-1 the rate of 70S-stimulated GTPase activity in EF-Tu is 

similar under all tetracycline conditions tested. Consistent with this, the 50S-stimulated 

GTP-hydrolysis activity of EF-Tu is unaffected by 100 µM tetracycline 

(k50s = 1.0 ± 0.3 × 10-3 µMs-1 and k50S,tet = 1.3 ± 0.3 × 10-3 µMs-1), summarized in Figure 

14C and Table 2). This is not surprising, as the 70S-stimulated GTPase activity of EF-Tu 

is mainly due to the interaction of EF-Tu with GTPase Activating Center (GAC and the 
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sarcin-ricin loop (SRL), including ribosomal proteins L7/L12 located on the 50S (87). 

Our finding that the 70S ribosome, which is the cellular target of EF-Tu, is able to 

stimulate the GTPase activity of EF-Tu even at 500 µM is in contrast to Lamberti et al 

(2011) who reported an effect of tetracycline on the ribosome-independent salt-stimulated 

GTPase activity of EF-1α. The observed 25% reduction might be specific to their use of 

3.6 M NaCl to stimulate the GTPase activity of S. solfataricus EF-1α. The 

physiologically irrelevant salt-stimulated GTPase activity could involve a different 

mechanism, which might be sensitive to the presence of tetracycline.   
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Figure 14: Ribosome-stimulated GTPase activity. 

Effect of tetracycline on the 70S (0.1 µM) and 50S (0.1 µM) -stimulated GTPase activity 
of EF-Tu (10 µM) with EF-Ts (0.02 µM). Panel (A) is the linear phase of the time course 
for GTP hydrolysis of EF-Tu stimulated by the 70S ribosome in the presence (100 µM) 

and absence of tetracycline. Panel (B) shows the dependence of the rate of GTP 
hydrolysis on the concentration of tetracycline. The linear phase of 50S stimulated GTP 

hydrolysis reaction is plotted in panel (C) in the presence (100 µM) and absence of 
tetracycline. Each point on the plots is the average of (n=3) independent experiments and 

the error bars represent the standard error. 
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 Tetracycline does not alter EF-Tu•GTP•aa-tRNA stability 

In the active GTP bound state, EF-Tu has a high affinity for aa-tRNA (KD ≈ 10-8 

M) and forms the EF-Tu•GTP•aa-tRNA ternary complex (88). The interaction between 

aa-tRNA and EF-Tu involves binding of the aminoacylated 3’ end of the tRNA into the 

cleft between domains I and II. The 5’ end of the tRNA body is bound by the junctions of 

the three domains of EF-Tu (89). While the aa-tRNA is bound by EF-Tu as part of the 

ternary complex (Figure 15A), the aminoacyl-ester bond between the amino acid and the 

tRNA body is protected from spontaneous hydrolysis (~10-fold) by the interaction with 

EF-Tu (81). This effect is highly sensitive to structural perturbation of the amino acid 

binding pocket as well as slight changes in the on and off rates of the aa-tRNA. Since the 

tetracycline binding site is proximate to switch I and II which undergo structural 

rearrangements upon GTP binding to EF-Tu and form part of the aa-tRNA interaction 

surface of EF-Tu, we wanted to investigate if binding of tetracycline to EF-Tu might 

perturb the aa-tRNA interaction. To this end, we monitored the stability of the aminoacyl-

ester bond as previously described (35) in the presence of increasing tetracycline 

concentrations (Figure 15). As reported by De Laurentiis et al (2011), the half-life of the 

[14C]Phe-tRNAPhe was ten-fold greater in the presence of EF-Tu•GTP than in the absence 

of EF-Tu (15). Increasing the tetracycline concentration to 100µM had no effect on EF-

Tu’s ability to protect the highly sensitive aminoacyl-ester bond against spontaneous 

hydrolysis (Figure 15B and Table 3). This is supported by the observation that 

tetracycline does not impede the delivery of the EF-Tu•GTP•aa-tRNA ternary complex to 

ribosomes (32). This observation suggests that either tetracycline binds to E. coli EF-Tu 
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and does not affect aa-tRNA binding or that tetracycline does not have a high enough 

affinity to the ternary complex under physiologically relevant conditions.  

 

 

Figure 15: Effect of tetracycline on aminoacyl-tRNA protection by EF-Tu. 

(A) Model of the EF-Tu•GTP•aa-tRNA complex interacting with tetracycline. EF-Tu is 
shown in red and Phe-tRNAPhe is orange, and tetracycline is colored by atom. The crystal 
structure of the EF-Tu•GTP•aa-tRNA complex (PDB ID 1OB2) was superimposed onto 

domain I of the EF-Tu•GDP•tetracycline complex (PDB ID 2HCJ). (B) Time dependence 
of the spontaneous hydrolysis of the amino-ester bond obtained by incubating Phe-tRNAPhe 
(1.08 µM) at 37°C with no EF-Tu (black), with EF-Tu•GTP (1.5 µM) and no tetracycline 

(grey), with EF-Tu•GTP (1.5 µM) and 30 µM tetracycline (red), or EF-Tu•GTP (1.5 µM) and 
100 µM tetracycline (brown). 
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Table 3: Effect of tetracycline on the ability of EF-Tu to protect the amino-ester bond in 
Phe-tRNAPhe. 

Condition Half life (min) 
No EF-Tu 35 ± 4 
EF-Tu 0µM Tet 382 ± 64 
EF-Tu 3µM Tet 542 ± 46 
EF-Tu 30µM Tet 483 ± 45 
EF-Tu 100µM Tet 282 ± 72 

 
 
 
Conclusion  

Our data reported here demonstrates that tetracycline does not affect the 

nucleotide binding properties of EF-Tu, nor the ability of EF-Ts to stimulate nucleotide 

dissociation. Furthermore, no effect on the intrinsic, 70S- and 50S-stimulated multiple 

turnover GTP hydrolysis activity of EF-Tu could be detected. Similarly, the formation or 

stability of the EF-Tu•GTP•aa-tRNA ternary complex is insensitive to the presence of 

tetracycline in physiologically relevant conditions. Based on the reported data, we feel 

confident stating that during therapeutic use of tetracycline, EF-Tu is not a direct target of 

the antibiotic because the concentrations used in our work are much higher than the peak 

plasma concentration of tetracycline (85). Our observations suggest that although 

tetracycline is able to bind to the trypsin-modified fragment of EF-Tu, which does not 

contain a switch I loop, tetracycline either does not have an influence on the functional 

cycle of EF-Tu or that, for example when the switch 1 loop is present, it cannot bind to 

EF-Tu. As a consequence, direct tetracycline binding to EF-Tu as an exploitable target for 

antimicrobial drugs should likely be dismissed. 

