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1. INTRODUCTION 
 

1.1 Prokaryotic protein biosynthesis 
Translation of the genetic code is a complex process performed by the ribosome, a 

2.5-MDa ribonucleoprotein complex, and its associated factors. To fully comprehend how 

translation is accomplished and regulated, a detailed understanding of the three-dimensional 

structures of its molecular components and their relative movements during the process is 

required. This can only be achieved through combined structural and functional analyses. In 

this thesis, the main focus of structural and functional scrutiny is on the bacterial elongation 

factor Tu (EF-Tu), a ~45 kDa enzyme which plays a crucial role in protein biosynthesis by 

contributing to the rapid and accurate decoding of mRNA templates during the elongation 

phase of translation (for reviews and references, see Krab and Parmeggiani, 1998; Abel and 

Jurnak, 1996). Isolated more than 35 years ago by Lipmann (Lucas-Lenard and Lipmann, 

1971), this monomeric protein with its dynamic switch properties and numerous molecular 

partners has since fascinated a large number of investigators. 

In fulfilling its primary function, active EF-Tu in complex with GTP and Mg2+ forms 

ternary complexes with non-initiator and non-selenocysteinyl aminoacyl-tRNA (aa-tRNA) 

molecules and mediates their delivery to the acceptor site (A-site) of mRNA-programmed 

ribosomes during polypeptide chain elongation. Upon cognate recognition between the 

anticodon of the EF-Tu·GTP·aa-tRNA complex and the codon of the ribosome-bound 

mRNA, guanosine triphosphatase (GTPase) activity is stimulated and the binary complex of 

EF-Tu·GDP dissociates from the ribosome (Pape et al., 1998). This remarkable stimulation of 

EF-Tu’s GTPase capacity (by several orders of magnitude), is presumably provided through 

its interactions with the ribosomal machinery- an attribute which gives the ribosome one of 

its defining properties as a GTPase activating protein (GAP) for EF-Tu. By analogy with the 

known mechanisms of other GAP proteins (Gamblin and Smerdon, 1998), the catalytic 

contributions by the ribosome are likely to include indirect features such as the stabilization 

of EF-Tu’s structural elements comprising the nucleotide-binding pocket. Additional direct 

contributions may also be provided, possibly involving the in trans insertion of catalytic side-

chains or rRNA components into the active site. 

Despite the high cellular concentration of GTP, the approximate 10-fold greater 

affinity of EF-Tu for GDP over GTP (Wagner et al., 1995) hinders the unassisted exchange 
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of bound nucleotide and subsequent regeneration of EF-Tu·GTP. To achieve this 

requirement, the services of another macromolecule, EF-Ts, are indispensable. EF-Ts 

functions as a guanine nucleotide exchange factor (GEF) for EF-Tu, and upon EF-Tu·GDP–

EF-Ts complex formation, GDP binding is weakened and equilibrium-driven exchange for 

GTP ensues.  Thus, active EF-Tu·GTP is regenerated which is again ready to bind aa-tRNA 

and re-enter another round of the protein elongation cycle, a process that proceeds at the rate 

of 10-20 peptide bonds formed per second per ribosome (Kennell and Riezman, 1977). 

Structures of the four distinct cytoplasmic EF-Tu complexes formed during the 

elongation cycle have each been solved by X-ray crystallographic methods, vastly improving 

our understanding of the structural changes and interactions that control the elongation cycle 

(Fig. 1.1). However, because of the inherent and essential flexibility of EF-Tu, progress in 

obtaining suitable crystals for X-ray diffraction experiments has been painstakingly slow 

since the initial efforts, which began more than twenty years ago. In 1985, a protease-

modified form of E. coli EF-Tu·GDP was reported, revealing for the first time the amino-acid 

sequence pattern involved in guanine nucleotide binding (Jurnak, 1985; La Cour et al., 1985). 

The results allowed other investigators to readily identify GTPase proteins from DNA 

sequence data alone (Dever et al., 1987) and had a substantial impact on the G-protein field 

(Bourne et al., 1990, 1991). Subsequent utilization of thermophilic bacterial sources led to 

stabilization and crystallization of the ‘active’ GTP-bound conformation, which facilitated 

the successful structure determination of T. thermophilus (Berchtold et al., 1993) and T. 

aquaticus (Kjeldgaard et al., 1993) EF-Tu complexed with GppNHp, a GTP analogue, and 

revealed the dramatic conformational rearrangements that occur upon nucleotide exchange. 

In the following years, structural details of the remaining EF-Tu complexes have appeared: 

the intact EF-Tu·GDP complex (Abel et al., 1996; Polekhina et al., 1996; Song et al., 1999), 

the EF-Tu·GTP·aa-tRNA ternary complex (Nissen et al., 1995, 1999), and the EF-Tu·EF-Ts 

complexes from E. coli (Kawashima et al., 1996) and T. thermophilus (Wang et al., 1997). As 

with many novel structure determinations, several long-standing mysteries regarding the 

complex molecular interactions taking place were resolved. Moreover, each macromolecular 

structure bore a wealth of unanticipated details, hence raising new questions and fueling 

additional research.  
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1.2 A family of GTPases 
EF-Tu belongs to the GTPase superfamily, members of which carry a canonical 

nucleotide-binding fold but perform a diverse array of cellular functions (Hilgenfeld, 1995a, 

1995b; Mesters et al., 2001). Other members of this family include the small ras-like 

GTPases and the signal transducing G-proteins. Despite their functional diversity in the cell, 

several characteristic traits are exhibited amongst the GTPases, the hallmark of which is their 

Fig. 1.1  The four major cytoplasmic EF-Tu complexes involved in protein biosynthesis, 
displayed in the context of the GTPase cycle common to members of the GTPase 
superfamily. EF-Tu is illustrated in blue, with its Switch I and Switch II elements 
highlighted in yellow and orange, respectively. EF-Tu·GTP (top) contains a high-affinity 
aa-tRNA binding site, leading to formation of the EF-Tu·GTP·aa-tRNA ternary complex. 
Upon intrinsic or ribosome-stimulated GTP-hydrolysis, EF-Tu’s switch elements 
reorganize and drive larger domain rearrangements to yield an ‘open’ EF-Tu·GDP 
complex. Bearing a low affinity towards ribosomes and aa-tRNA, free EF-Tu·GDP is 
released to the cytosol and forms a complex with EF-Ts, which catalyzes nucleotide 
exchange and regenerates free EF-Tu·GTP. 
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ability to functionally switch between an inactive (GDP-bound) and active (GTP-bound) state 

– a capacity that is largely regulated by member-specific GEFs and GAPs (Bourne et al., 

1990, 1991; Boguski and McCormick, 1993). Crystallographic and mutational analyses have 

provided a wealth of structural and mechanistic information on the conformational changes 

associated with GTP hydrolysis in EF-Tu and related members of the GTPase superfamily 

(Hilgenfeld, 1995a, 1995b; Sprang, 1997; Gamblin and Smerdon, 1998; Mesters et al., 2001), 

yet much remains to be resolved about the exact mechanism of intrinsic and GAP-stimulated 

GTP-hydrolysis in these enzymes. 

 

1.3 Structural transitions upon nucleotide exchange and hydrolysis 
The switching of EF-Tu between an active and an inactive state is accompanied by 

large domain rearrangements (Fig. 1.1) that stem primarily from conformational 

transformations in two dynamic structural elements, termed ‘switch I’ (residues 41-62) and 

‘switch II’ (residues 84-96), which are directly involved in GTP·Mg2+ binding. In its inactive 

form (Abel et al., 1996; Polekhina et al., 1996), EF-Tu displays an unusual central hole 

between domain 1 (also known as the GTPase domain or G-domain) and domain 2, contrary 

to the active form which exhibits a compact structure with many interdomain contacts 

(Berchtold et al., 1993; Kjeldgaard et al., 1993). These studies also revealed that upon GTP 

hydrolysis, the two switch regions undergo mutual transpositions, and most surprisingly, that 

switch I transforms from an α-helix in the GTP form to a β-hairpin in the GDP form (Fig. 

1.1). The three-dimensional structure of the EF-Tu·EF-Ts complex (Kawashima et al., 1996; 

Wang et al., 1997) demonstrated how EF-Ts catalyzes GDP/GTP exchange. By utilizing a 

conserved phenylalanine residue, EF-Ts displaces the switch II element of EF-Tu, triggering 

a series of conformational adjustments around the nucleotide-binding pocket and ultimately 

leading to a weakened Mg2+·GDP binding.  

 

1.4 EF-Tu in the cell 
EF-Tu is ubiquitous in all kingdoms, therefore it has proved very useful in defining 

evolutionary relationships between all organisms and locating the root of the universal tree 

(Baldauf et al., 1996). Representing 5-10% of the total cellular protein (Furano, 1975; 

Jacobson and Rosenbusch, 1976a), it is the most abundant protein macromolecule, with its 

concentration (0.1-0.2 mM) being equivalent to that of aa-tRNA and 4–14-fold higher than 
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that of ribosomes (Jacobson and Rosenbusch, 1976a). Nearly all cellular aa-tRNA is trapped 

by EF-Tu·GTP (Gouy and Grantham, 1980). 

 

1.5 EF-Tu in Thermus thermophilus 
Thermus thermophilus is a gram-negative, extremely thermophilic bacterium which 

normally grows at 75°C. Its elongation factors are not only very stable at high temperatures, 

but also posses high chemical resistance (Nakamura et al., 1978). Due to their stability and 

low flexibility at lower temperatures, T. thermophilus proteins are particularly suited for 

crystallization and X-ray crystallography. In T. thermophilus, EF-Tu is encoded by two 

genes, tufA and tufB, both of which have been sequenced (Seidler et al., 1987; Kushiro et al., 

1987; Satoh et al., 1991). The two gene products differ only at 4 out of 405 amino acid 

positions. In E. coli, EF-Tu was similarly found to be expressed by two tuf genes whose 

products are identical except for the C-terminal residue (Yokota et al., 1980; An and Friesen, 

1980). The existence of two almost identical genes encoding EF-Tu has been suggested to be 

part of a complicated bioregulatory mechanism (Bosch et al., 1983), although more recent 

evidence shows each gene to be individually dispensable (Zuurmond et al., 1999). 

 

1.6 Ternary complex formation and the putative role of His-67 
In its active conformation with GTP as a cofactor, EF-Tu has a high affinity for aa-

tRNA with equilibrium dissociation constants in the range of 10-9 M (Louie and Jurnak, 

1985). Its affinity for non-acylated tRNA is several orders of magnitude lower (Faulhammer 

and Joshi, 1987). To map the interaction points of EF-Tu and aa-tRNA, different chemical 

modification studies have been applied in addition to cross-linking and site-directed 

mutagenesis studies. Modification studies of Cys-81 in E. coli EF-Tu and the homologous 

Cys-82 in T. thermophilus indicated that this residue might take part in aa-tRNA binding 

(Jonák et al., 1980, 1982; Nawrot et al., 1997). This conclusion could not, however, be 

confirmed by mutagenesis studies (Anborgh et al., 1992; Nawrot et al., 1997).  

Modification studies on the ternary complex have revealed that E.coli EF-Tu residues 

His-66 and His-118 (His-67 and His-119 in T. thermophilus) are protected against chemical 

modification (Jonák et al., 1984; Jonák and Rychlík, 1987), suggesting that these make up 

part of the tRNA-binding site. An additional study using trans-diamminedichloroplatinum 

found cross-links between aa-tRNA and E. coli EF-Tu fragments 56-68 and 118-124 (Metz-
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Boutigue et al., 1989), presumably at His-66 and His-118. Together these findings 

corroborated earlier evidence that His-66 could be successfully cross-linked to a modified 

aminoacyl-tRNA, Nε-bromoacetyl-Lys-tRNA (Duffy et al., 1981), indicating that His-66 

binds to the aminoacyl moiety of aa-tRNA. The potential roles of His-66 and His-118 in 

ternary complex formation were explored in more detail with the mutagenesis studies of 

Andersen and Wiborg (1994). Their results verified the earlier indications, with aa-tRNA 

affinity being nearly abolished for His118Ala and His118Glu mutants, and greatly reduced 

for His66Ala. From an evolutionary standpoint these results are fully comprehensible, since 

His-118 is invariant and His-66 is extremely well conserved amongst prokaryotes. However, 

a subsequent experiment by Wiborg et al. (1996) demonstrated that the His66Ala mutant 

could sustain in vitro translation at rates equivalent to wild-type EF-Tu. Biochemical 

experiments with the homologous His67Ala mutant in T. thermophilus EF-Tu cast further 

doubt on the indispensability of this residue. In fluorescence competition experiments with 

AEDANS-Tyr-tRNATyr, wild-type and His67Ala EF-Tu both exhibited high affinity for aa-

tRNA (S. Ribeiro, unpublished results).   

The crystal structure determination of the EF-Tu·GppNHp·Phe-tRNAPhe ternary 

complex (Nissen et al., 1995) provided the first opportunity to directly consolidate 

biochemical findings with a reliable structural model. Indeed, it showed His-67 situated at the 

bottom of the 3’ CCA-Phe binding pocket with its imidazole ring participating in a face-to-

face stacking interaction with the docked phenyl ring of Phe-tRNAPhe, although no other 

direct interactions between His-67 and the aa-tRNA moiety were observed. In an independent 

set of experiments, it was shown that a fluorescent anthraniloyl group (Hiratsuka, 1983) 

attached to adenosine 76 of tRNA mimics the structure of aminoacyl-tRNA and allows an 

efficient interaction of anthraniloyl-tRNA with EF-Tu·GTP (Servillo et al., 1993; Nawrot and 

Sprinzl, 1998). Recently, our group has determined the crystal structure of a ternary complex 

between T. thermophilus EF-Tu·GppNHp and 3’-O-anthraniloyladenosine monophosphate 

(ant-AMP), an analogue of the 3’-end of aa-tRNA. Contrary to the observations made in the 

EF-Tu·GppNHp·Phe-tRNAPhe ternary complex (Nissen et al., 1995), His-67 is seen to 

participate in an edge-to-face interaction with the anthraniloyl ring of ant-AMP (J. Mesters, 

personal communication).  