 The reported binding pocket of tetracycline is conserved in many other GTPases 

and ATPases. However, the predicted main contributor of tetracycline binding to EF-Tu 

is the conserved, nucleotide-bound magnesium ion, and no amino acids make a 
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significant contribution to the free energy of binding (67). If tetracycline binds other 

GTPases and ATPases through a divalent metal ion interaction in a similar binding pocket 

as in EF-Tu, it is unlikely that tetracycline will exert a functional effect. Therefore, the 

observed discrepancy between the MIC and IC50 for tetracycline is unlikely to be caused 

by tetracycline binding to other GTPases or ATPases either. Thus, the other tetracycline 

binding sites on the 30S and 50S ribosomal subunits might be responsible for the 

observed effectiveness of tetracycline as drug, likely through perturbation of different 

processes such as ribosome biogenesis or translation termination (35, 40).  
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Chapter 3: Macromolecular crowding affects the nucleotide binding properties of 

elongation factor-Tu∗  

Abstract   

Cells are inherently crowded, and the function of macromolecules in a cell 

evolved in this crowded matrix. In bacteria, EF-Tu controls the speed and accuracy of 

translation. The function of EF-Tu is well studied in dilute conditions, but nothing is 

known about how the crowded environment of the cell influences EF-Tu’s function. Here, 

we investigate the effect of macromolecular crowding on EF-Tu using the synthetic inert 

polymers dextran 40 and PEG 4000. This approach allows us to focus on the effect of 

volume exclusion, because these crowders have been reported to reduce the contribution 

of nonspecific interactions. Using rapid-kinetics and the stopped-flow technique, we have 

determined the nucleotide-binding properties of EF-Tu in the presence of increasing 

concentrations of these crowding agents. This detailed kinetic analysis of the nucleotide 

association and dissociation rate constants reveals that macromolecular crowding induced 

by both Dextran 40 and PEG 4000 decreases the affinity of EF-Tu for GTP and increases 

the affinity of EF-Tu for GDP. However, the osmolyte glucose decreases both association 

and dissociation rates for GTP and GDP similarly. Since volume exclusion compacts 

flexible regions, we performed molecular dynamics simulations of both nucleotide bound 

forms of EF-Tu to determine which state would be more affected by crowding. A role of 

                                                
∗ This manuscript has not been submitted. The authors of the manuscript are Katherine E. 
Gzyl, Dylan Girodat and Hans-Joachim Wieden. K.E.G. and H-J.W. conceived the 
research; H-J.W. and K.E.G. designed the experiments; K.E.G. performed and analyzed 
the stopped-flow experiments; D.G. performed the molecular dynamics simulations and 
calculated the RMSF; K.E.G used the RMSF values to color EF-Tu by flexibility, and to 
predict flexible regions in EF-Tu; K.E.G. and H-J.W wrote the manuscript. 
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crowding in regulation protein synthesis rates is discussed. 

Introduction 

The bacterial GTPase elongation factor (EF)-Tu has evolved its functional 

properties in the crowded environment of the cell (8). For instance, it was estimated that 

the cytoplasm of Escherichia coli contains a concentration between 300g/L to 400g/L 

(20-30% volume occupancy) of protein and RNA depending on the growth phase (47). 

Further, it was estimated that E. coli K12 contains 200g/L of protein, 75g/L of RNA and 

10-20g/L of DNA (90). Consistent with this is the observation that in order to replicate 

processes such as DNA replication (91), transcription and translation (92), and ribosome 

reconstitution from coupled transcription-translation systems (49) in vitro, crowded 

environments are needed. These crowded conditions can be achieved by the use of 

synthetic polymers (dextran, (poly)ethylene glycol (PEG), Ficoll) or natural proteins 

(bovine serum albumin, lysozyme, ovalbumin) depending on the macromolecule under 

investigation. Yet, in vitro most proteins including EF-Tu are studied at concentrations 

below 1g/L (6, 44-46). Although considerable evidence exists suggesting effects of 

crowding on biomolecular function, it is unknown how macromolecular crowding affects 

the function of any translational GTPase including EF-Tu.  

EF-Tu is an essential translational GTPase, that is stimulated by the ribosome (9). 

EF-Tu consists of three domains (G domain or domain I, domain II, and domain III) that 

reorient depending on the nucleotide bound state (Figure 5). The conformational change 

from the GTP-bound active state to the GDP-bound inactive state involves substantial 

structural reorientations of the three domains where EF-Tu transitions from a compact 
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closed state to an open state (11, 93). GTP-bound EF-Tu has a high affinity for aminoacyl 

(aa)-transfer (t)RNA and forms the EF-Tu�GTP�aa-tRNA ternary complex (94). In this 

complex, EF-Tu delivers aa-tRNA to the translating 70S ribosome in a codon-dependent 

fashion (32). After correct codon-anticodon recognition EF-Tu rapidly hydrolyzes GTP, 

relaxes from the tight GTP conformation to the more open GDP conformation followed 

by Pi-release, and then releases the bound aa-tRNA into the ribosomal A site (23). When 

in the GDP conformation, the affinity for aa-tRNA is significantly decreased (94). In 

order to exchange the bound GDP for GTP, enabling EF-Tu to participate in another 

round of translation, it binds to its guanine exchange factor (GEF) EF-Ts, which 

accelerates dissociation of GDP over 6000-fold (6). Subsequent GTP binding is driven by 

the high cellular concentration of the nucleotide and the formation of the 

EF-Tu�GTP�aa-tRNA complex (95). Interestingly, EF-Tu has approximately 100-fold 

higher affinity for GDP than for GTP (6). We hypothesize that the difference in 

conformation of the GTP and GDP states should render EF-Tu’s functional cycle 

sensitive to the concentration of biomolecules in the cytosol acting as crowding agents. 

These cellular crowders should affect the GTP- and GDP-bound conformations of EF-Tu 

differently due to the well-studied effect of crowding agents compacting flexible regions 

more than rigid regions in proteins (5, 54, 55). 

Macromolecular crowding leads to volume exclusion, confinement, and 

nonspecific interactions between the crowders and the macromolecule of interest (52, 96). 

Macromolecules exclude volume from each other by the principle that the space occupied 

by one molecule cannot be simultaneously occupied by another molecule. Excluded 

volume lowers the entropy of non-compact states more than compact sates, thus compact 
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states will be more stabilized than non-compact states (52). Under crowded conditions, as 

observed in E. coli, volume exclusion is the dominant effect (96, 97). For example, 

different sizes and concentrations PEG were used to determine the effect of 

macromolecular crowding on the ATPase activity and structure of the translational 

helicase eukaryotic initiation factor (eIF)4A. The overall shape of eIF4A is compacted 

and is more similar to the close active conformation under crowded conditions. This 

resulted in an increased rate of ATP hydrolysis (55). Another study revealed that 

phosphoglycerate kinase is compacted by Ficoll 70 in a manner that brings together its N 

and C-termini together to increase the reaction rate (5). The reaction rate is increased 

because the N-termini, which contains the ADP binding site, and the C-termini, which 

contains the diphosphoglycerate binding site, must come together for ATP product 

formation (5). The role of nonspecific interactions such as electrostatic, hydrophobic and 

van der Waals, occurring between crowding agents and the probe molecule is difficult to 

interpret because they depend on the specific chemical groups on the crowding agent as 

well as the macromolecule under study (52, 97, 98). Synthetic inert polymers are often 

used to mimic the effect of macromolecular crowding while eliminating some of the 

nonspecific interactions (51, 99). For this reason we selected dextran 40 and PEG 4000 to 

study the guanine nucleotide-binding properties of EF-Tu. PEG and dextran are 

chemically distinct crowding agents. Dextran is composed of α-D-1,6-glycosidic-linked 

glucose molecules with branching (~5%) occurring at α-1,3 linkages, while PEG is a H-

(O-CH2-CH2)n-OH polymer. Since both polymers are chemically distinct, it is expected 

that any differences in the respective enzymatic properties of EF-Tu caused by the two 

crowders are due to nonspecific interactions occurring. Further, dextran 40 solutions are 
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much more viscous than PEG 4000 solutions at the same concentrations controlling for 

any effect caused by a change in viscosity of the solution. Here we used a kinetic 

approach complemented with molecular dynamics (MD) simulations of EF-Tu�GTP and 

EF-Tu�GDP to ask whether volume exclusion compacts functionally relevant regions of 

EF-Tu, so that the speed of guanine nucleotide association or dissociation is altered.  

Materials and Methods 

Buffers: Buffer A: 25mM Tris-HCl (Fisher Scientific), pH 7.5, 50mM NH4Cl (BioBasic), 

and 10mM EDTA (BioBasic). Buffer B: 25mM Tris-HCl, pH 7.5, and 50mM NH4Cl. 

Buffer C: 50mM Tris-HCl, pH 7.5, 70mM NH4Cl, 30mM KCl (BioBasic), and 7mM 

MgCl2 (Biobasic). 

Molecular dynamics simulations. Model construction: The same method outlined in 

Wieden et al. (2010) was followed to generate the initial structures. Briefly, a homology 

model was generated using Expasy Proteomics Server (http://www.expasy.org\) for the 

initial structure of the EF-Tu�GTP bound conformation. The homology model was based 

on the X-ray crystal structure of EF-Tu�GDPNP from T. aquaticus (PDB ID 1EFT) (93). 

The reference structure used for the MD simulation of EF-Tu�GDP was based on the X-

ray crystal structure of EF-Tu�GDP from E. coli (PDB ID 1EFC) (11). Seven N-terminal 

amino acids that were missing from the EF-Tu�GDP crystal structure were substituted 

with conformations identical to those in the EF-Tu�GTP bound conformation. The psfgen 

package in VMD (100) was used to add hydrogen atoms to both models and to protonate 

histidine side chains at the ξ-nitrogen. Both structures were solvated with a water box at 

least 10 Å away from the protein each direction using the VMD SOLVATE package. The 



56 

system was relaxed by minimizing the positions of the water molecules then the protein 

and ligand ions. This was done for two iterative rounds. The AUTOIONIZE package in 

VMD was used to add sodium ions (N=7) into random positions to neutralize the total 

charge (100). A final minimization was done using NAMD until there was no change in 

total energy for 1000 steps (101). Simulation parameters: Simulations with both the EF-

Tu�GTP complex and EF-Tu�GDP complex were formed using NAMD (102) with the 

CHARMM 22 force field for proteins (103) and CHARMM 27 force field for nucleic 

acids (104). Periodic cell boundary conditions were used. The temperature, number of 

atoms and pressure were held constant during our simulation. The temperature used for 

the entire simulation was 300 K. The step size used for saving each frame was 0.5 ps. The 

simulation was run for a total of 40 ns. Every 10 000th frame was used for analysis. 

Before analysis the each frame in the simulation was fit to the first frame with Carma and 

water and sodium molecules were removed (105). The root mean square fluctuation 

(RMSF) of the Cα of each amino acid was calculated with script written in house and 

VMD. 

Expression and purification of EF-Tu. EF-Tu was expressed and purified to 

homogeneity as described in (15, 106). To prevent EF-Ts co-purification all steps 

contained GDP. EF-Tu concentration was determined with the extinction coefficient of 

32,900 M-1cm-1 at a wavelength of 280nm. Extinction coefficient was determined with 

ProtParam (83). Protein purity was assessed by 12% SDS PAGE stained with Coomassie 

Brilliant Blue.  

Preparation of nucleotide free EF-Tu. Nucleotide free EF-Tu was prepared as described 
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in (15, 106). EF-Tu�GDP was incubated with Buffer A at 37oC for 30min to chelate the 

magnesium ion and promote the dissociation of GDP. Then EF-Tu and GDP were 

separated on a Superdex 75 (GE healthcare) size exclusion column in Buffer B. Fractions 

containing EF-Tu were collected and the concentration was quantified with the extinction 

coefficient of 32,900M-1cm-1 at a wavelength of 280nm. The EF-Tu extinction coefficient 

was determined with ProtParam (83). EF-Tu was diluted with Buffer C prior to all 

experiments. Rapid kinetic assays were done on the same day as the preparations of 

nucleotide free EF-Tu. 

Rapid Kinetics Measurements. For solutions containing dextran 40 (Leuconostoc spp. 