In light of these observed structural differences, the definitive role of His-67 in the 

ternary complex becomes even more puzzling, especially when considering the diversity of 

amino acid side-chains presumably residing in the 3’ CCA-aa binding pocket. One possibility 
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is that the side-chain of His-67 acts by stabilizing the other structural elements comprising the 

binding pocket through hydrogen-bonding or van der Waals interactions. In the high-

resolution crystal structure of T. thermophilus EF-Tu in the GTP-bound form (Berchtold et 

al., 1993), the Nε2 group of His-67 donates a hydrogen bond to the side-chain carbonyl of 

Gln-98, the latter residue being invariant throughout the kingdoms. Additionally, His-67 may 

provide stability by optimizing the packing of the docked aminoacyl side-chain, a common 

feature observed in the known ternary complexes (Nissen et al., 1995, 1999; J. Mesters, 

personal communication).  

 

1.7 His-85: a conserved residue with an enigmatic function 
 In several small GTPases and Gα-subunits, a conserved glutamine residue (Gln-61 in 

p21ras) has been shown to be critically involved in the GTPase mechanism. Structural studies 

of these enzymes in complex with putative transition-state analogues have suggested this 

residue plays a key role in catalysis by interacting with the nucleophilic water molecule and 

transferred phosphoryl group (for references and discussion, see Hilgenfeld, 1995b; Sprang, 

1997). The homologous residue in EF-Tu, His-85, is absolutely conserved among species. 

Early mutational studies on this residue in the isolated G-domain of EF-Tu (Cool and 

Parmeggiani, 1991) fueled support for the functional relevance of His-85 in the GTPase 

mechanism and evoked speculation of a role analogous to that of Gln-61 in small ras-like 

GTPases.  

Two years later, the crystal structures of EF-Tu in complex with GppNHp showed 

His-85 to be located in loop L4 of the switch II element, also known as the ‘switch-loop’, 

which undergoes a dramatic conformational change during the transition from the inactive to 

active states (Berchtold et al. 1993; Kjeldgaard et al., 1993). Furthermore, it was revealed that 

the mechanism of this conformational switch, which is similar to that observed in p21ras 

(Milburn et al., 1990; Wittinghofer and Pai, 1991; Stouten et al., 1993) and Gα-subunits 

(Noel et al., 1993; Coleman et al., 1994; Lambright et al., 1994), involves a translocation of 

the switch II helix around His-85. In the GDP-bound conformation of EF-Tu, His-85 is part 

of the helical structure, but becomes part of the switch-loop L4 upon binding of GTP. 

Perhaps most surprisingly, it was noted that His-85 is solvent-exposed and segregated from 

the active site by the highly conserved residues Val-20 and Ile-61. Together they form a rigid 

hydrophobic barrier, accordingly termed the ‘hydrophobic gate’ (Berchtold et al., 1993), 
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Fig. 1.2  The ‘hydrophobic gate’ in the EF-Tu·GppNHp complex. The Switch I and Switch
II elements are depicted in yellow and orange, respectively. The phosphate-binding loop
(P-loop) is shown in green. The γ-phosphate of GppNHp is labeled ‘PG’, and H2O-411, the
putative nucleophilic water molecule positioned in-line with the γ-phosphate, is labeled
‘WAT 411’. Van der Waals radii are drawn for side-chain atoms of His-85, Val-20 and Ile-
61. Residues Arg-59, His-85 and Asp-87 have all been suggested to be involved in the
GTPase mechanism of EF-Tu. 

since they shield the nucleophilic water from bulk-solvent and His-85 (Fig. 1.2). This 

observation did not support an obvious role for His-85 in the intrinsic GTP hydrolysis 

reaction, although it was speculated that Ile-61 of the Switch I region might move away upon 

ribosome binding, thus opening the hydrophobic gate and allowing His-85 access to the 

active site (Berchtold et al., 1993). This proved to be an intriguing scientific paradox which 

piqued efforts to further probe this residue’s functional properties. Shortly thereafter, two 

groups working with intact mutants of EF-Tu from E. coli (Scarano et al., 1995) and T. 
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thermophilus (Zeidler et al., 1995), continued to generate data in support of His-85’s catalytic 

significance. All His-85 mutants (His-84 in E. coli) showed either a reduction or abolition of 

intrinsic and ribosome-stimulated GTPase rates.  

 

1.8 Proteolyzed EF-Tu: in vitro and in vivo 
Since the pioneering investigations characterizing trypsin-modified forms of EF-Tu 

(Arai et al., 1976; Jacobson and Rosenbusch, 1976b, 1977), an abundance of data has 

accumulated regarding the biochemical and structural properties of proteolyzed EF-Tu. Early 

crystal structure determinations of EF-Tu from E. coli relied on proteolyzed forms of the 

protein to attain adequately diffracting crystals. While Kabsch et al. (1977) and Jurnak et al. 

(1977) crystallized protein which had been treated with trypsin under controlled conditions, 

Morikawa et al. (1978) were apparently dependent on adventitious traces of proteolytic 

enzymes in their crystallization experiments to cleave the protein. A proteolytic cleavage 

event induced by an endogenous protease or by an intrinsic property of EF-Tu was also 

reported to appear during isolation of E. coli EF-Tu (Arai et al., 1978). In all cases it was 

shown that the crystals contained a high-Mr (35-39 kDa) and a low-Mr (3-7 kDa) polypeptide 

which exist as a strong complex. Kjeldgaard and Nyborg (1992) noted that suitably 

diffracting crystals of E. coli EF-Tu·GDP could be obtained either by controlled trypsin 

digestion or by waiting for a seemingly spontaneous proteolytic occurrence.  

It was found that the primary cleavage site was located within the Switch I region 

(residues 41-62), a structural element which is omnipresent throughout the GTPase protein 

superfamily and has been proposed in EF-Tu to be part of the ‘effector region’ for ribosome 

binding (Peter et al., 1990). Several years later, independent structure determinations of intact 

EF-Tu·GDP confirmed that Switch I proteolysis did not significantly alter the structure of 

domain 1, nor did it affect the global arrangement of EF-Tu’s three domains (Abel et al., 

1996; Polekhina et al., 1996; Song et al., 1999). All structures showed a similar ‘open’ 

conformation characterized by a relatively loose packing of the protein’s three domains and a 

visible hole in the middle. The recent crystal structure determination of mammalian 

mitochondrial EF-Tu·GDP (Andersen et al., 2000) found a comparable ‘open’ GDP-bound 

conformation. Although crystal structures of intact EF-Tu in the ‘closed’ GTP-bound form 

have been elucidated (Berchtold et al., 1993; Kjeldgaard et al., 1993), structural studies of 

proteolyzed EF-Tu with a GTP analogue were apparently never pursued. 
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It is generally agreed that this proteolytically modified form of EF-Tu retains the 

properties of binding GDP, GTP and EF-Ts (Arai et al., 1976; Gast et al., 1976; Jacobson and 

Rosenbusch, 1976b). There is, however, some disagreement as to whether the ability of EF-

Tu to bind aa-tRNA or support polyphenylalanine synthesis is still present after trypsinolysis. 

Whereas Jurnak et al. (1977) and Arai et al. (1976) found that trypsin modified EF-Tu does 

not form a ternary complex with aa-tRNA and GTP, Jacobson and Rosenbusch (1976b) 

detected complex formation. Wittinghofer et al. (1979) subsequently corroborated Jacobson 

and Rosenbusch’s results by reporting that material recovered from orthorhombic and 

tetragonal crystals of trypsin-modified EF-Tu was able to stimulate poly(U)-directed 

polyphenylalanine synthesis, and added further support to this claim with follow-up 

experiments on controlled tryptic digests of EF-Tu (Wittinghofer et al., 1980). Unexplained 

proteolysis of purified T. thermophilus EF-Tu was also reported (Gulewicz et al., 1981) and 

the properties of this specifically nicked species were examined. Like with the E. coli EF-Tu 

studies, cleavage was found to occur in the effector region, yielding two associated fragments 

with molecular weights of approximately 41 kDa and 8 kDa, respectively. Similar to the 

reports of Jacobson and Rosenbusch (1976b) and Wittinghofer et al. (1979,1980), this 

cleaved form remained active in binding GDP, GTP, and in ternary complex formation with 

aa-tRNA. Poly(U)-dependent synthesis of polyphenylalanine (on E. coli ribosomes), 

however, was found to be reduced to extremely low residual levels. Ott et al. (1990) 

quantified the affinities of native and trypsin-modified EF-Tu·GTP for aa-tRNA and 

concluded that proteolysis of Switch I reduced the affinity of EF-Tu for aa-tRNA only by one 

order of magnitude. Further testimony to the importance of the integrity of the effector region 

in influencing ribosome-stimulated GTPase activity was presented by Zeidler et al. (1996), 

who demonstrated that T. thermophilus EF-Tu specifically cleaved at either Arg-59 or Lys-52 

maintained all of its binding properties but evidently lacked the capacity to undergo 

ribosome-enhanced GTP hydrolysis.  

Direct evidence for the proteolysis of EF-Tu in biological systems has only recently 

surfaced. The highly conserved Gly-59–Ile-60 peptide bond in E. coli EF-Tu has been 

implicated as a specific target site for cleavage by Lit, a host-encoded protease which is 

activated during T-even phage infection and stimulates programmed cell death via 

translational incapacitation (Yu et al., 1994; Georgiou et al., 1998). In this classical example 

of phage exclusion, it has been speculated that cleavage of EF-Tu by Lit may manifest the 

same biological characteristics in EF-Tu as that described by Zeidler et al. (1996), that is, 
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abolishing the ability of ribosomes to stimulate the GTPase reaction. Even more recently, 

Adams et al. (1999) have discovered proteases in Salmonella which, when triggered by a 

virulence regulatory system, appear to specifically cleave EF-Tu and EF-G. 

 

1.9 Chaperone-like properties 
 Two recent independent in vitro studies have demonstrated that in addition to its 

function in translation elongation, EF-Tu possesses remarkable chaperone-like functions 

(Kudlicki et al., 1997; Caldas et al., 1998a), which might implicate an additional role in 

protein folding and protection from stress. A subsequent publication has further extended this 

notion by finding that EF-G and IF2 also display chaperone properties (Caldas et al., 2000). 

In the case of EF-Tu, it appears that chaperone activity is stimulated either by the EF-

Tu·GDP complex (Caldas et al., 1998a) or by an oscillation between the open (GDP-bound) 

and closed (GTP-bound) conformations (Kudlicki et al., 1997). These conclusions add further 

intrigue to earlier reports which indicated that EF-1α, the eukaryotic counterpart of EF-Tu, 

participates in the degradation of N-terminally blocked proteins by the 26S proteasome 

complex, a property that can also be maintained in vitro by substituting EF-1α with EF-Tu 

(Gonen et al., 1994, 1996). Thus, in following a similar chaperone-like function, EF-1α may 

interact with partially unfolded ubiquitin-conjugated proteins and deliver them to the 26S 

proteasome. Analogous ubiquitin-like degradation systems have been suggested to exist in 

prokaryotes (Tobias et al., 1991; Dahlmann et al., 1992; Wolf et al., 1993), although no direct 

evidence exists for a physiological role of EF-Tu in these putative systems. Similarly, 

although a role for EF-Tu, EF-G and IF2 in folding nascent proteins during ribosomal 

synthesis might seem quite conceivable, these factors have not yet been identified as nascent 

chain-binding proteins (Hendrick et al., 1993; Valent et al., 1995, 1997; Hesterkamp et al., 

1996).  

The site(s) on EF-Tu which may bind and stabilize unfolded proteins are yet to be 

illuminated, although speculations have been raised suggesting that the aa-tRNA binding 

pocket may be a likely candidate (Caldas et al., 1998a). This idea is based on the observation 

that aa-tRNAs bearing amino acids with hydrophobic side-chains are bound to EF-Tu more 

tightly than their polar counterparts (Pingoud et al., 1977; Pingoud and Urbanke, 1980; 

Faulhammer and Joshi, 1987), suggesting that this site preferentially interacts with 

hydrophobic amino acids much like chaperones (Ellis and Hemmingsen, 1989; Hendrick and 
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Hartl, 1993; Richarme and Kohiyama, 1993; Georgopoulous et al., 1994). A somewhat 

contradictory line of evidence to this conjecture was later presented by the same group 

(Caldas et al., 2000), who found that EF-G, although not thought to have an aa-tRNA binding 

pocket, also possesses chaperone properties. 

 

1.10 Other possible cellular roles of EF-Tu 
The abundance of EF-Tu in the cell has inspired research on possible functions other 

than in elongation. For a proposed actin-like structural role (Jacobson and Rosenbusch, 

1976a) no evidence was found by immunoelectronmicroscopy (Schilstra et al., 1984). 

Polymerization in vitro was observed, but only under non-physiological conditions (Beck et 

al., 1978; Wurtz et al., 1978; Beck, 1979; Cremers et al., 1981; Lebermann, 1984; Helms and 

Jameson, 1995). Other observations remained without follow-up: enhancer of rRNA 

synthesis, an effect inhibited by the stringent response metabolite, ppGpp (Travers, 1973); 

association with the periplasmic space and outer membrane (Jacobson and Rosenbusch, 

1976a; Dombou et al., 1981; Sedgwick and Bragg, 1986; Young and Bernlohr, 1991). 

Undisputed is its role as one of the four subunits of the replicase of RNA phages, where EF-

Tu acts in complex with EF-Ts in the initiation step (Blumenthal et al., 1972; Landers et al., 

1974). Richarme (1998) has discovered a remarkable protein-disulfide isomerase activity 

inherent to EF-Tu, demonstrating an in vitro capacity to catalyze oxidative renaturation of 

reduced RNase, reduction of insulin disulfides and refolding of randomly oxidized RNase. In 

eukaryotic cells an interaction with the cytoskeleton was found for EF-1α as part of actin- 

and tubulin-based polymers (Condeelis, 1995). A complex between EF-Tu and nucleoside 

diphosphate kinase has been isolated and proposed to be an important source of GTP for the 

elongation process in protein biosynthesis (Mukhopadhyay et al., 1997). Just recently, the 

detection of a specific complex between the major head protein of bacteriophage T4 and EF-

Tu has led to a broader speculation that viral assembly in prokaryotes and eukaryotes may 

involve association between host translation factors and coat proteins (Bingham et al., 2000). 