Mr ~40,000, Sigma-Aldrich) or PEG 4000 (BioUltra 4,000, Mr 3500-4500, Sigma-

Aldrich, 50% (w/v) solutions were prepared in Buffer C and the pH was adjusted to 7.5 at 

room temperature. Dextran 40 is very viscous at 50% (w/v); therefore, we used the 

density (1.1929 g/mL) of dextran at 50% (w/v) to measure out the mass of dextran 

corresponding to the concentration used to the nearest 1mg. PEG 4000 50% (w/v) was 

pipetted into solutions to reach the desired concentration. Glucose (BioBasic) solutions 

were prepared as crowding solutions. For all stopped-flow experiments both syringes 

were filled to the same concentration of crowding agent. The fluorescence stopped-flow 

apparatus (KinTek SF-2004) was used to determine elementary rate constants of 

nucleotide binding as described in (6). Fluorescence energy transfer from the single 

tryptophan (λex = 280nm) in EF-Tu to the mant-GTP or mant-GDP (Molecular Probes, 

Eugene, OR) was detected after passing through an LG-400-F filter (Newport Filters). 

Software used to fit a one exponential function (equation 1) to the observed fluorescent 

trace was TableCurve (Jandel Scientific). Prism (GraphPad Software) software was used 



58 

generate all plots and fit a linear function to data.  

Nucleotide association rates were determined under pseudo first order conditions by 

titrating mant-GTP/GDP against a constant concentration of nucleotide free EF-Tu (0.3-

0.5µM). The apparent rate constant for each mant concentration was determined by fitting 

a one exponential function (Equation 1) to each fluorescence time course. The association 

rate constant was determined by plotting the apparent rate with respect to nucleotide 

concentration.  

 Dissociation rate constants were determined by forming an EF-Tu�mant-

GTP/GDP complex with 0.3µM EF-Tu and 3µM mant nucleotide. Then EF-Tu�mant-

GTP/GDP was chased with 30µM of unlabeled nucleotide. The dissociation rate constant 

was determined by fitting each time course to a one exponential function (equation 1).    

Results  

Macromolecular crowding modifies the rate of GTP association to EF-Tu. 

The association rate of mant-GTP and mant-GDP was determined under pre-

steady state and pseudo first order conditions. EF-Tu contains a single tryptophan residue 

(Trp 184 E. coli numbering) proximal to the binding pocket. When excited at a 

wavelength of 280nm, this tryptophan can transfer energy to a fluorophore, such as mant, 

if the fluorophore is near the binding pocket. The emission of this fluorophore can be 

observed after passing through a long wavelength filter. Each observed fluorescence trace 

was fit to a single exponential function to determine each apparent rate. Since the 

observed association rate is dependent on the nucleotide concentration, increasing 

concentrations of excess mant labeled nucleotides were rapidly mixed with a constant 
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concentration of nucleotide-free EF-Tu. This was repeated at different concentrations of 

the respective crowding agent (Figure 16 and Figure 18). For GTP association, under all 

conditions tested the concentration dependence of the kapp with respect to the nucleotide 

concentration is always linear; therefore, a linear function was fit to the data to determine 

the association rate (kon) for each condition (Figure 16). The association rate with respect 

to crowder concentration is plotted in Figure 17. A linear trend was observed between the 

association rate and the concentration of dextran 40. As the concentration of dextran 

increased the rate of GTP association decreased. Under dilute conditions, the association 

rate was observed to be (4.0 ± 0.1) × 105 M−1s−1. This association rate agrees with the 

reported value of (5 ± 1) × 105 M−1s−1 (6). Under dextran-crowded conditions, the rate 

gradually decreased to (2.4 ± 0.3) × 105 M−1s−1 of 25% (w/v) dextran concentration. PEG 

4000 also reduced the association rate of GTP; however, the concentration dependence 

was more complex deviating from linear behavior. At 25% (w/v) PEG 4000, the 

association rate was reduced to (0.9 ± 0.1) × 105 M−1s−1. Similarly, 25% glucose reduced 

the rate to (1.3 ± 0.1) × 105 M−1s−1.  
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Figure 16: Effect of molecular crowding on the association rate of GTP. 

The effect of macromolecular crowding induced by either (Panel A) dextran 40 (w/v) or 
(Panel B) PEG 4000 (w/v) on the apparent association rate of nucleotide free EF-Tu 

(~0.5 µM) and mant-GTP nucleotides with respect to the mant-GTP concentration. Time 
course were gathered by observing the fluorescent energy transfer from the single 

tryptophan residue in EF-Tu to the mant group, and then time courses were fit to a one 
exponential function, to determine the kapp. Each point is the average of at least seven 

time courses at the indicated nucleotide concentration, and the error bars are the standard 
error. 
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Figure 17: Effect of molecular crowding on the association rate of GTP. 

Effect of increasing the extent of macromolecular crowding induced by either dextran 40 
or PEG 40 on the rate constant of nucleotide-free EF-Tu and mant-GTP associating. Each 

point is the slope of the kapp with respect to nucleotide concentration (Figure 16) 
determined at each crowder concentration, and error bars are the error from the linear fit 

used to calculate the slope. 
  

0 10 200

1

2

3

4

5

k on
 (X

 1
05  

M
-1

s-1
)

% Crowder (w/v)

Dextran 40
PEG 4000
Glucose



62 

The association rate constant between EF-Tu and GDP is an order of magnitude 

greater than the association rate constant for GTP (6). Therefore, if the viscosity of the 

crowded solutions had decreased the rate constant of GTP association to EF-Tu, we 

should observe a decrease in the rate of GDP association as crowding increases. Further, 

the rate should be more affected for GDP association than GTP association, because the 

GDP association rate constant is an order of magnitude greater than the GTP association 

rate constant (6). Under each condition tested, the apparent rate constant exhibits a linear 

dependence with respect to mant-GDP concentration (Figure 18). The association rate 

constant was determined, and is plotted with respect to crowder concentration in Figure 

19. We did not observe a decrease in the association rate as crowder concentration 

increased. Instead the association rate of GDP to EF-Tu was not significantly affected by 

dextran 40 up to concentrations of 25% (w/v). Low concentrations of PEG 4000 increased 

the rate of GDP association until a concentration of 15% (w/v) was reached. At 15% 

(w/v) PEG 4000, the rate constant of GDP association returned to (1.9 ± 0.3) × 106 

M−1s−1, which is similar to the rate constant of (1.7 ± 0.1) × 106 M−1s−1in dilute solution 

(6). In concentrations of 20% (w/v) and 25% (w/v) PEG the association rate constant 

remained similar to the rate constant in dilute solution. In contrast to macromolecular 

crowding agents, glucose decrease the rate of GDP association to (0.6 ± 0.1) × 105 M-1s-1.  