An interaction between EF-1α and virally encoded gag polyprotein has also been discovered 

during replication of human immunodeficiency virus type 1 (Cimarelli and Luban, 1999). 
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1.11 Polyphosphate production and the stringent response 

Under conditions of poor nutrient availability or starvation, bacteria elicit a 

pleiotropic physiological response involving the alteration of gene expression or metabolic 

processes coinciding with the accumulation of unusual phosphorylated compounds. Better 

known as the stringent response, a correlation between amino acid starvation and 

accumulation of these polyphosphate metabolites was established more than 30 years ago 

(Cashel, 1969). An alleged relationship between amino acid availability and modulation of 

stable RNA (rRNA and tRNA) synthesis was established much earlier (Sands and Roberts, 

1952; Borek et al., 1956). These unusual metabolites were found to be guanine nucleotide 

derivatives of either GTP or GDP bearing a pyrophosphate group on the ribose 3’ hydroxyl 

position (guanosine 3’-diphosphate 5’-triphosphate or guanosine 3’,5’-bis(diphosphate)), 

collectively termed (p)ppGpp (Cashel, 1969). Over the past decades a multitude of evidence 

has accumulated detailing various regulatory effects associated with (p)ppGpp accumulation 

(for references see: Cashel et al., 1996). To discuss all of these would be a prodigious task, 

and with the exception of divergent (p)ppGpp effects observed on translation factor activity, 

further elaboration is beyond the scope of this thesis.  

Historically, pppGpp and ppGpp were called ‘magic spots’ when it was demonstrated 

that specific mutations in E. coli abolished (p)ppGpp accumulation during amino acid 

limitation, raising speculations that (p)ppGpp was a possible effector of the stringent 

response and that elongating ribosomes might synthesize (p)ppGpp in a relA-dependent 

idling reaction due to the absence of cognate aa-tRNA (Cashel and Gallant, 1969). In E. coli, 

the major source of (p)ppGpp synthesis was found to be not the ribosome but rather an 84 

kDa ribosome-associated protein, RelA, which catalyzes an ATP:GTP or ATP:GDP 

pyrophosphoryl group transfer of the β,γ-phosphates from the ATP donor to the ribose 3’ 

hydroxyl of GDP or GTP acceptor nucleotides ((p)ppGpp synthetase) (Fig. 1.3). The β- and 

γ-phosphate moieties of the ATP donor are found to occupy the 3’ α and β positions, 

respectively, of the product (p)ppGpp (Cashel and Kalbacher, 1970; Sy, 1974). Although 

GTP/GDP and ATP appear to be the predominant substrates, donor specificity extends to 

dATP among the eight common ribo and deoxynucleoside triphosphates, and acceptor 

specificity extends to ITP but not ATP, pyrimidine nucleotides or deoxypurine nucleotides 

(Sy and Lipmann, 1973; Cochran and Byrne, 1974; Sy, 1974; Lipmann and Sy, 1976).  
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The deduced requirements for (p)ppGpp synthesis in a RelA-dependent reaction were 

established to be ribosomes paused during elongation at a ‘hungry-codon' and for non-

enzymatic binding of cognate but uncharged tRNA at ribosomal A-sites (Haseltine and 

Block, 1973). This finding indicates that the ribosomal binding site for RelA resides in close 

proximity to the A-site, and further experimental evidence suggests this is indeed the case. 

Fig. 1.3  The bacterial stringent response. Polyphosphate production is triggered by non-
enzymatic binding of uncharged tRNA to the A-site of the ribosome. In Streptococcus 
equisimilis, (p)ppGpp synthesis is catalyzed by a ribosome-associated protein, RelS. 
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Wagner and Kurland (1980) demonstrated that EF-G and RelA bind at overlapping or 

functionally coupled ribosomal domains, but that ribosomal proteins L7/L12 are not required 

for RelA binding or activity. Rather, it has been suggested that ribosomal protein L10 is 

essential for RelA binding and (p)ppGpp production (Howard et al., 1976). During (p)ppGpp 

accumulation the major synthetic product, pppGpp, is generally converted to ppGpp by 

guanosine pentaphosphatase (pppGpp γ-phosphohydrolase) (Somerville and Ahmed, 1979) 

leading to an increase in ppGpp:pppGpp ratios. Additional sources of pppGpp γ-

phosphohydrolase activity have been demonstrated in vitro for a number of enzymes 

including IF2, EF-Tu, polyphosphate phosphatase, and the uncoupled activity of EF-G 

(Hamel and Cashel, 1973; Keasling et al., 1993). The inactivity of pppGpp in EF-G–

dependent translocation, observed by Hamel and Cashel (1973), prompted further exploration 

of the chemical basis and led to the suggestion that the analogue might interfere with the 

catalytic action of EF-G by impeding its reutilization (Hamel, 1976).  Expression of EF-Tu is 

altered during the stringent response by the inhibition of transcription of one of the two tuf 

genes, tufB (Shibuya and Kaziro, 1979; Miyajima et al., 1981; Mizushima-Sugano et al., 

1983). The mechanism of this inhibition is still unknown. Rojas et al. (1984) have suggested 

on the basis of in vitro experiments, that ppGpp may also inhibit EF-Tu recycling by 

sequestering all cellular EF-Ts in high-affinity EF-Tu·ppGpp·EF-Ts complexes. Crystals of 

EF-Tu·ppGpp formed the basis for pioneering low-resolution structural studies of EF-Tu and 

allowed localization of the nucleotide-binding pocket (Suck and Kabsch, 1981). 

In E. coli, (p)ppGpp degradation is catalyzed by the 79 kDa SpoT protein (Sarubbi et 

al., 1989), a cytosolic protein (An et al., 1979) which removes the 3’-pyrophosphate moiety 

of (p)ppGpp to produce (GTP)GDP and pyrophosphate ((p)ppGppase). Contrary to the 

(p)ppGpp synthetase reaction, (p)ppGppase activity occurs in a Mn2+-dependent fashion that 

can be further stimulated by Mg2+ (Sy, 1977; Heinemeyer and Richter, 1977, 1978; 

Heinemeyer et al., 1978). Interestingly, numerous reports suggest that SpoT also encodes a 

(p)ppGpp synthetase activity (Xiao et al., 1991; Hernandez and Bremer, 1991), and the 

extensive homology between RelA and SpoT protein sequences (Metzger et al., 1989) 

supports the characterization as a bifunctional enzyme.  

Although the stringent response has been deeply explored in E. coli, homologous 

pleiotropic physiological responses mediated by (p)ppGpp in other organisms are poorly 

understood. In Streptococcus equisimilis H46A, a gene has been isolated and characterized 

which encodes an 84 kDa protein with ~59% sequence identity to RelA and SpoT (Mechold 
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et al., 1993). Subsequent studies of this relA/spoT homologue (Mechold et al., 1996; Mechold 

and Malke, 1997) have shown this enzyme, termed RelS, to catalyze both a strong Mn2+-

dependent (p)ppGppase activity, similar to that of SpoT, and a weaker ribosome-independent 

(p)ppGpp synthetase activity. As with the stringent response characterized in E. coli, amino 

acid deprivation was seen to coincide with (p)ppGpp accumulation and cessation of net RNA 

accumulation, the former observation suggesting that either or both of the catalytic activities 

in RelS could be modulated during starvation.  

The identification of a single relA/spoT ortholog in Streptococcus equisimilis, 

together with similar findings for Bacillus subtilis (Wendrich and Marahiel, 1997), 

Streptomyces coelicolor (Martinez-Costa et al., 1998), and Mycobacterium tuberculosis 

(Avarbock et al., 1999), reinforces the idea that Gram-positive organisms encode both the 

RelA and SpoT functions on a single gene. It is widely believed that the stringent response 

plays a crucial role in the entry and emergence of these organisms from dormancy (Hu et al., 

1998; Avarbock et al., 1999). Hence, attenuation of pathogenic species could possibly be 

achieved via inhibition of (p)ppGppase activity, providing an attractive platform for potential 

rational inhibitor design or genetically modified vaccine strains. Structural details of this 

class of enzymes, particularly in the active site(s), would most certainly hasten the realization 

of these goals. 

 

1.12 Aims and objectives of this thesis 
As evidence continues to amass, an ever-broadening picture has begun to portray EF-

Tu as a protein capable of many complex interactions and multifarious tasks. Herein, a 

crystallographic approach is undertaken with T. thermophilus EF-Tu and several site-directed 

mutants in order to grasp a better understanding of the enzyme’s functional properties in 

protein biosynthesis. The availability of the His67Ala mutant (M. Sprinzl and coworkers, 

University of Bayreuth) and its successful crystallization in the presence of GppNHp and 

GDP (Wagner, 1996) has created an opportunity to examine the contribution of His-67 to the 

overall architecture of the aminoacyl binding pocket. To help unravel His-85’s precise 

functional role in the GTPase mechanism and reconcile the apparent structural-functional 

contradictions, the structure determination of two His85Leu mutant complexes will be 

discussed. The mutant was constructed and characterized by Zeidler et al. (1995), and 

suitably diffracting crystals were obtained in the presence of GTP (Wagner, 1996) and 

GppNHp (Hornung, 1998). This mutant has a very high rate of nucleotide dissociation, is 
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inactive in poly(Phe) synthesis, has no measurable intrinsic or ribosome-stimulated GTPase 

activity and yet remains functional in ternary complex formation with GTP and aa-tRNA 

(Zeidler et al., 1995). The possible catalytic role of His-85 and the hydrophobic gate is further 

explored with the structure elucidation of two hydrophobic gate mutants, Val20Ser and 

Ile61Ala. Displaying an approximate 1.5–fold stimulation in intrinsic GTPase activity 

(Rütthard, 1999; Sprinzl et al., 2000), they have each been crystallized in complex with 

GppNHp and their structures will be detailed. The crystal structures of wild-type EF-Tu in 

complex with GppNHp and GppCH2p have been redetermined and their respective modes of 

enzyme-substrate binding are analyzed and compared in depth. The results generated from 

this work are aimed towards shedding light on numerous aspects concerning current EF-Tu 

research, including the structural details underlying translational regulation, chaperone and 

disulphide isomerase activity, GTP hydrolysis and nucleotide exchange. Initial efforts 

towards resolving the catalytic domain structure of RelS will also be described. 
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2.   MATERIALS AND METHODS 

 

2.1 Materials 

2.1.1 General laboratory devices and external facilities 

Equipment Manufacturer 
  

Protein purification/concentration/analysis  
Centrifuge- Heraeus Labofuge 400R Heraeus Instruments (Hanau) 
Centrifuge- Heraeus Biofuge plus Heraeus Instruments (Hanau) 
Spectrophotometer- UV Vis Spekol Zeiss (Jena) 
Analytical balance- Sartorius BP 210 D Sartorius (Goettingen)  
Table balance- Sartorius portable PT2100 Sartorius (Goettingen) 
pH meter- CG 840 Schott  Schott (Mainz) 
Water purification- Milli-Qplus 185 Millipore (Eschborn) 
PAGE- Phast system Pharmacia (Freiburg) 
  
Crystallization  
Incubator- EHRET KBK 4200 EHRET (Emmendingen) 
Incubator- EHRET KBK 4600 EHRET (Emmendingen) 
Microscope- Olympus SZH10 binocular Olympus (Hamburg) 
Microscope- Zeiss Stemi 1000 binocular Zeiss (Jena) 
  
Data collection  
X-ray generator- rotating anode Nonius FR591 Nonius  (Delft, The Netherlands) 
Image plate detector- Mar 300 Mar Research (Hamburg) 
Image plate detector- Mar 345 Mar Research (Hamburg) 
Image plate detector- Dip 2030K Nonius (Delft, The Netherlands) 
Cryostat- Oxford controller 600 series Oxford Cryo (Oxford, UK) 
Air stream cooler- FTS TC-84 FTS systems (Stone Ridge, USA) 
X-ray mirror system- MAC-XOS  MacScience (Yokohama, Japan) 
Synchrotron- EMBL Hamburg beamlines X31, BW7B DESY (Hamburg) 
Synchrotron- Elettra Light Source beamline 5.2 R ELETTRA (Trieste, Italy) 
Synchrotron- ESRF Grenoble beamline BM14 ESRF (Grenoble, France) 
Goniometer head- Charles Supper Standard Charles Supper (Troy, USA) 
Microscope- Leica MZ 8 binocular Leica (Bensheim) 
  
Computing  
Indy workstation  SGI (Mountain View, USA) 
Onyx graphics workstation SGI (Mountain View, USA) 
O2 graphics workstation SGI (Mountain View, USA) 
Indigo2 graphics workstation SGI (Mountain View, USA) 
Origin 200 server SGI (Mountain View, USA) 
Digital 433au Compaq (Houston, USA) 
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2.1.2 Proteins and chemicals 
Low molecular weight protein standards, Phastgel homogenous 12.5 gel beds and 

SDS buffer strips: Pharmacia (Freiburg). Bovine albumin, alkaline phosphatase (type III from 

E. coli), DNAse I, lysozyme (chicken egg white), BPTI and TPCK: Sigma (Steinheim). 

DNAse I: Boehringer (Mannheim). AMP, GppNHp, GppCH2p, and GTPγS: Sigma 

(Steinheim). Bio-Rad Protein Assay: Bio-Rad (München). GDP: Boehringer (Mannheim). 

MgSO4: Fluka (Neu-Ulm). TRIS, (NH4)2SO4, NaCl, MgCl2, Na2CO3, β-ME, DTT, NaN3 and 

all other chemicals: Merck (Darmstadt).  

 

2.1.3 Crystallization materials and cryo-tools 
Centricon Plus-20 centrifugal filter devices and Ultrafree-MC filter units: Millipore 

(Bedford, USA). Dialysis buttons, dialysis rings and Slide-A-Lyzer dialysis cassettes: Pierce 

(Rockford, USA). Dialysis membranes and sample tubes: Roth (Karlsruhe). Glass sample 

capillaries: GLAS (Berlin). Highly liquid paraffin oil: Merck (Darmstadt). High vacuum 

grease: Dow Corning (Midland, USA). Magnetic base crystal caps, mounted cryoloops, 24-

well Linbro plates and VDX plates, 22mm circular siliconized coverslips, sealing wax, 

Crystal Screens 1 and 2, crystal storage vials, cryo canes, magnetic crystal wands, curved vial 

clamps and microtools: Hampton Research (Laguna Niguel, USA). 

 

2.2 Methods 

 
2.2.1 Wild-type Thermus thermophilus EF-Tu·GppNHp and EF-Tu·GppCH2p 

crystallization, data acquisition and processing 
Purification and crystallization of the wild-type EF-Tu·GppNHp complex from T. 

thermophilus is described in Reshetnikova et al. (1991), with additional accounts of EF-

Tu·GppNHp and EF-Tu·GppCH2p crystallization detailed in the thesis of Wagner (1996). 