This decrease in association rate is expected if glucose packed around the structure of EF-

Tu, and slowed conformational changes (7, 107, 108).  
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Figure 18: Effect of molecular crowding on the association rate of GDP. 

The effect of macromolecular crowding induced by either (Panel A) dextran 40 (w/v) or 
(Panel B) PEG 40 (w/v) on the apparent rate of mant-GDP association to nucleotide free 

EF-Tu (~0.5 µM) with respect to the nucleotide concentration. Time courses were 
recorded by observing the fluorescent energy transfer from the single tryptophan in EF-

Tu to the mant group, and each time course was fit to a one exponential function to 
determine the kapp. Each point on the graph represents an average of at least seven time 

courses at the indicated nucleotide concentration, and the error bars are the standard error. 
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Figure 19: Effect of molecular crowding on the association rate of GDP. 

The effect of increasing macromolecular crowding induced by either dextran 40 or PEG 
40 on the rate constant of mant-GDP associating to EF-Tu. The rate constant was 

determined from the slope of the kapp with respect to nucleotide concentration (Figure 18). 
The grey dashed line represents the theoretical fit of crowding having no effect on GDP 

association. The error bars are the error of the linear fit used to determine the slope. 
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Macromolecular crowding decreases the rate of GDP dissociation from EF-Tu.  
 For EF-Tu, nucleotide dissociation is very slow compared to nucleotide 

association, and as such dissociation is rate limiting. Macromolecular crowding was not 

expected to decrease the rate constant of GTP dissociation from EF-Tu, because switch I 

is likely flexible in both the apo and GTP bound form. However, crowding is expected to 

decrease the rate constant of GDP dissociation from EF-Tu, because switch I will go from 

a rigid structure to a flexible one (52). If crowders increased the rate constant of 

nucleotide dissociation it would be concerning, because this could mean that the 

crowding agents are negatively impacting the stability of the structure through 

nonspecific chemical interactions (53). Nucleotide dissociation from EF-Tu was 

performed as a chase experiment. This involved rapidly mixing EF-Tu�mant-GTP/GDP 

with a large excess of unlabeled nucleotide. Since nucleotide dissociation is a first order 

reaction and the rebinding of unlabeled nucleotides occurs rapidly under these conditions, 

the apparent rate of mant-nucleotide dissociation is the rate constant of dissociation (6). 

Each observed fluorescence trace for nucleotide dissociation was fit to a single 

exponential function to obtain the dissociation rate constant. Neither crowding agent 

strongly affected the dissociation rate constant of GTP from EF-Tu (Figure 20). In dilute 

solution and under crowded conditions the rate constants agree with the literature reported 

value of (0.03 ± 0.01) s−1 (6). In contrast to crowding agents, 15% glucose decreased the 

dissociation rate constant from to (0.016 ± 0.001) s−1 to (0.008 ± 0.002) s−1.   

For GDP dissociation, dextran 40 and PEG 4000 had a similar affect on the rate 

constant (Figure 21). Both crowding agents decreased the rate constant of GDP 

dissociation, in a linear fashion. The rate constant of dissociation in dilute solution was 
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(0.0014 ± 0.0001) s−1 and was in agreement with the value reported in literature (6). In 

crowded solutions of 15% (w/v) dextran the rate constant decreased to (0.0005 ± 0.0001) 

s−1 and to (0.0008 ± 0.0001) s−1 in solutions crowded with 15% (w/v) PEG 4000. 

Similarly, 15% (w/v) glucose decreased the rate of GDP dissociation to (0.0009 ± 0.0005) 

s-1; however, this decrease in the rate constant is likely the result of a different mechanism 

than volume exclusion (4, 7, 107, 108), because the rate constant of GTP dissociation also 

decreased in glucose, but did not decrease in crowded solutions.    
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Figure 20: Effect of macromolecular crowding on the dissociation rate constant of 
GTP. 

Effect of increased macromolecular crowding induced by either dextran 40 or PEG 40 on 
the dissociation rate constant of EF-Tu dissociating from mant-GTP. The dissociation rate 
constant of EF-Tu and mant-GTP was determined by following the fluorescence energy 

transfer from the single tryptophan in EF-Tu to the mant group, and fitting each time 
course to a single exponential function. The grey dashed line represents the theoretical fit 

of crowding having no effect on the dissociation rate constant of GTP. Each point 
represents the average of at least 11 time courses, and the error bars are the standard error. 
  

0 10 20 300.00

0.01

0.02

0.03

Crowder (%w/v)

k of
f  

(s
-1

)

Dextran 40

Glucose
PEG 4000



68 

 
 

Figure 21: Effect of macromolecular crowding on the dissociation rate constant of 
GDP. 

The effect of increasing macromolecular crowding by dextran 40 or PEG 40 on the 
dissociation rate constant of EF-Tu and mant-GDP. The dissociation rate constant was 

determined from the time course of fluorescent energy transfer from the single tryptophan 
in EF-Tu to the mant group by fitting each time course to a single exponential function. 
Each point on the graph represents the average of at least six time courses, and the error 

bars are the standard error. 
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Differences in flexibility between the GTP and GDP conformation of EF-Tu.  

The function of EF-Tu is modulated by its nucleotide-bound state because of the 

difference in conformation. To predict the effects of macromolecular crowding on the 

GTP- and GDP-bound states, we performed molecular dynamics (MD) simulations and 

monitored the root mean square fluctuation (RMSF) of the Cα in each amino acid (Figure 

23). To color each amino acid by relative flexibility, the protein data bank (pdb) file was 

modified to include the RMSF value for each Cα (Figure 22). Overall, EF-Tu�GDP had a 

higher RMSF value, but the EF-Tu�GTP structure had more regions that where flexible 

compared to the flexibility of the entire structure. Flexible regions with respect to the 

relative RMSF value present in each conformation are listed in Table 4. It is of particular 

interest that switch I is flexible in the GTP-bound simulation, but not in the GDP 

simulation. Switch I and switch II regions participate in the drastic conformational change 

from the GTP state to the GDP state (11, 93). Specifically, during the conformational 

change from the GTP bound state to the GDP-bound state, the structure of switch I 

changes from two short α helices into two β strands (11, 93). Along with switch I and II 

regions reorganizing, domain I rotates by 90o compared to domain II and domain III, 

which changes the interactions between domain I and domain II in the two structures 

(11).  In addition to switch I being more flexible in the GTP conformation, the loop 

regions are much more flexible in the GTP conformation compared to the rest of the 

structure (Figure 22). In the EF-Tu�GTP simulation, all the β sheets in domain II and 

domain III are rigid while almost all the loops are flexible. In the EF-Tu�GDP, simulation 

only a handful of loops are flexible compared to the β sheets. The conformation of apo 

EF-Tu is unknown, but since nucleotide-free EF-Tu is very unstable (109), apo EF-Tu 
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must have a distinct conformation from either nucleotide bound form, and most likely the 

switch I motif is disordered. Macromolecular crowding compacts flexible regions (5, 55) 

and has been suggested to reduce conformational sampling (107, 108); therefore, the 

conformational change of switch I required for nucleotide binding could be impaired. It 

would be expected that the conformational change from apo to GTP bound would be 

more affected, because switch I region remains flexible, whereas switch I is more rigid in 

the GDP conformation. In contrast to crowding agents, the osmolyte glucose is not 

expected to induce an excluded volume effect (4). Instead osmolytes like glucose tend to 

decrease the surface area of the protein, because they are preferentially excluded from the 

protein backbone (7, 110). In addition osmolytes hinder conformational changes that 

expose binding interfaces (7, 111). Glucose is expected to hinder conformational changes 

associated with nucleotide association and dissociation similarly, because of the domain 

reorientation in EF-Tu required for nucleotide binding (11, 93).  
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Figure 22: Cartoon representation of EF-Tu in the GTP and GDP bound states. 

Cartoon representation of EF-Tu in the (A) GTP- and (B) GDP-bound states. EF-Tu is 
colored by relative RMSF values obtained from 40 ns MD simulations. The more relative 

flexibility there is in a region, the thicker it is, and it is colored red. Relatively rigid 
regions are thin and blue. 
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Figure 23: RMSF with respect to the Cα of each amino acid for 40 ns MD 
simulations. 

EF-Tu in the GTP state is blue and the GDP state is black. 
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Table 4: Regions in the GTP and GDP conformation of EF-Tu that are more flexible 
compared to the entire structure during 40 ns molecular dynamics simulations. These are 

the same regions that are flexible in Figures 22 and Figure 23. 

 
GTP Conformation GDP Conformation 

Domain Structure Domain Structure 
I N-terminus (Ser1 - Lys9) I N terminus (Ser1 - Arg7) 
I Switch I (Val34 - ILE60) I Loop (Ala57 - Ile60) 
I Loop (Asn135 - Glu143) I and II Loop (Tyr198 - Leu211) 
I Loop (Leu178 - Ala182) II Loop (Ser219 - Thr225) 

I and II Loop (Tyr198 - Leu211) II Loop (Met260 - Lys263) 
II Loop (Ser219 - Thr225) III Loop (Arg269 - Asn273) 
II Loop (Lys237 - Glu241) III Loop (Tyr310 - Gln329) 
II Loop (Met260 - Lys263) III C- terminus (Ser393) 
II Loop (Leu278 - Val291) 

	 	II and III Loop (Ala293 - Lys299) 
	 	III Loop (Ile310 - Gln329) 
	 	III Loop (Phe332 - Thr335) 
	 	III Loop (Glu342 - Asn355) 
	 	III Loop (Met368 - Arg373) 
	 	III Loop (Glu378 - Arg381) 
	 	III C-terminus (Ala389 - Ser393) 
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Discussion 

 Macromolecular crowding affects the entropy of the system through volume 

exclusion. Volume exclusion decreases the entropy of the system so that compact states 

that occupy less volume are favored (52). It has also been shown that both the native 

states (5, 54, 55) and unfolded states are compacted by crowding (112, 113). Particularly, 

flexible regions within a protein are compressed (5, 54, 55). Osmolytes such as glucose 

are not typically recognized as inducing macromolecular crowding effects, because they 

do not create steric repulsion through volume exclusion (107, 108, 114). Instead, glucose 

is excluded from the protein surface, and increases burial of the protein backbone (7, 

107). This causes compaction and stabilization of the protein resulting in decreased 

conformational sampling (4, 108). Here we used MD simulations to predict flexible 

regions within EF-Tu in the GTP- and GDP-bound states. We found that while the GDP 

state had an overall higher RMSF, the GTP state had more distinct flexible regions; 

particularly in switch I involved in the large-scale structural transition between the GTP 

and GDP state (11, 93), was found to be flexible in the GTP simulation and not the GDP 

simulation (Figure 22). Based on the simulations, we reasoned crowding agents would 

compact EF-Tu in such a way that would reduce the flexibility observed in the switch I 

region of the GTP state. This in turn would result in the GDP conformation being favored 

over the GTP conformation. In addition to crowding affecting the flexibility, 

macromolecular crowding would affect the entropy of binding (52). GTP binding to 

EF-Tu is entropically favored compared to GDP (personal communication), and crowders 

would diminish this effect. To show this was an effect of macromolecular crowding we 

used two chemically distinct crowding agents: dextran 40 and PEG 4000. Both crowding 
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agents induced a similar effect on the nucleotide binding properties of EF-Tu, suggesting 

the observed effects were due to volume exclusion and not nonspecific chemical 

interactions. As the concentration of either crowding agent increased to 25% (w/v) the 

rate of GTP association decreased by about 2 fold (Figure 17), while the rate of GDP 

association was not affected (Figure 19). For dissociation, neither crowder affected the 

rate of GTP dissociation (Figure 20); however, crowding at 15% (w/v) reduced the rate of 

GDP dissociation by about 2 fold (Figure 21). Overall the affinity of EF-Tu decreased by 

about 4 fold for GTP in 25% (v/w) crowded solutions, while increasing by 3 fold for GDP 

in 15% (v/w) crowded solutions. 

The osmolyte glucose did not induce the same affect as crowding agents. Glucose 

slowed both the association rates and dissociation rates of guanine nucleotide similarly. 

This effect would be expected if glucose hindered conformational changes that exposed 

buried surfaces (7). EF-Tu undergoes a significant conformational rearrangement as a 

result of nucleotide binding, which exposes buried surfaces (11, 93). Osmolytes have 

been previously observed to exert effects that differ from polymer solutions used to 

induce macromolecular crowding (4).   