Acquisition and processing of the EF-Tu·GppNHp data is described elsewhere (Berchtold et 

al., 1993). Acquisition and processing of the EF-Tu·GppCH2p data is also detailed in Wagner 

(1996). 
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2.2.2 Refinement of the EF-Tu·GppNHp, EF-Tu·GppCH2p, Ile61Ala EF-

Tu·GppNHp and Val20Ser EF-Tu·GppNHp crystal structures 
The structures of the Ile61Ala and Val20Ser EF-Tu·GppNHp complexes were refined 

in parallel using identical refinement strategies. Re-refinement of the wild-type EF-

Tu·GppNHp and EF-Tu·GppCH2p structures was conducted subsequently and in an 

analogous manner to the mutant structures. Refinement was carried out using the programs 

X-PLOR and CNS (Brünger et al., 1987, 1990a, 1998; Brünger, 1992a, 1992b), with starting 

phases obtained from the wild-type T. thermophilus EF-Tu·GppNHp structural coordinates 

(Berchtold et al., 1993). Topology and parameter libraries were constructed for the respective 

nucleotide analogues, utilizing bond length and angle parameters obtained from the 

Cambridge Structural Database. Prior to the first round of refinement, all water molecules 

were stripped from the original structural model and atomic B-factors for all remaining atoms 

(protein, GppNHp and Mg2+) were reset to a standard value based on a Wilson Plot analysis 

of the respective datasets. Iterative cycles of model building and water picking were 

interspersed with rounds of Powell minimization and maximum-likelihood simulated 

annealing refinement utilizing a ‘mask’ bulk solvent model and anisotropic B-factor scaling. 

Individual isotropic B-factor refinement was performed periodically for all atoms. Display of 

electron density maps, interpretation and subsequent model building was carried out with the 

graphics program O (Jones et al., 1991). Electron density interpretation and comparison of 

the individual structures were based on the analysis of simulated annealing omit maps, σA-

weighted 2Fobs–Fcalc and Fobs–Fcalc electron density maps (Read, 1986), and Fobs– Fobs maps. 

The course of refinement was monitored using cross-validated crystallographic residual 

factor (R-factor) analysis in each case (Brünger, 1992b, 1997), with a randomized test set of 

reflections comprising approximately 10% of the unique data excluded from the refinement. 

To ensure that stereochemical restraints imposed on the nucleotide moieties during the 

refinement process had not biased the geometry of the resulting models in the active site, 

restraints were removed from the nucleotides and a subsequent round of simulated annealing 

and positional refinement was carried out on each model. The resulting coordinates did not 

display any visible differences in nucleotide geometry from the restrained originals. All 

structures were independently refined and electron density maps calculated using the program 

Refmac (Murshudov et al., 1997) in order to confirm the observations noted in the CNS-

refined structures. Final model geometry was analyzed and Ramachandran plots produced 
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with the program PROCHECK (Laskowski et al., 1993a, 1993b; MacArthur et al., 1994). 

Root-mean-square deviation (r.m.s.d.) superpositions and calculations were conducted with 

LSQKAB (Kabsch, 1976; CCP4, 1994). All ribbon diagrams were produced with Molscript 

(Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997), unless otherwise specified. All 

electron density depictions were created with Bobscript (Esnouf, 1999). Analysis of 

resolubilized Ile61Ala EF-Tu·GppNHp and Val20Ser EF-Tu·GppNHp crystals was 

performed with SDS-PAGE as described above. 

 

2.2.3 Ile61Ala EF-Tu·GppNHp crystallization, data acquisition and processing 
Biological characterization of the Ile61Ala EF-Tu variant and crystallization of the 

Ile61Ala EF-Tu·GppNHp complex is reported by Rütthard (1999). Crystals originating from 

this work were provided in two 24-well Linbro trays and stored at 15 ºC. The trays contained 

two 8 µL hanging drops suspended over each reservoir, with each drop displaying a varying 

degree of precipitate and/or protein crystals ranging in size from microcrystals to maximum 

dimensions of ca. 0.2 × 0.3 × 0.4 mm3. An X-ray generator stoppage, coinciding with the 

arrival date of the crystals and exceeding more than two months in duration, resulted in 

prolonged crystal storage at 15 ºC. This unavoidably led to crystal degradation, characterized 

by crystal cracking, satellite formation and development of other surface imperfections such 

as pockmarks and uneven steps. Damaged crystals were slowly dissolved and regrown 

utilizing a novel technique described in the Results (Section 3.2.1 and Fig. 3.2.1). A regrown 

crystal of dimensions 0.3 × 0.5 × 1.0 mm3 was transferred to a 1.5 mm diameter glass 

capillary and excess mother liquor was removed with a paper wick. The glass capillary was 

hermetically sealed and fixed to a Charles Supper goniometer head with sealing wax. 

Diffraction data were recorded at room temperature (293 K) using an Enraf-Nonius FR591 

rotating copper anode X-ray generator (40 kV, 100 mA) and a Mar image plate detector 

(radius=300 mm) at a crystal-to-detector distance of 175 mm. Beam collimation was set to 

0.3 × 0.3 mm2 and the crystal was subjected to a total φ scanning range of 250º at a rotation 

rate of 10 minutes per degree. The data set was acquired in subsections comprising 1º 

oscillation each. All images were processed with the program DENZO (Otwinowski and 

Minor, 1997) and reduced with SCALEPACK (Otwinowski and Minor, 1997). The program 

‘TRUNCATE’ from the CCP4 suite (1994) was used to convert the merged reflection 

intensities (Is) into structure factor amplitudes (Fs).  
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2.2.4 Val20Ser EF-Tu·GppNHp crystallization, data acquisition and processing 
Biological characterization of the Val20Ser EF-Tu variant and crystallization of the 

Val20Ser EF-Tu·GppNHp complex is reported in the thesis of Rütthard (1999). Crystals 

originating from this work were provided as hanging drops in two 24-well Linbro trays stored 

at 15 ºC together with the I61Ala·GppNHp crystals reported above (Section 2.2.3), and 

consequently were exposed to similar long-term storage and resultant degradation. An 

equivalent crystal regrowth protocol was applied (Section 3.3.1) with similar success. A large 

crystal measuring 0.3 × 0.5 × 1.2 mm3 was pipetted into a 1.5 mm diameter glass capillary, 

which was drained of excess mother liquor and hermetically sealed. Data were recorded with 

a Nonius Dip 2030K dual image plate detector mounted on an Enraf-Nonius FR591 rotating 

copper-anode X-ray source (40 kV, 100 mA). The X-ray beam was focused with a 

MacScience MAC-XOS mirror system equipped with a 0.075 mm nickel filter, and the 

crystal was cooled to 10 ºC with an FTS systems TC-84 air stream controller. Data were 

processed, scaled and merged as described in Section 2.2.3. 

 

2.2.5 His67Ala EF-Tu·GDP crystal structure determination 
Construction and characterization of the His67Ala mutant was conducted by S. 

Ribeiro (unpublished results), with its subsequent crystallization in complex with GDP 

accomplished by Wagner (1996). The crystal composition was analysed and compared to 

both native and trypsinized EF-Tu by SDS-PAGE (Wagner, 1996). Several partial room 

temperature datasets were collected at the ELETTRA synchrotron in Trieste, and individual 

datasets were processed (J. Mesters, personal communication) with XDS (Kabsch, 1993). 

Dataset scaling and merging were conducted with ROTAVATA/AGROVATA of the CCP4 

suite of programs (CCP4, 1994), and TRUNCATE was used to convert Is to Fs. Molecular 

replacement, initial model refinement and electron density map calculation were performed 

with X-PLOR version 3.1 (Brünger, 1992a). Final rounds of model refinement and electron 

density map calculation were executed with CNS (Brünger et al., 1998). The molecular 

graphics program O (Jones et al., 1991) was used to carry out electron density interpretation 

and model building. Final model stereochemistry was validated with WHAT_CHECK (Hooft 

et al., 1996) and PROCHECK (Laskowski et al., 1993a, 1993b; MacArthur et al., 1994). 

Superpositions and r.m.s.d. calculations with other EF-Tu structures were obtained with 
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LSQKAB (Kabsch, 1976; CCP4, 1994), and plots were generated with Gnuplot 

(http://www.cs.dartmouth.edu/gnuplot_info.html). 

 

2.2.6 His67Ala EF-Tu·GppNHp crystal structure determination 
Wagner (1996) obtained crystals of this variant in the presence of GppNHp, although 

no mention was made regarding their suitability for X-ray diffraction experiments. During an 

inspection of the 15ºC incubator on 18.03.99, an old EF-Tu crystallization tray was 

discovered which was labeled ‘H67A·GppNHp’. Judging from the date marked on the tray 

(11.8.95), the biological material within was assumed to be over 3½ years old.  Inspection of 

the tray’s contents confirmed that due to the prolonged storage time, the majority of the 

hanging drops and reservoirs had completely dried up, although surprisingly a few hanging 

drops remained. The dehydrated state of the drops and high degree of precipitation resulted in 

severe turbidity and made visual inspection in the light microscope virtually futile. 

Illumination with polarized light suggested the presence of crystals beneath the thick blanket 

of precipitate. Manual inspection of the individual drops could only be performed after 

delicate removal of a layer of membranous ‘skin’ which covered their surfaces. Penetration of 

the ‘skin’ led to the immediate formation and rapid dispersive growth of presumable 

(NH4)2SO4 crystals. Due to the imminent damaging effects of this rapid drying process on the 

residual protein crystals, addition of reservoir solution to the hanging drops was immediately 

carried out as a countermeasure. A crystal of dimensions 0.4 × 0.4 × 0.8 mm3 was fished out 

of a drop and placed in a few microliters of reservoir mother liquor in order to wash away 

residual debris and smaller crystal fragments. Following this, the crystal was drawn into a 1.0 

mm diameter glass capillary and excess mother liquor was extracted with a micro-syringe. 

The capillary was hermetically sealed, mounted to a Charles Supper goniometer head, and 

data was measured at ambient temperature (~ 293 K) using an Enraf-Nonius FR591 rotating 

copper anode X-ray generator (40kV, 100mA) and a Mar image plate detector (radius=300 

mm). An initial 1º image was recorded, indexed, and the program STRATEGY (Ravelli et al., 

1997) was employed to determine the minimal oscillation range required to obtain a dataset 

of >90 % completeness. The crystal was rotated to the recommended starting φ angle and 

data was subsequently acquired in 1º subsections at an oscillation rate of 5 minutes per 

degree. Diffracting to an effective resolution of 3.5 Å, severe crystal decay was observed 

after 45 images, marked by extremely poor merging statistics for succeeding images. The 
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first 45 images were processed, scaled and merged with DENZO/SCALEPACK (Otwinowski 

and Minor, 1997), resulting in a 93 % complete dataset. The program ‘TRUNCATE’ from 

the CCP4 suite (1994) was used to convert Is to Fs. A second crystal of similar dimensions 

was effectively cryo-cooled in dehydrated liquid paraffin oil following the protocol of 

Riboldi-Tunnicliffe and Hilgenfeld (1999), and a dataset was recorded at 100 K to a 

resolution of 3.0 Å and high completeness. Identical hardware and software were used to 

obtain the room temperature and cryo-cooled datasets. Owing to the higher completeness and 

resolution of the cryo-cooled dataset, structure determination was based on this data. 

Isomorphism with the His67Ala EF-Tu·GDP crystals allowed initial phases to be derived 

directly from the His67Ala EF-Tu·GDP coordinates. Because one of the most critical aspects 

of the structure analysis was the region of the nucleotide-binding pocket, the structure was 

built and refined directly from the His67Ala EF-Tu·GDP structure which included 

coordinates for protein atoms only. Coordinates for the nucleotide, Mg2+, and associated 

water molecules were built last after no further Fobs-Fcalc difference electron density peaks 

appeared for the remaining parts of the molecule. Refinement and electron density map 

calculations were conducted using CNS (Brünger et al., 1998) with NCS constraints 

employed between the two monomers in the asymmetric unit. Visual inspection of the model, 

electron density, and any necessary manual adjustments were carried out with the program O 

(Jones et al., 1991). Final model stereochemistry was monitored with PROCHECK 

(Laskowski et al., 1993a, 1993b; MacArthur et al., 1994). Analysis of resolubilized crystal 

material was performed with SDS-PAGE using a Phast-Gel apparatus (Pharmacia Biotech). 

Crystals were initially subjected to three consecutive washing steps in buffer containing 40 % 

saturated (NH4)2SO4, 20mM Na-cacodylate, and 5mM MgSO4. Samples were then boiled in 

SDS sample buffer, resolved on a 12.5 % SDS-polyacrylamide gel, and stained with 

Coomassie blue. 

 

2.2.7 His85Leu EF-Tu·GppNHp crystal structure determination 
Crystals of this variant were prepared by Hornung (1999) in the laboratory of M. 

Sprinzl (University of Bayreuth). Three 24-well Linbro trays containing crystals grown in 

hanging drops were transported to Jena and kept at 15 ºC prior to data acquisition. The ample 

supply of crystals provided the opportunity to test some specimens for adequate cryo-cooling 

conditions. Crystals were successfully flash-cooled using dried paraffin oil as a cryo-

protective agent. This substance has been used with great success in our laboratory recently 
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and has been touted as a possible universal cryo-protectant (Riboldi-Tunnicliffe and 

Hilgenfeld, 1999). Crystals of approximate dimensions 0.20 × 0.30 × 0.40 mm3 were 

individually fished from hanging-drops with 0.3-0.4 mm diameter nylon loops and excess 

mother liquor was removed with pre-soaked paper wicks. Each crystal was immediately 

bathed in pre-cooled liquid paraffin oil (15 ºC) and subsequently flash-cooled to 100 K in a 

cold nitrogen-gas stream. A complete dataset was obtained from one cryo-cooled crystal on 

EMBL beamline X11 (λ=0.91 Å) at DESY (Hamburg). The crystal was maintained at a 

constant temperature (100 K) and a total of 180 images (∆φ=1º/image) were recorded on a 

Mar image-plate detector (30 cm mode) with data extending to 1.80 Å resolution. Data was 

processed with DENZO (Otwinowski and Minor, 1997) and scaled using SCALEPACK 

(Otwinowski and Minor, 1997). ‘TRUNCATE’ from the CCP4 suite of programs (CCP4, 

1994) was used to convert Is to Fs. Starting phases were obtained by molecular replacement 

using X-PLOR version 3.1 (Brünger et al., 1992a), using the coordinates of monomeric 

His67Ala EF-Tu·GDP as a search model. Subsequent model refinement and electron density 

map calculations were performed with CNS (Brünger et al., 1998). Visual inspection of 

electron density maps and model building were conducted with the graphics program O 

(Jones et al., 1991). Crystals were washed and resolubilized crystal material was analyzed 

with SDS-PAGE as described above (Section 2.2.6). 