Although the overall effects of dextran 40 and PEG 4000 were similar with 

respect to the nucleotide binding properties of EF-Tu only dextran exhibited linear 

behavior on both nucleotide association rate (Figure 17 and 5) and nucleotide dissociation 

rate (Figure 20 and 7).  The effect of PEG 4000 on the association rate of GTP to EF-Tu 

was complex and could not be fit with a linear equation (Figure 17). When the PEG 4000 

concentration was under 10% (w/v), the rate of GDP association increased with respect to 

the absence of PEG 4000 (Figure 19). The effects of PEG 4000 in the low concentration 
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regime can be explained by nonspecific chemical interactions. Nonspecific chemical 

interactions between crowding agents and the macromolecule under study have been 

documented to occur under low crowder concentrations, and under higher crowder 

concentrations these interactions have been masked by the larger effect of volume 

exclusion (97).  

We do not expect the change in viscosity from the soluble polymers to 

significantly affect the rate of nucleotide association. Nucleotide association rates are not 

in the regime of diffusion controlled reactions, which have rates in the 108 M-1 s-1 range 

(6). Macromolecular crowding slows reactions that are diffusion limited, but increase 

reactions that are transition state limited and favor a more compacted transition state (4, 

52). If the change in viscosity did impact nucleotide association rate, we would expect 

that both GTP and GDP association rates would be reduced. Instead we observed that 

only the rate of GTP association was decreased (Figure 17). The faster rate of GDP 

association rate was not affected by high concentrations of dextran 40 or PEG 4000 

(figure 19). Further, the rate of GDP association was increased in low concentrations of 

PEG 4000. The viscosities of dextran 40 and PEG 4000 solution were different, because 

of the size difference of the two polymers. Dextran 40 is approximately an order of 

magnitude larger than PEG 4000; therefore, we would expect dextran 40 to slow rates 

more than PEG 4000 if viscosity had a significant effect. However, we did not observe 

dextran 40 slowing rates more than PEG 4000.  

The effect of macromolecular crowding on EF-Tu has biological implications. 

Since the affinity for GTP is reduced and affinity for GDP increases as macromolecular 

crowding increases, EF-Tu would spend more time in the inactive state under crowded 
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conditions compared to dilute conditions, which could reduce the overall speed of 

translation. It was also observed that nonspecific chemical interactions could further 

increase the affinity of EF-Tu for GDP (Figure 19). The contents of the cell are not inert, 

so macromolecular crowding within the cell is expected to result in some nonspecific 

chemical interactions (115). Of course in the cell, EF-Tu interacts with EF-Ts, which 

increase the rate of nucleotide dissociation (6). Scaled particle theory has suggested that 

macromolecular crowding should increase the association rate between macromolecules 

by orders magnitude at physiological volume occupancy (116). However, in vitro and in 

vivo studies have only observed modest increases, no effects, or reduced association rates 

and stability of dimers in crowded solutions compared dilute buffer (115). The effects of 

macromolecular crowding on the interaction of EF-Tu and EF-Ts depend on the size and 

shape of each protein, the shape and size of the dimer, and the shape and size of the 

crowders. Recently, it has been observed that macromolecular crowding limits 

translation, because of the slowed diffusion of the EF-Tu�GTP�aa-tRNA complex to the 

ribosome (117). The slowed diffusion of the EF-Tu�GTP�aa-tRNA complex to the 

ribosome is the dominant effect in the cell and it is predicted to limit the speed of 

translation and lead to a reduced growth rate (117). In addition to volume exclusion 

effects, macromolecular crowding induces confinement (52). Confinement results when 

macromolecules can no longer diffuse freely. In E. coli such condition can occur upon 

increased osmotic pressure when water freely diffuses out of the cytoplasm and increases 

crowding. Small metabolites can still freely and evenly diffuse through the cell under 

these conditions, but larger macromolecules become trapped (118). Confinement has been 

speculated to be involved in the formation of functional partitions in prokaryotes (119), 
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such as the specific cellular locations of replication, transcription, and translation 

machinery within the cell (120). EF-Tu’s transition into the GTP was slowed even 

modestly in the cell, the effects could be amplified over the translation cycle. Given that 

the average length of a protein is about 300 amino acids in E. coli (121), EF-Tu molecules 

will need to be recycled back to the GTP state at least 300 times in total. For instance, the 

average speed of translation in vivo is ~15 amino acids per second (122). For a protein 

consisting of 300 amino acids it would take the ribosome ~20 s to translate. From the in 

vitro data the rate constant of GDP dissociation was slowed by an order of magnitude 

(Figure 21), and the rate constant of GTP association was slowed by a factor of two 

(Figure 17). If the recycling of EF-Tu was decreased by 25%, it could take ~25 s to 

translate a protein consisting of 300 amino acids.   

Conclusion 

 We observed distinct effects due to macromolecular crowding induced by dextran 

40 and PEG 4000 from those of high concentrations of the osmolyte glucose. We were 

able to determine that the affinity of GTP is reduced in crowded conditions, because the 

rate of GTP association is decreased. The affinity of EF-Tu from GDP was increased in 

crowded solutions, because the rate of GDP dissociation was reduced. Glucose decreased 

all rates similarly and therefore did not have an effect on nucleotide affinity. 
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Chapter 4: Conclusion  

Conclusion of the effect of tetracycline and macromolecular crowding on the 
function of EF-Tu 
 

EF-Tu was chosen to study the effect of small molecule inhibitors and 

macromolecular crowding on protein dynamics that contribute to its function. EF-Tu is an 

ideal protein to investigate protein dynamics because it undergoes a large conformational 

change from its active GTP bound state to its inactive GDP bound state (11, 12) (Figure 

1). Further, the ability of EF-Tu to form complexes with its interaction partners is directed 

by the nucleotide bound state (23). There are four structurally distinct classes of 

antibiotics that bind to and alter the dynamics of EF-Tu so that it can no longer perform 

its function (3, 27, 28). Another class of antibiotics, the tetracyclines, was speculated to 

interfere with the function of EF-Tu. This prediction was based on the crystal structure of 

the trypsin modified EF-Tu�GDP�tetracycline complex (14). However, there was no 

biochemical data to suggest that the function of E. coli EF-Tu was impeded by 

tetracycline. In addition to no biochemical studies investigating the role of tetracycline on 

E. coli EF-Tu, there have been no studies investigating the effect of macromolecular 

crowding on the dynamics and function of EF-Tu. Determining if tetracycline or 

macromolecular crowding influence the dynamics of the factor in a manner that affects its 

function will aid in finding new conformations EF-Tu, which subsequently can be used to 

find new antibiotic binding pockets. It is known that macromolecular crowding has an 

affect on protein flexibility (4, 5). A property that plays a large role in ligand recognition 

and binding (123). If macromolecular crowding or tetracycline affects the flexibility of 