 

2.2.8 Structure determination of His85Leu EF-Tu crystallized in the presence of 

GTP 
Crystals containing this complex were prepared by Wagner (1996) in the laboratory of 

M. Sprinzl (University of Bayreuth). A pre-merged dataset stemming from several flash-

cooled crystals (125 K) and extending to 2.6 Å was supplied for the structure determination, 

displaying an overall completeness of 90.0 % and Rmerge of 7.0 %. Crystals were successfully 

cryoprotected by addition of 25 % sucrose to the crystallization mother liquor followed by 

immediate flash-cooling in a liquid nitrogen gas stream. Individual datasets were measured at 

the ELETTRA light source in Trieste (λ=1.0 Å), processed with XDS (Kabsch, 1993) and 

scaled with MARSCALE 2.1 (Mar Research) (J. Mesters, personal communication). Starting 

phases were obtained directly from the H85L EF-Tu·GppNHp coordinates with nucleotide, 

Mg2+ and water molecules removed. Model refinement and calculation of electron density 
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maps were performed with CNS (Brünger et al., 1998). Visual inspection of electron density 

maps and model building were conducted in O (Jones et al., 1991). 

 

2.2.9 A general word on Mg2+-ligand refinement 
Over the course of this work it has been realized that the energetic restraints imposed 

by the crystallographic programs available today can lead to erroneous refinement of the 

atomic positions of Mg2+ and the surrounding oxygen ligands of its primary coordination 

shell. In the case of CNS (Brünger et al., 1998) and X-PLOR (Brünger et al., 1992a), 

problems arise from the improper handling of the non-bonded energy potential function 

describing the van der Waals radii of several metal ions, including magnesium. In CNS/X-

PLOR, the van der Waals function is described by a Lennard-Jones potential, relating the van 

der Waals radius (Rmin) to a constant, σ, for a given atom by: 

 

Rmin = σ (2)1/6 

 

For different atom types, the non-bonded term defines σ for the Lennard-Jones potential by a 

combination rule: 

 

σij = (σii + σjj)/2 

 

In CNS/X-PLOR, the default σ-value for oxygen is 2.8509, thus yielding Rmin=3.2000. The 

default σ-value for neutral magnesium is 2.8540, resulting in Rmin=3.2035. From the above 

combination rule, it follows that for a given magnesium-oxygen pair, σMg-O is defined as 

2.8525, resulting in an ‘ideal’ interatomic van der Waals contact distance of 3.20 Å. This is a 

gross overestimation of typical contact distances observed in the physical world, and 

utilization of this default σ-value was seen to lead to exaggerated Mg-O bond distances, 

particularly in structures refined against medium to low resolution (2.5-3.0 Å) data. A 

comprehensive analysis of metal-ligand geometry from the Cambridge Structural Database 

for high-resolution small molecule structures (Harding, 1999) produced a mean interatomic 

Mg-O distance of 2.08 (± 0.07) Å.  Following the above mathematical definitions, this 

corresponds to a σMg-O value of 1.8531, or a σMg value of 0.8552. Utilization of this σMg value 
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not only led to more physically realistic Mg-O contact distances, but also allowed a better 

refinement of the atomic positions, confirmed by positional analysis of difference density 

peaks in simulated-annealing omit maps. 

 

2.2.10 Structure determination of RelS1-385 catalytic fragment 
Plasmid construction and characterization of a C-terminally truncated and His-tagged 

relS product, exhibiting (p)ppGpp synthetase and (p)ppGppase activities, was performed by 

U. Mechold (unpublished results). Cell culturing and protein purification was conducted by 

M. Hetzel in the lab of H. Malke (Institute of Molecular Biology, Jena). Frozen 1 ml fractions 

(typically 8-10 per batch) containing the final Nickel column wash (in an elution buffer 

consisting of 1 M NaCl, 50 mM Na-phosphate pH 6.0, 0.5 M imidazole and 20 % glycerol) 

were provided for subsequent crystallization experiments. 

 

2.2.10.1 Protein preparation 

Fractions were thawed on ice and pooled (Vt=8-10 ml). Dialysis buffer (1 M NaCl, 5 

mM MES pH 6.0 and 5 mM MgCl2) was added to give a final volume of 20 ml. The solution 

mixture was loaded into a Centricon 8,000 NMWL centrifuge filter and centrifuged at 4000 

rpm (4°C) until a final retentate volume of 0.5-1.0 ml was reached. The retentate was 

subsequently injected into a Pierce dialysis cassette (10,000 NMWL) or loaded into dialysis 

buttons sheathed in 10,000 NMWL cellulose membrane and equilibrated overnight at 4 °C in 

200 ml dialysis buffer. Protein concentration was measured by Bradford assay (E595nm) using 

Bio-Rad Protein Assay dye solution against a BSA standard (Bradford, 1976). Additional 

concentration steps were performed by centrifugation in Ultrafree-MC filter units (10,0000 

NMWL) until a final protein concentration of ~10 mg/ml was obtained. Final solutions were 

subdivided into 50 µl aliquots and each was flash frozen in liquid nitrogen and stored at –20 

°C for further use. 

 

2.2.10.2 Crystallization 

Prior to crystallization, the stored samples were thawed on ice and mixed with an 

equivolume of NAGMM buffer (1 M NaCl, 6 mM AMP, 4 mM GDP, 5 mM MES pH 6.0 

and 5 mM MgCl2). Crystallization trials were carried out using the hanging drop vapor 

diffusion method initially with Hampton Research crystal screens I and II and subsequently 



Materials and Methods           

  - 28 - 

with customized grid screens. Crystal and starting material were resolved by SDS-PAGE as 

described above (Section 2.2.6). 

 

 

2.2.10.3 Data collection 

Native data sets were obtained at 100 K using a 30 cm MAR image plate detector 

mounted on a rotating copper anode X-ray source (Nonius FR591), and at EMBL Hamburg 

beamline BW7B on a MAR 345 image plate detector. MAD datasets were obtained at 100 K 

at EMBL Hamburg beamline X31 on a MAR 345 image plate detector and at ESRF Grenoble 

beamline BM14 on a MAR CCD detector. Additional SAD experiments were also performed 

at ESRF Grenoble beamline BM14. 

 

2.2.10.4 Data processing, reduction and initial phasing 

All data processing and reduction was carried out using the HKL suite (Otwinowski 

and Minor, 1997). Refinement of heavy-atom parameters, initial phasing and electron density 

map calculation are currently being conducted in parallel with CNS (Brünger et al., 1998), 

SHARP (de la Fortelle and Bricogne, 1997) and SOLVE (Terwilliger and Berendzen, 1999). 

Electron density map inspection and model building are presently being carried out with O 

(Jones et al., 1991). 

 

2.2.10.5 Sequence analysis 

Primary structure analysis was carried out with the GCG software suite (Wisconsin 

package version 9.0, Genetics Computer Group (GCG), Madison, USA). Sequence motifs 

were explored using the N-terminal RelS protein sequence (residues 1-385) and by searching 

through patterns defined by the PROSITE dictionary of protein sites and patterns. An initial 

search was conducted applying strict matching criteria between the sequence and the motif 

dictionary, followed by a supplementary search allowing single site mismatches to identify 

additional potential ‘hits’.  
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3. RESULTS 

 

3.1 Comparison of wild-type EF-Tu·GppNHp and EF-Tu·GppCH2p 

complexes 
 

3.1.1 Quality of the models 
Crystals of the EF-Tu·GppNHp complex belonged to spacegroup C2, with unit cell 

parameters a=150.5 Å, b=99.5 Å, c=40.2 Å and β=95.3º (Berchtold et al., 1993). Similarly, 

the EF-Tu·GppCH2p crystals belonged to spacegroup C2 and displayed unit cell parameters 

a=150.7 Å, b=99.6 Å, c=40.1 Å and β=95.5º (Wagner, 1996). The EF-Tu·GppNHp and EF-

Tu·GppCH2p coordinate sets were refined to 1.70 Å and 1.74 Å, respectively. The final 

models were determined to have excellent geometry according to PROCHECK (Laskowski et 

al., 1993a, 1993b; MacArthur et al., 1994), and display good crystallographic parameters. 

Overall accuracy of the models, based on the Luzzati plot (Luzzati, 1952), were estimated to 

be within 0.26 Å (EF-Tu·GppNHp) and 0.19 Å (EF-Tu·GppCH2p). Ramachandran plots for 

the EF-Tu·GppNHp and EF-Tu·GppCH2p structures are available in Figs. 7.1.1 and 7.1.2 

(Appendix), respectively. Final model statistics are listed in Table 7.1.1 (Appendix). The 

coordinates for EF-Tu·GppNHp have been deposited with the Protein Data Bank 

(http://www.rcsb.org/pdb/) under accession code 1EXM. 

 

3.1.2 Predominance of tufB gene product in the crystals 
During the process of model building, it became evident from the electron density at 

positions 33 and 35 that the crystals contained the tufB gene product (Ile-6, Phe-33, Thr-35 

and Lys-264) either predominantly or exclusively, although the crystallization mother liquor 

presumably contained both tufA and tufB gene products (Fig. 3.1.1). An occupancy 

refinement of the side-chain Oγ1 and Cγ2 atoms of Thr-35 in both structures resulted in 

estimated occupancies in the range of 93-96 %. Interestingly, the predominance of tufB EF-

Tu was also noted previously in the crystal structure of Thermus aquaticus EF-Tu·GppNHp 

(Kjeldgaard et al., 1993). 
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3.1.3 Nucleotide-binding pocket of the EF-Tu·Mg2+·GppNHp complex 
Notable conformational dynamics are observed in the active site, particularly in the 

vicinity of the γ-phosphate and β,γ-bridging moiety of the nucleotide analogue, as well as in 

the area surrounding the magnesium ion (Fig. 3.1.2). A distorted shell of electron density 

surrounding the side-chain of phosphate-binding loop (P-loop) residue Asp-21 suggested the 

presence of multiple conformations. This was corroborated by the observation that refinement 

of a single side-chain conformation led to a carboxylate group positioning whereby an 

unreasonably short 2.1 Å contact existed between the side-chain Oδ1 atom and a water 

molecule (H2O-473) coordinated to the γ-phosphate. Two conformations were subsequently 

modeled and refined for Asp-21 and the flanking residues Val-20 and His-22 of the P-loop, 

with the inclusion of the latter residues being necessary owing to the nature of the Asp-21 

side-chain movement, which appeared to stem primarily from torsional adjustments in the 

main-chain. The conformational rearrangements exhibited in Asp-21 promote a maximum 

spatial displacement of 1.6 Å for the carboxylate Oδ1 atom and are sufficient to provide EF-

Tu with two distinct binding-modes to the nucleotide, hereafter referred to as the ‘open’ and 

‘closed’ binding-modes. This denotation is related to the exclusive conformational states of 

Asp-21 that determine the presence or absence of a solvent channel which interacts with the 

nucleotide γ-phosphate moiety, as described below. 

 

Fig. 3.1.1 Gene product assessment via 
structure analysis. The tufB gene product 
is a dominant or exclusive component of 
the wild-type crystals, as determined by 
electron density at positions 33 (top row) 
and 35 (bottom row). 3Fo-2Fc electron 
density maps (blue) contoured at +1 σ; Fo-
Fc electron density maps contoured at +3 
σ (green) and –3 σ (red). Left: modeled 
and refined residues of the tufA gene 
product (Tyr-33 and Ala-35) show a poor 
fit to density. Middle: residues of the tufB 
gene product (Phe-33 and Thr-35) are in 
better agreement with the electron density. 

 Right: simulated-annealing omit maps with residues of the final tufB EF-Tu·GppNHp model 
superimposed. 
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‘Closed’ binding-mode 

In the ‘closed’ conformation (Fig. 3.1.3, top), occurring with a frequency of ca. 40 %, 

the side-chain Oδ1 atom of Asp-21 interacts directly with the β,γ-bridging imido group of the 

nucleotide via a 3.2 Å hydrogen bond, concomitantly sequestering the γ-phosphate from 

interaction with bulk-solvent. The side-chain Oδ2 atom, in turn, is hydrogen bonded to a 

surface water molecule (H2O-623) of the primary bulk-solvent shell.  

 

 ‘Open’ binding-mode 

In the ‘open’ conformation (Fig. 3.1.3, bottom), main-chain torsional adjustments of 

P-loop residues 20-22 mediate a repositioning of the Asp-21 side-chain away from the 

nucleotide. This rearrangement widens the inter-atomic distances from Oδ1 of Asp-21 to the 

exposed γ-phosphate oxygen (O3) atom (from 4.0 Å to 5.3 Å) and to the carbonyl oxygen of 

Switch I residue Gly-60 (from 4.5 Å to 5.2 Å). This movement thereby allows the formation 

of a surface pore, through which a chain of solvent molecules linking the γ-phosphate to

Fig. 3.1.2  Comparative viewpoints of the (a) EF-Tu·GppNHp and (b) EF-Tu·GppCH2p 
complexes at the GTPase site. Water molecules are depicted as red spheres; magnesium ions 
as grey spheres. The β- and γ-phosphates of the respective nucleotide analogues are depicted, 
with the γ-phosphate and presumptive nucleophilic water molecule (411) located in the 
background of each figure. 2Fo-Fc electron density is contoured at +1 σ (blue). Fo-Fc electron 
density is contoured at +3 σ (green). 
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Fig. 3.1.3  Stereoscopic views of the GTPase site in the EF-Tu·GppNHp complex. The two
modes of binding in the γ-phosphate region are distinguished in the upper and lower panels.
Top panel: ‘closed’ binding mode. Bottom panel: ‘open’ binding mode. Water molecules
and the magnesium ion are rendered as red and black spheres, respectively. Presumptive
hydrogen bonds common to both modes are drawn as dashed yellow lines, with the
conformation-dependent hydrogen bonds drawn as dashed blue lines. 
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bulk-media develops. The two water molecules of the chain, H2O-473 and H2O-499, 

contribute hydrogen bonds to the Oδ1 and Oδ2 atoms of Asp-21, respectively. H2O-499 is 

exposed to bulk solvent, and H2O-473 donates a 2.8 Å hydrogen bond to the O3 atom of the 

γ-phosphate. Notably the nucleophilic water molecule (H2O-411), which appears to make van 

der Waals contact (~3.4 Å) with the γ-phosphorus atom, also donates a hydrogen bond to the 

O3 substituent, although it is not part of the solvent chain. 

 

Further Activity 

Additional conformational dynamics, presumably occurring in the β,γ-phosphates of 

GppNHp and the associated Mg2+ cofactor, are also evidenced by the presence of strong 

positive Fo-Fc difference electron density encompassing the Mg2+ ion and projecting outwards 

towards Thr-25, the γ−phosphate, and into the region located between the β-phosphate and 

H2O-414 (Fig. 3.1.4). The Fo-Fc electron density, centered near the Mg2+ ion, is shaped into 

three separate lobes, each with a distinct density peak, and results in an approximate trigonal 

planar arrangement of positive difference density peaks (5.0-6.5 σ). Efforts to model and 

refine dual conformations for the nucleotide (including the Mg2+ ion) were unsuccessful in 

fully accounting for the residual density, hence they are each modeled in single positions. An 

Fig. 3.1.4  Stereoscopic view of the GTPase site in the EF-Tu·GppNHp complex. Water
molecules are represented as red spheres; the magnesium ion as a black sphere. The primary
ligands of the magnesium ion are labelled. Map contouring is at +1 σ for 2Fo-Fc density (blue)
and +3 σ for Fo-Fc density (green). 
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additional zone of difference density was observed in the region spanning from the β,γ-

bridging imido group of GppNHp to the backbone NH of Asp-21 (Fig. 3.1.2), although the 

overall magnitude of the difference density was markedly reduced by refining dual-

conformations for the P-loop region in the manner described previously. The contact distance 

between the β,γ-bridging moiety of GppNHp and the backbone NH group of Asp-21 

oscillates between 3.2 Å and 2.9 Å for the ‘open’ and ‘closed’ conformations, respectively, 

although it is unclear as to whether a hydrogen bond exists in either state. The interatomic 

angle formed between Asp-21 Oδ1·····β,γ-NH·····Asp-21 NH as currently modeled (with Asp-

21 in the ‘closed’ binding mode) is only 68°, making the existence of a hydrogen bond 

between Asp-21 NH and β,γ-NH seem unlikely. The latter statement must be made with 

some caution however, since the nucleotide conformation associated with the ‘closed’ 

binding mode cannot be predicted with confidence, and as such has not been modeled. 

 

3.1.4 Nucleotide-binding pocket of the EF-Tu·Mg2+·GppCH2p complex 
Electron density for the nucleotide analogue and its surrounding binding pocket is 

very well defined, with average atomic B-factors being lower throughout this region than in 

the GppNHp complex.  Although refinement of the EF-Tu·GppCH2p structure was initiated 

with dual-conformations for the P-loop residues 20-22, it was clear during primary stages of 

electron density appraisal that such refinement measures were unwarranted. Well-defined, 

compact electron density surrounding the Asp-21 side-chain clearly indicated that a single 

conformation was existent. Moreover, and in contrast with the EF-Tu·GppNHp complex, no 

positive Fo-Fc electron density was detected around the Mg2+ ion or in the region between the 

β,γ-bridging group and the main-chain NH of Asp-21 (Fig. 3.1.2). Rather, Asp-21 is fixed in 

a conformation that has unique stereochemical and hydrogen bonding properties (Fig. 3.1.5). 

Possessing φ/ψ values of 66º/11º, its main chain conformation represents an intermediate 

between the two conformational extremes noted in the EF-Tu·GppNHp structure 

(‘open’φ/ψ=69º/2º, ‘closed’φ/ψ=54º/22º). Each of these φ/ψ values are situated within the αL 

region of the Ramachandran plot, an area normally occupied by glycine, but also sometimes 

by asparagine or aspartate, where for most proteins this unfavourable conformation is 

stabilized by side-chain hydrogen bonding with the main-chain (which is not the case for 

Asp-21 in EF-Tu). In the EF-Tu·GppCH2p complex, Asp-21’s rigid side-chain configuration 

allows it to orchestrate a unique network of interactions with the repositioned H2O-473, H2O-
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499 and H2O-583 (Fig. 3.1.5). Furthermore, a hitherto undetected and well-defined solvent 

exposed water molecule, H2O-482, participates in a diverse network of hydrogen bonds, 

finding partners in H2O-473, H2O-583, the α-phosphate and the phenolic hydroxyl group of 

Tyr-47. The presence of two water molecules in this region (H2O-482 and H2O-499) results 

in a bifurcated solvent connection, which interacts with the γ-phosphate by entering from 

bulk solvent and converging at the proximal H2O-473. The hydrogen bonding and van der 

Waals contact interactions taking place around the γ-phosphate are similar to those observed 

in the ‘open’ GppNHp complex. The O3 atom of the γ-phosphate receives hydrogen bonds 

from H2O-473 and H2O-411, and H2O-411 resides ‘in-line’ with the γ-phosphorus atom (~3.4 

Å). 

A small lobe of positive difference density around the β,γ-methylene carbon of 

GppCH2p (Fig. 3.1.2) suggests an elevated degree of anisotropic motion. This observation 

might possibly be ascribed to minor local stereochemical incompatibilities between the 

protruding methylene moiety and the vicinal P-loop. Furthermore, the neighboring main-

chain NH group of Asp-21 (3.4 Å) which presumably donates a hydrogen bond to the β,γ-

bridging oxygen of the natural substrate, GTP, obviously cannot fulfill a similar role in the 

Fig. 3.1.5  Stereoscopic view of the GTPase site in the EF-Tu·GppCH2p complex. 
Presumptive hydrogen bonds are drawn as dashed orange lines. Water molecules are
rendered as red spheres. The magnesium ion is depicted as a black sphere. 
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case of this substrate analogue. Due to program limitations, no anisotropic B-factor 

refinement of the nucleotide was carried out.  

 

3.1.5 Covalent structure of the Pββββ-X-Pγγγγ  pyrophosphate moieties 

Typical N-P bond distances range from 1.652 Å (Nsp2: planar) to 1.683 Å (Nsp3: 

pyramidal), with a mean distance of 1.662 Å (Allen et al., 1995). The β,γ-imido group of 

GppNHp connects the β- and γ-phosphorus atoms with a bond angle of 129º and an average 

N-P bond distance of 1.66 (±0.01) Å. This suggests an intermediate sp2/sp3 bond character for 

the bridging NH group in the GppNHp analogue due to charge delocalization from the 

flanking phosphates. In contrast, the β,γ-methylene group of GppCH2p adopts a P-C-P bond 

angle of 115º and an average C-P bond distance of 1.80 (±0.01) Å, which is in agreement 

with the mean C-P single bond distance of 1.806 Å observed for other high resolution organic 

compounds (Allen et al., 1995). In both cases, however, the stereochemistry in the bridging 

position allows the Pβ and Pγ atoms to be spaced at an interatomic distance of 3.0 Å, and no 

significant differences could be detected between the positions of the β- and γ-phosphorus 

atoms of the two nucleotide analogues. Additional parallels exist between the two analogues 

with regard to the relative stereochemistry of the β- and γ-phosphates, which are partially 

arranged in a sterically unfavorable cis-planar eclipsed conformation (as defined in Saenger, 

1984). When viewed along the Pγ–Pβ vector, the mean degree of stagger between the β- and 

γ-phosphates is similar in each analogue (13° for GppNHp; 12° for GppCH2p). In the case of 

both complexes, this conformation, coupled with the tight bidentate coordination of the β- 

and γ-phosphates to the Mg2+ cofactor, place the magnesium-coordinated β- and γ-phosphate 

oxygen atoms at close proximity (2.90 Å for GppNHp; 2.95 Å for GppCH2p). In contrast, all 

of the free nucleotide triphosphate structures retrieved from the Cambridge Crystallographic 

Data Center (including ATP in complex with Na+, Mn2+, Mg2+ and Ca2+: reference codes 

ADENTP, ADENTP02, CICRAH10, DECDIY and DECDOE), exhibit a staggered 

conformation at the β- and γ-phosphates. The mean degree of stagger along the Pγ–Pβ vector 

in these small molecule complexes was found to range from 39°-45°.  
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3.1.6 Significant differences in the EF-Tu·GppNHp and EF-Tu·GppCH2p active 

sites 
Schematic representations of the interactions observed in the respective enzyme-

substrate complexes are presented in Fig. 3.1.6. Although the two structures display a global 

architecture that is identical within experimental uncertainty (r.m.s.d. for all Cα atoms, 0.14 

Å), there are some important discrepancies noted in the nucleotide-binding pocket. In order to 

obtain a quantitative assessment of the largest structural differences exhibited between the 

two complexes in the active site, an Fo-Fo difference electron density map was calculated. 

The map was computed with coefficients FPCP-FPNP, where PCP and PNP represent the 

observed amplitudes of the EF-Tu·GppCH2p and EF-Tu·GppNHp data sets, respectively. 

Phases were derived from the EF-Tu·GppNHp model, with the nucleotide and all atoms 

within an 8 Å shell omitted from the phase calculation in order to avoid any bias to the 

resulting map. The final model of the EF-Tu·GppCH2p complex is superimposed on the 

difference map in Fig. 3.1.7 to illustrate the location of the difference peaks. The most 

prominent positive difference density peak (>8.5 σ) in the Fo-Fo map is located in the region 

encompassing H2O-473 in the EF-Tu·GppCH2p model. This confirms the significance of this 

water’s positional variation between the two complexes, and may also signify the higher 

occupancy observed for H2O-473 in the EF-Tu·GppCH2p complex. The next strongest 

positive difference peak (~7.0 σ) resides over the bridging substituent of the nucleotide 

analogue. This is presumably due in part to the longer P-X-P bond lengths observed for the 

methylene group in GppCH2p which place it in a more apical position relative to the 

analogous imido group of GppNHp. An additional contribution may stem from the lower 

thermal parameters of GppCH2p in this region (Section 3.1.4). Other significant positive 

density (>5 σ) is located around the non-bridging, non-magnesium-coordinated oxygen atoms 

of the β- and γ-phosphates. Prominent negative difference density peaks (|6.0-7.5 σ|) which 

indicate unique density features in the EF-Tu·GppNHp structure are present in four main 

clusters. The strongest peak is located between the Asp-21 side-chain and the β,γ-methylene 

group in the EF-Tu·GppCH2p model, demonstrating the significance of both the ‘closed’ 

conformation of Asp-21 and the unique positioning of H2O-473 in the GppNHp complex. 

Two strong and presumably related regions of negative difference density are present on the 

surface of the nucleotide proximal to Lys-24 and located immediately below the β- and γ-

phosphates, clearly indicating the existence of a second nucleotide conformation for 
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(a) 
 
 
 
 
 
 
 
 
 

(b) 

Fig. 3.1.6  Schematic representations of GTPase site interactions in the EF-Tu·GppNHp and 
EF-Tu·GppCH2p complexes. Mg2+ coordination and presumptive hydrogen bonds are 
indicated by dashed lines. Contact distances are given in Å and are measured between non-
hydrogen atoms. The abbreviation ‘mc’ defines residues participating exclusively in main-
chain interactions. (a) Interactions in the EF-Tu·GppNHp complex. Red dashed lines 
represent specific contacts only present in one of the two conformational states associated 
with Asp-21. (b) Interactions in the EF-Tu·GppCH2p complex. The dashed line connecting 
Asp-21 NH and the bridging methylene group of the nucleotide indicates the interatomic
distance and is does not represent a hydrogen bond. 
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GppNHp. This second nucleotide conformation is presumed to correspond to the ‘closed’ 

conformation of Asp-21 and appears to constitute a downward shift of the nucleotide away 

from Asp-21 and towards Lys-24 and the Mg2+ ion. A fourth peak (–5.9 σ), positioned near 

the side-chain of Ile-61, suggests a subtle inward movement of the side-chain, which is in van 

der Waals contact with the γ-phosphate and presumably moves inwards in response to the 

second nucleotide conformation. 

  

 

 
 

Fig. 3.1.7  Stereo representation of a 1.8 Å Fo-Fo difference electron density map in the GTP-
binding pocket. Calculated map coefficients are of the order FPCP-FPNP, where PCP and PNP
represent the observed amplitudes of the EF-Tu·GppCH2p and EF-Tu·GppNHp datasets,
respectively. Contours are represented at +4 σ (green) and –4 σ (red). The structure of the
EF-Tu·GppCH2p complex is superimposed. 
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3.2 Crystal structure determination of Ile61Ala EF-Tu in complex with 

Mg2+ and GppNHp 
 

3.2.1 Recrystallization, data acquisition and data statistics 
As previously indicated (Section 2.2.3), long term crystal storage and resultant 

degradation rendered crystals unsuitable for X-ray studies. The lack of available stock protein 

prompted crystal regrowth attempts from the raw materials of the original hanging-drops, and 

a novel protocol was successfully established to obtain large crystals (Fig. 3.2.1). Original 

reservoir solutions were extracted and each was replaced with 1 ml of 15 % saturated 

(NH4)2SO4 solution, over which the hanging drops were left to equilibrate at 15ºC. After 8 

days the original crystals appeared to be completely dissolved and the 15 % saturated 

(NH4)2SO4 reservoir solutions were substituted with 1 ml solutions containing 35-46 % 

saturated (NH4)2SO4. The original cover-slides were re-sealed and the hanging drops were 

left to equilibrate against the fresh solutions. Crystals reappeared in some drops that were 

equilibrated against reservoirs containing 40-44 % (NH4)2SO4, and reached full size after 7-

10 days. Significantly fewer crystal nuclei developed per drop, and regrown crystals achieved 

considerably larger dimensions (ca. 5–8-fold increase in volume) over the original batches. 