EF-Tu the population distribution of EF-Tu molecules in different side chain 
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conformations, loop and secondary structure rearrangements, and domain arrangements 

may be altered in a manner that affects ligand binding by stabilizing specific active or 

inactive conformations of the protein. Further, antibiotics that are known to affect EF-Tu 

could have altered function in vivo if macromolecular crowding affects the population 

distribution of EF-Tu in different conformations. In this thesis, I addressed two questions 

related to the dynamics and function of EF-Tu. First, I have successfully demonstrated 

that binding of tetracycline to EF-Tu does not affect the dynamics of EF-Tu contributing 

to its cellular function. Secondly, it was determined that macromolecular crowding 

induced by the synthetic polymers dextran 40 and PEG 4000 does affect the dynamics of 

nucleotide binding in EF-Tu. 

Tetracycline is able to bind trypsin-modified EF-Tu (Figure 5), which does not 

contain the switch I region of EF-Tu (14); however, tetracycline does not influence the 

dynamics of intact EF-Tu that contribute to the function of the protein. Most likely, the 

interaction between tetracycline and EF-Tu is mediated by the magnesium ion and the 

interaction is weak (124). Also unlike the other classes of antibiotics that are known to 

effect EF-Tu, tetracycline does not widen any domain interfaces or reorient any domains 

in EF-Tu. Combining the biochemical experiments presented in this thesis and the crystal 

structure of the trypsin modified EF-Tu�GDP�tetracycline complex (14), it is unlikely 

that tetracycline induces a new conformation in EF-Tu or has any affect on the 

distribution of EF-Tu conformations. Further, using the EF-Tu�GDP�tetracycline 

complex as a model for the discovery of new small molecule inhibitors that affect GTPase 

and ATPase with a similar binding pocket should be dismissed. 
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 The use of the synthetic crowding agents dextran 40 and PEG 4000 to study the 

effect of macromolecular crowding on EF-Tu suggests that protein dynamics should be 

studied in more cellular-like environment. It was observed that both dextran 40 and PEG 

4000 had the same effect on the intrinsic nucleotide binding properties of EF-Tu. Both 

synthetic polymers reduce the rate constant of GTP association to EF-Tu (Figure 17), but 

did not affect the rate constant of GDP association (Figure 19), and both polymers 

decreased the rate constant of GDP dissociation (Figure 20), but did not affect GTP 

dissociation (Figure 21). Since the binding of guanine nucleotides to EF-Tu is not 

diffusion controlled reaction, but rather controlled by a conformational change (6), 

macromolecular crowding is influencing the dynamics in EF-Tu by modulating the speed 

with which this conformation change occurs. In contrast to macromolecular crowding 

agents, the osmolyte glucose decreased all rates by likely preventing conformational 

changes which exposed new surfaces in EF-Tu, consistent with the notion that sugar 

osmolytes induce burial of the protein backbone (7). The results in this thesis show 

distinct effects between macromolecular crowding and osmolyte effects. This is 

consistent with macromolecular crowding acting through volume exclusion and limiting 

the radius of gyration of proteins and other macromolecules (8, 52).  

Future directions for macromolecular crowing studies involving EF-Tu 

Continuing on the effect of macromolecular crowding on the nucleotide binding 

properties of EF-Tu, it would be interesting to study how macromolecular crowding tunes 

the speed of conformational changes in EF-Tu. One way to approach this would be to 

study the how the different populations of EF-Tu change in a crowded environment using 

intarmolecular fluorescence resonance energy transfer (FRET). Using a 
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spectrofluorometer equilibrium ensemble measurement, FRET could be used as a 

spectroscopic ruler to determine if increased crowding changes the distance between 

regions in EF-Tu. This technique has been used for other crowding studies (125). These 

same fluorescently labeled EF-Tu molecules could also be used in a single molecule 

setup. The single molecule FRET results would give information on how long EF-Tu 

remained in particular conformations and the population distribution of conformations. 

This information could be critical in setting up in vitro drug screening platforms that 

consider the crowded cellular-like environment.  

Either the current stopped-flow setup described in this thesis (chapter 3 methods 

section) or a single molecular FRET setup could be used to determine if antibiotics 

known to affect EF-Tu’s function, kirromycin, enacyloxin, pulvomycin and GE2270 A, 

have the same effect under dilute and crowded conditions. It would be particularly 

interesting to study how crowding influences kirromycin’s ability to induce a more GTP 

like state in EF-Tu (2). Kirromycin has been observed to increase the flexibility of switch 

I in EF-Tu, and kirromycin has been shown to increase the affinity of GTP to EF-Tu (2). 

Based on the data in this thesis it is predicted that switch I is less flexible under crowded 

conditions (Figure 22 and Table 4). A reasonable hypothesis would be that 

macromolecular crowding reduces the flexibility of switch I in the presence of 

kirromycin, which would decrease the observed increase in GTP affinity in the presence 

of kirromycin.   

In addition to studying spontaneous nucleotide exchange in EF-Tu, the more in vivo EF-

Ts catalyzed nucleotide exchange in EF-Tu should be studied under crowded conditions. 

EF-Ts is needed to maintain in vivo translation rates (6), and it is unknown how 
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macromolecular crowing would affect the diffusion or conformation of EF-Ts and the EF-

Tu�EF-Ts complex in the GDP, GTP or apo state. The interaction of EF-Tu and EF-Ts in 

crowding agents could be studied through similar stopped-flow experiments presented in 

this thesis (Figure 12). The structures of the EF-Tu�GDP�EF-Ts, EF-Tu�GTP�EF-Ts, 

and EF-Tu�EF-Ts could be investigated under crowded conditions using small angle X-

ray scattering to provide evidence that crowding induces a more compact conformation. It 

would also be interesting to determine which regions in the different nucleotide bound 

forms of the EF-Tu�EF-Ts change their flexibility. For instance, the flexibility of the 

P-loop in EF-Tu is important for nucleotide exchange in EF-Tu (25, 106). It would be 

interesting to determine if the flexibility of the P-loop is impacted by macromolecular 

crowding, and how this change in flexibility alters EF-Ts stimulated nucleotide 

dissociation in EF-Tu. Overall, this will help to address the overarching question: Is 

molecular crowding a feature of biological function influencing evolution and overall 

performance of biomolecules?  
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