One large crystal was utilized for X-ray diffraction studies to obtain the complete 2.24 Å 

dataset which served for this study (see Section 2.2.3 for additional details). Data was 

collected at room temperature, as the large size of the crystals made flash-cooling attempts 

unsuccessful. Although a total of 250 images were captured (comprising 250º rotation about 

φ), crystal radiation damage (Fig. 3.2.1 (h)) became significant after approximately 155-160 

images (characterized by a rapidly decreasing Itotal and increasing Rmerge per frame, data not 

shown) and the dataset was truncated at image 155. Data collection and processing statistics 

are presented in Table 7.2.1 (Appendix). The crystals belonged to space-group C2, with cell 

constants a=151.69 Å, b=100.11, Å c= 40.15 Å and β=95.1º, isomorphous to wild-type T. 

thermophilus EF-Tu·GppNHp crystals described previously (Reshetnikova et al., 1991, 1992; 

Berchtold et al., 1993).  
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Fig. 3.2.1  Regrowth protocol for the Ile61Ala and Val20Ser EF-Tu·GppNHp crystals. 
(a) Crystals of Ile61Ala EF-Tu·GppNHp as received from Bayreuth. Average crystal 
dimensions reaching approximately 0.2 × 0.3 × 0.4 mm3. (b) After months of storage, crystals 
had visibly degraded. (c) After one week of equilibration over 15 % (NH4)2SO4, a halo of 
precipitate outlines the location of a dissolved crystal, prompting reservoir substitution with 
40-44 % (NH4)2SO4. (d-e) Regrown crystals of Ile61Ala EF-Tu·GppNHp. (f-g) Regrown 
crystals of Val20Ser EF-Tu·GppNHp. (h) Severe X-ray damage to a capillary-mounted 
Ile61Ala EF-Tu·GppNHp crystal after ~45 hours beam exposure from a rotating-anode 
generator. 
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3.2.2 Overall structure 
Starting phases were obtained from the original wild-type EF-Tu·GppNHp structure 

(Berchtold et al., 1993). Electron density maps clearly indicated the need for manual 

rebuilding of numerous side-chains along the polypeptide sequence, due to error in the 

Berchtold et al. coordinates. The model was rebuilt and refined to low crystallographic 

residual factors, and the final model exhibits good overall geometry, with the Ramachandran 

plot displaying 92.1 % of all residues in the most favoured regions and no residues in the 

disallowed regions (Fig. 7.2.1, Appendix). Final model statistics are listed in Table 7.2.2 

(Appendix). Density at residues 33 and 35 indicated the presence of Tyr and Ala, 

respectively, verifying that the overexpressed tufA gene product was present in the crystals 

(data not shown). Electron density at amino acid position 61 confirmed the Ile Ala 

substitution (Fig. 3.2.2). The Ile61Ala and wild-type EF-Tu·GppNHp structures display an 

overall Cα r.m.s.d. of 0.16 Å, suggesting their global 3-dimensional folds are identical within 

the limits of experimental error.  

 

Fig. 3.2.2  Stereo illustration of the GTPase site in the Ile61Ala EF-Tu·GppNHp complex.
2Fo-Fc (blue, 1.3 σ) and Fo-Fc (green, 3 σ) electron density maps are depicted. Water
molecules are depicted as red spheres; Mg2+ as a blue sphere. 
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3.2.3 Displacement of the Switch I structural element at the A”-helix 

A notable area of increased Cα deviation from the wild-type EF-Tu·GppNHp 

coordinates (section 3.1) occurs at the Switch I A”-helix (residues 53-60), with the largest 

shift occurring in residues 53-58 (displaying homologous Cα displacements of 0.3-0.4 Å). 

This alteration can be attributed to minor structural rearrangements resulting from the 

mutation at residue 61. Substitution to alanine at this position eliminates a hydrophobic 

packing interface present in the wild-type structure between Ile-61 and Tyr-88. As a result, 

the phenol ring of Tyr-88, which normally packs against the Cδ group of Ile-61, instead 

moves into the space provided by the mutation, resulting in a relative shift of up to 0.8 Å in 

its side-chain hydroxyl moiety. This change effects the side-chain positioning of Arg-59, the 

guanidinium group of which maintains its hydrogen bond with the hydroxyl group of Tyr-88. 

An additional hydrophobic packing interface present in the wild-type structure, occurring 

between Ile-61 and the hydrophobic stem of Arg-59’s side-chain, is lost in the mutant and 

further contributes to the side-chain repositioning of Arg-59. This movement is propagated 

into the main-chain, thus altering the axis of the preceding A”-helix residues 53-58. 

 

3.2.4 Mg2+ coordination and nucleotide binding 
A schematic diagram of the putative interactions taking place in the active site is 

presented in Fig. 3.2.3. Protein interactions with the nucleotide and Mg2+ exhibit some 

notable differences when compared to wild-type EF-Tu·GppNHp, particularly with respect to 

the terminal pyrophosphate moiety. H2O-473, coordinated to the γ-phosphate of GppNHp, is 

bound by the side-chain of the highly conserved Asp-21, and is spatially limited in its precise 

positioning by the bulky side-chain of Ile-61 in the wild-type structure. In the mutant, 

removal of the Ile side-chain provides room for H2O-473 to translate toward the γ-phosphate 

O3 moiety and assume a shorter hydrogen bond. The side-chain of Asp-21 makes a slight 

rearrangement to accommodate the H2O-473 repositioning and appears to be stabilized in this 

‘open’ conformation (Fig. 3.2.2), as reflected by the absence of a visible ‘closed’ 

conformation analogous to the wild-type EF-Tu·GppNHp structure. An interesting 

observation that is possibly associated with the stabilization of Asp-21 is the almost complete 

disappearance of residual positive Fo-Fc electron density patches as noted in the wild-type 

structure (Fig. 3.2.2, cf. Fig. 3.1.2 in Section 3.1.3). A new configuration of water molecules 

manifests, including the appearance of H2O-444 and H2O-482 (not equivalent to H2O-482 in 
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the wild-type EF-Tu·GppCH2p structure). The former interacts with H2O-473 and H2O-499, 

and the latter interacts with the carboxylate of Asp-21, the hydroxyl of Tyr-47 and H2O-414 

of the primary Mg2+ coordination sphere (Figs. 3.2.2 and 3.2.3). The aforementioned 

movement of Asp-21 and H2O-473 effects a minor twist of the γ-phosphate around the Pγ-

Nβ,γ bond, reducing the mean degree of stagger between the β- and γ-phosphates (when 

viewed along the Pγ–Pβ vector) to 10º, compared to 13º in the wild-type structure. This 

torsional rotation invokes a dramatic increase (>0.6 Å) in the bond distance between the γ-

phosphate and the NH group of Thr-62 when compared to the wild-type structure (Fig. 3.2.3). 

The presumptive nucleophilic water molecule, H2O-411, does not deviate from its position as 

observed in the wild-type EF-Tu·GppNHp structure. 

 

3.2.5 Build-up of secondary Mg2+ ligands around H2O-414: migration of Tyr-47 

and appearance of H2O-482 

In the wild-type EF-Tu·GppNHp structure, H2O-414 of the primary Mg2+-

coordination sphere receives secondary ligand contributions from the carboxylate group of 

Asp-51 and the α-phosphate. In the Ile61Ala mutant, these contributions are maintained 

while additional interactions are observed. As indicated above, H2O-482 assumes a position 

Fig. 3.2.3  Schematic depiction of the contact distances observed in the Ile61Ala EF-
Tu·GppNHp structure. Mg2+ coordination and putative hydrogen bonds are shown as dashed 
lines, with corresponding distances between non-hydrogen atoms given in Å. Note that due to 
diagrammatic limitations, H2O-442 and H2O-482 each appear twice. 
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whereby it interacts with Asp-21, Tyr-47 and H2O-414.  Also notable is the movement of 

Tyr-47, the hydroxyl of which provides a hydrogen bond to the α-phosphate in both the 

mutant and wild-type structures. In the case of this mutant, the side-chain hydroxyl group is 

shifted by 0.5 Å with respect to the wild-type structure, retaining the hydrogen-bond 

interaction with the α-phosphate group but now also interacting weakly with H2O-414. The 

movement is mainly achieved by mutual adjustments in the side-chain χ-1 and χ-2 torsion 

angles, most significantly being a large adjustment in the χ-2 angle (54º 82º) presumably to 

overcome steric restrictions imposed on the phenyl ring by the γ-methyl group of Thr-25 (see 

Fig. 3.3.3, next section). 

 

3.2.6 Quantifying the most significant differences in the active site 
The most important discrepancies were analyzed by computation of an Fo-Fo electron 

density map (Fig. 3.2.4). The map was calculated to 2.24 Å resolution with coefficients FI61A-

FWILD, corresponding to the observed amplitudes of the Ile61Ala EF-Tu·GppNHp and wild-

type EF-Tu·GppNHp data sets, respectively. Phases were derived from the wild-type model, 

with the nucleotide and all atoms within an 8 Å shell omitted from the phase calculation to 

minimize bias to the resulting map. Not surprisingly, the most prominent difference density 

in the map is located adjacent to Ala-61 (–7.2 σ), spanning a region occupied by the Cγ1 and 

Cδ1 atoms of Ile-61 in the wild-type structure. Another peak (–5.1 σ) corresponds to the Cγ2 

atom of Ile-61, and together, these regions of density add further confirmation to the presence 

of Ala at position 61 in the mutant. Other strong regions of negative density reside below the 

β- and γ-phosphates (–5.9 and –6.1 σ, respectively) and in a region midway between H2O-

482 and the carboxylate of Asp-21 (–5.3 σ). All three of these aforementioned peaks share 

striking identity to the strong negative regions appearing in the Fo-Fo map calculated 

between the wild-type EF-Tu·GppNHp and EF-Tu·GppCH2p structures (cf. Fig. 3.1.7) and 

suggests the absence of a second nucleotide conformation in the Ile61Ala structure. The most 

outstanding positive difference peaks appear at locations in the Ile61Ala EF-Tu·GppNHp 

model corresponding to H2O-473 (6.1 σ), H2O-444 (4.8 σ), the side-chain of Asp-21 (4.7 σ) 

and on the upper surface of the γ-phosphate (4.7 σ).  
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Fig. 3.2.4  Stereo representation of a 2.24 Å Fo-Fo difference electron density map in the
GTPase site of EF-Tu. Calculated map coefficients are of the order FI61A-FWILD, where I61A
and WILD represent the observed amplitudes of the Ile61Ala EF-Tu·GppNHp and wild-type
EF-Tu·GppNHp datasets, respectively. Contours are represented at +4 σ (green) and –4 σ
(red). The structure of the Ile61Ala EF-Tu·GppNHp is superimposed to illustrate the location
of the difference peaks. 
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3.3  Crystal structure determination of Val20Ser EF-Tu in complex with 

Mg2+ and GppNHp 
 

3.3.1 Recrystallization, data collection and data analysis 
As indicated in Material and Methods (Section 2.2.4), crystals of Val20Ser·GppNHp 

faced prolonged storage at 15º C resulting in severe degradation. A protocol was established 

to dissolve and regrow crystals in the original hanging-drops, and this method is described 

previously for Ile61Ala·GppNHp (Section 3.2.1 and Fig. 3.2.1). As with the results obtained 

for the Ile61Ala·GppNHp crystals, successful regrowth of Val20Ser·GppNHp crystals 

displaying a multi-fold increase in volume over the original stock crystals was achieved (Fig. 

3.2.1). Due to their large dimensions, crystals could not be successfully flash-cooled in liquid 

paraffin oil, and the limited number of regrown crystals did not allow exploration of 

alternative cryo-cooling conditions. Room temperature data to 2.05 Å was obtained from one 

crystal measuring 0.3 × 0.5 × 1.2 mm3 (Section 2.2.4). A total of 123 images (1º 

rotation/image) were collected before a problem with the image-rendering software during 

data acquisition resulted in all subsequent images being corrupt (overall dataset 

completeness; 91.8 %). The crystal was determined to be of space group C2 with unit cell 

constants a=151.79 Å, b=100.15 Å, c=40.21 Å and β=95.1º, isomorphous to the wild-type 

EF-Tu·GppNHp/GppCH2p and Ile61Ala EF-Tu·GppNHp crystals. Data collection and 

processing statistics are presented in Table 7.3.1 (Appendix).  

 

3.3.2 Overall structure 

A Cα r.m.s.d. superposition calculated between the wild-type EF-Tu·GppNHp and 

Val20Ser EF-Tu·GppNHp structures revealed an overall Cα deviation of 0.17 Å, suggesting 

that the overall structure is not affected by the mutation. Electron density at residues 33 and 

35 indicated the presence of Tyr and Ala, respectively, confirming the presence of the 

overexpressed tufA gene product in the crystals. The model was rebuilt and refined to low 

crystallographic residual factors, with the final structure displaying good overall geometry. 

The Ramachandran plot shows 91.2 % of all residues in the most favoured regions and no 

residues in the disallowed regions (Fig. 7.3.1, Appendix). Final model statistics are listed in 

Table 7.2.2 (Appendix). 
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3.3.3 Ser-20 interacts directly with the γγγγ-phosphate group of GppNHp 
Electron density at position 20 clearly supported the successful replacement of Val-20 

by Ser (Fig. 3.3.1). Further analysis revealed the presence of a hydrogen bond (3.2 Å) 

occurring between the side-chain hydroxyl group of Ser-20 and the O3 oxygen atom of the γ-

phosphate. The interaction appears to be facilitated by a rotation of the γ-phosphate group 

about its Pγ-Nβ,γ bond, effectively narrowing the interatomic gap between the γ-phosphate O3 

substituent and Ser-20. The extent of rotation is significant, reducing the mean degree of 

stagger between the β- and γ- phosphates (when viewed along the Pγ–Pβ vector) to 8º, 

compared to 13º in the wild-type complex. Interactions observed in the nucleotide-binding 

pocket of this mutant are detailed in Fig. 3.3.2.  

 

3.3.4 Displacement of the Switch I structural element at the A”-helix  

A Cα superposition conducted between the G-domains (res. 1-210) of Val20Ser and 

wild-type EF-Tu·GppNHp revealed that the largest Cα deviation (0.3-0.4 Å) occurs in Switch 

I residues 53-62, corresponding to the A”-helix (residues 53-60) and the adjacent loop. Visual 

inspection of the A”-helix and comparison with the wild-type structure suggests that this 

Fig. 3.3.1  Stereoview of the GTPase site in the Val20Ser EF-Tu·GppNHp mutant. The final 
2Fo-Fc electron density map (blue) is contoured at 1.3 σ. No regions of Fo-Fc density greater 
than 3 σ are observed in this region.  The Mg2+ ion and water molecules are illustrated as 
blue and red spheres, respectively. 
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migration stems from a substantial weakening of the hydrogen bond between the O3 atom of 

the γ-phosphate and the NH group of Thr-62. A significant disjunction between the two 

groups involving mutual displacements is observed, leading to an increased contact distance 

from 3.0 Å in the wild-type structure (Fig. 3.1.6) to over 3.5 Å in the Val20Ser mutant (Fig. 

3.3.2). Interestingly, a similar phenomenon was noted for the Ile61Ala mutant (Fig. 3.2.3). 

Presumably, the apparent bond weakening in the Val20Ser structure is due in part to the 

minor rotation of the γ-phosphate, although it may also arise from an altered electrostatic 

potential of the γ-phosphate stemming from its additional interaction with Ser-20. The 

displacement of Thr-62 thus appears to be responsible for the minor deviation of the A”-helix 

from the wild-type structure. 

 

3.3.5 Movement of H2O-473 and reorientation of Asp-21  
The repositioning of the A”-helix and adjacent loop, particularly the side-chain of Ile-

61, appears to have a large influence on the transposition of H2O-473. In the wild-type 

structure, H2O-473 resides approximately 3.5 Å from the terminal γ-methyl group of Ile-61. 

Movement of the A”-helix in the Val20Ser mutant occurs in such a way that the hydrophobic 

side-chain of Ile-61 would be only 3.0 Å from H2O-473 if the latter did not also undergo a 

positional shift. The migration of H2O-473 hence keeps it at a comfortable distance from the 

Fig. 3.3.2  A schematic layout of the interactions observed in the Val20Ser EF-Tu·GppNHp
active site. Mg2+ coordination and putative hydrogen bonds are indicated by dashed lines,
with corresponding distances between non-hydrogen atoms listed in Å. 
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side-chain of Ile-61 (3.6 Å) in the Val20Ser mutant, while maintaining a hydrogen bond to 

the γ-phosphate and establishing a more favourable interaction with the β,γ-bridging imido 

group of the nucleotide analogue (Fig. 3.3.2). Surprisingly, H2O-499, which associates with 

H2O-473 in the wild-type structure and effectively establishes a solvent connection between 

the γ-phosphate group and exterior solvent, appears to be missing here. Hence, there appears 

to be no connecting solvent network in this mutant structure. The absence of H2O-499 also 

appears to actuate a rearrangement in the side-chain of Asp-21, which normally coordinates 

to both H2O-473 and H2O-499 in the ‘open’ conformation of the wild-type EF-Tu·GppNHp 

structure. In this mutant, Asp-21 undergoes significant rotations about its χ-1 and χ-2 angles 

(∆χ= -48º and 82º, respectively) while preserving its hydrogen bond with H2O-473. 
 

3.3.6 Migration of Tyr-47 into the secondary Mg2+-coordination sphere 

Virtually identical to the movement observed in the Ile61Ala EF-Tu·GppNHp mutant 

(Section 3.2.5), Tyr-47 undergoes side-chain torsional adjustment to form a weak interaction 

(3.7 Å) between its hydroxyl group and H2O-414 of the primary Mg2+ coordination sphere 

(Fig. 3.3.3). Analogous to the Ile61Ala structure, its side-chain χ-2 angle is most notably 

shifted (53ºwt 81º), presumably in order to overcome the steric restrictions imposed on the 

bulky phenolic ring by the γ-methyl group of Thr-25. However contrary to the Ile61Ala 

structure, the appearance of an additional secondary ligand, H2O-482, does not occur. This is 

Fig. 3.3.3  Superposition between Val20Ser EF-Tu·GppNHp (beige) and wild-type EF-
Tu·GppNHp (green). The structures overlap well, with the exception of Tyr-47, which
moves towards H2O-414 in the mutant. A similar observation was made in the Ile61Ala EF-
Tu·GppNHp complex. Coordinates of GppNHp, Mg2+ and water molecules are shown for
the Val20Ser structure. 
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likely due to the relocation of H2O-473 in the Val20Ser mutant, since its new position would 

sterically preclude the co-existence of H2O-482. 

 

3.3.7 Quantifying the most significant differences in the active site 
An Fo-Fo electron density map was calculated to analyze the strongest differences in 

the mutant GTPase site with respect to the wild-type structure (Fig. 3.3.4). The map was 

computed to 2.05 Å resolution with coefficients FV20S-FWILD, corresponding to the observed 

structure factor amplitudes of the Val20Ser EF-Tu·GppNHp and wild-type EF-Tu·GppNHp 

data sets, respectively. Phases were derived from the wild-type model, with the nucleotide 

and all atoms within an 8 Å shell omitted from the phase calculation in order to minimize 

bias to the resulting map. The two strongest peaks in the map are located below the γ-

phosphate (–7.4 σ) and β-phosphate (–6.8 σ), indicating the absence of a second nucleotide 

position in the mutant structure. The third highest peak (–6.4 σ) is situated next to Ser-20 of 

the mutant, in the region occupied by one of the Cγ moieties of Val-20 in the wild-type 

structure, validating the presence of Ser-20 in the mutant. The largest positive difference 

peaks occur on the upper surface of the γ-phosphate (5.4 σ and 5.1 σ) next to the O1 and O2 

atoms. Judging from the rotation of the γ-phosphate as influenced by Ser-20, it is surmised 

that these peaks arise due to the slightly dissimilar locations of the γ-phosphate oxygens 

between the wild-type and mutant structures.  
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Fig. 3.3.4  Stereo illustration of a 2.05 Å Fo-Fo electron density map in the active site of EF-
Tu. Map coefficients are FV20S-FWILD, where V20S and WILD represent the observed
structure factor amplitudes of the Val20Ser and wild-type EF-Tu·GppNHp data sets,
respectively. Map contours are +4 σ (green) and –4 σ (red). The final Val20Ser EF-
Tu·GppNHp model is superimposed to illustrate the location of the density peaks. 

Pγγγγ                                                        Pγγγγ 
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3.4 Crystal structure determination of His67Ala EF-Tu in complex with 

Mg2+ and GDP 
 

3.4.1 Molecular replacement solution, model building and refinement 
Although grown under similar conditions to wild-type EF-Tu, preliminary diffraction 

analysis indicated the crystals were of a novel crystal form, with cell dimensions a=84.22 Å, 

b=111.62 Å, c=119.27 Å and belonging to space-group P212121. SDS-PAGE indicated that 

the crystals consisted of a proteolytically modified form of the protein (Wagner, 1996), as 

evidenced by the presence of one band at ~38 kDa. Band migration was similar to that of 

trypsin-modified EF-Tu cleaved at Arg-59, leading to suspicions that His67Ala EF-Tu had 

been cleaved in a similar region (Wagner, 1996). Based on this observation, it was presumed 

that the crystals contained a modified form of EF-Tu, that is, a complex consisting of a high-

Mr (~38 kDa) and a low-Mr (~5 kDa) polypeptide chain, similar to that observed for 

proteolytically modified E. coli EF-Tu·GDP crystals (Kabsch et al., 1977; Jurnak et al., 1977; 

Arai et al., 1978; Kjeldgaard and Nyborg, 1992). Data collected from 5 crystals provided a 

dataset displaying 89.6 % completeness and an overall Rmerge of 10.0 % to 2.70 Å resolution 

(J. Mesters, personal communication). All individual datasets were measured at room 

temperature using a FAST electronic area detector and CuKα radiation produced by a GX-21 

rotating anode generator. Calculation of the Matthews coefficient, Vm (Matthews, 1968), 

suggested the presence of two, or more conceivably three, molecules in the asymmetric unit 

(Table 3.4.1), assuming an approximate monomeric mass of 44 kDa. This follows Matthews’ 

(1968) findings that for most protein crystals the ratio of the unit cell volume and the 

molecular weight (Vm) approximates a value of 2.15 Å3/Da. However, computation of a self-

His67Ala EF-Tu·GDP 

Monomers/A.U. Vm (Å3/Da) Solvent fraction 
1 6.37 0.8 
2 3.19 0.6 
3 2.12 0.4 
4 1.59 0.2 

Table 3.4.1  Matthews coefficients 
(Vm) and solvent fraction parameters.
Values correspond to the estimated 
copy number in the asymmetric unit
(A.U.). Calculations are based on an
asymmetric unit volume of 2.8×105 
Å3 and approximate monomeric
mass of 44 kDa. 
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rotation function did not indicate the presence of any clear non-crystallographic symmetry 

(NCS) within the crystal (Table 3.4.2). A molecular replacement phasing approach using the 

E. coli EF-Tu·GDP crystal structure (Abel et al., 1996) was rationalized on the basis of 

coordinate availability and the presence of high sequence identity (~70%) between T. 

thermophilus and E. coli EF-Tu sequences. Since no obvious structural alterations in the 

mutant could be foreseen, a search model was created which contained the atomic 

coordinates of all known protein atoms. As a control, GDP and Mg2+ were omitted from the 

model in order to see whether molecular replacement phases would reproduce electron 

density for the bound nucleotide. The cross-rotation search used data between 15 and 4 Å and 

produced a list of peak clusters which did not appear to present any clear solutions, with the 

top 3 peaks each differing in magnitude by only 2-3% (Table 3.4.2). Translation functions for 

the top 5 rotation peaks were calculated using data between 15 and 4 Å. A series of Patterson-

correlation refinement cycles (Brünger, 1990b) were performed on the search model at each 

rotation function in three stages: (a) an initial stage of global rigid-body refinement cycles, 

(b) an intermediate stage of refinement cycles with domain 1 and domains 2-3 as rigid bodies, 

and (c) a final stage of rigid body refinement with each domain as a separate entity. Using the 

Euler angles for the second cross-rotation solution produced a top translation function 
Table 3.4.2  Molecular replacement statistics for His67Ala EF-Tu·GDP 
Self-rotation function ψ φ κ Height/r.m.s. (σ) 

cluster 1 0.0 0.0 180.0 2.00 
cluster 2 90.0 0.0 165.0 1.53 
cluster 3 7.5 0.0 180.0 1.41 
cluster 4 0.0 0.0 165.0 1.33 

Rotation function θ1 θ2 θ3 Height/r.m.s. (σ) 
monomer 1 73.87 20.89 23.87 2.12 
monomer 2 82.97 28.93 22.97 2.05 
top false peak 58.70 17.68 46.70 2.01 

Translation function x y z Height/r.m.s. (σ) 
monomer 1 0.433 0.250 0.083 2.44 

top false peak  0.450 0.250 0.083 2.11 
monomer 2 0.050 0.317 0.250 2.69 

top false peak 0.050 0.317 0.450 1.91 
Relative translation  0.500  1.65 
 - 54 -   
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solution with a peak height of 2.44 σ (Table 3.4.2). The structural coordinates obtained from 

the first translation function were then rotated by the top five NCS operators determined by 

the self-rotation function in order to generate a new subset of models for a second translation 

function search.  Despite the absence of any outstanding NCS peaks, the third solution from 

the self-rotation function provided the correct orientation for the search model, with a top 

translation function peak of 2.69 σ. Subsequently, the two copies were placed on the same 

origin by fixing the atomic coordinates of the first molecule and translating the second 

molecule by 0.5 fractional units along all possible combinations of x, y, and z. A 0.5 

fractional translation of the second copy along y resulted in one outstanding solution with a 

peak height of 1.65 σ. Visual inspection of the combined translation function at the graphics 

workstation indicated a further fractional translation of [2,-1,0] of the second copy was 

required to place the two monomers in the same asymmetric unit. An overall crystal packing 

analysis of the unit cell containing the two monomers confuted the possibility of a third 

monomer being present in the asymmetric unit. At this point, the R factor was 47.3 % for data 

between 10 and 3 Å. A more detailed visual inspection evidenced a region of significant 

structural overlap between the two initial models, primarily existing as a mutual steric clash 

between residues 44-64 of each monomer. This region was consequently deleted from the 

atomic coordinates of each monomer, and all residues which were not conserved in an 

alignment between the E. coli and T. thermophilus EF-Tu sequences were truncated to either 

alanine or glycine prior to further refinement. A model of the asymmetric unit was 

subsequently built and refined, with positional restraints imposed on equivalent atomic 

groupings related by NCS. The NCS operators were iteratively refined and restraints were 

restricted to groups not involved in either crystallographic or non-crystallographic symmetry 

contacts. Convergence was reached after approximately twenty iterations of model building 

and refinement, resulting in an R value of 19.5 % and Rfree value of 26.6 %. The individual 

monomers were superimposed and shown to be structurally identical within reliable error 

estimates (overall Cα r.m.s.d.: 0.14 Å, with no specific regions of outstanding Cα 

divergence). This observation prompted a further series of refinement cycles utilizing strict 

NCS constraints, which resulted in final R and Rfree values of 20.5 % and 23.0 %, 

respectively for all data between 20.0 and 2.7 Å. 
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3.4.2 Quality of the model and overall  structure 

The final model currently comprises two nicked EF-TutufA monomers, each containing 

377 residues, 35 water molecules, Mg2+ and GDP. Final model statistics are given in Table 

7.4.1 (Appendix). The average coordinate error was estimated to be 0.35 Å based on the 

Luzzati plot (Luzzati, 1952). The Ramachandran plot (Fig. 7.4.1, Appendix) shows that 89.6 

% of all residues reside in the most favourable regions, with a further 9.2 % in the 

additionally allowed regions. The overall distribution of φ/ψ values is superior to most crystal 

structures of comparable resolution, which typically display about 70% of all residues in the 

most favoured regions (Laskowski et al., 1993a, 1993b; MacArthur et al., 1994). Residues 

His-273 and Arg-345 lie outside of the allowed regions: both are in position 3 of type II’ β-

turns (Richardson, 1981) and are very well defined in the electron density. The N-terminal 

seven residues of each monomer are not visible in the electron density and are assumed to be 

either disordered or cleaved off in the crystal structure. Similarly, electron density for 

residues 40-60 of each monomer was not located. The His→Ala point mutation at position 67 

was clearly visible in the maps (Fig. 3.4.1). A primary structural alignment between T. 

thermophilus (405 residues) and E. coli (393 residues) EF-Tu polypeptides revealed three 

Fig. 3.4.1   Stereoview of the mutation site (A67) and the preceding proteolytically-derived
N-terminal (PDNT) segment. The final 2Fo-Fc electron-density map is superimposed on the
model (1σ contouring). The PDNT segment is rendered in grey colouring. Strands e3/f3
(blue) and the switch II (orange) of the adjacent monomer are also depicted. 
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areas in the T. thermophilus sequence which contained insertional elements: two single 

residue insertions at Asn-39 and Pro-260, and a 10-residue insertion involving residues 

181QMHRNPKTRR190. This larger insertion, being the most salient difference between E. coli 

and T. thermophilus EF-Tu, occurs between helices E and F and is well determined in the 

electron density, adopting a similar conformation to the homologous region in the T. 

thermophilus EF-Tu·GppNHp structure (Berchtold et al., 1993). For the purpose of making 

structural comparisons, the coordinates of the recently determined native E. coli EF-Tu·GDP 

crystal structure (Song et al., 1999) were utilized owing to their higher resolution (2.05 Å) 

and the inclusion of water molecules in the coordinate set. The tertiary fold of monomeric 

His67Ala EF-Tu·GDP is similar to that of the wild-type E. coli EF-Tu·GDP (Fig. 3.4.2), with 

the two structures displaying an overall r.m.s.d. of 2.1 Å for equivalent Cα atoms, which 

reduces to 1.2 Å when residues 61-68 of the mutant are not included in the calculation. The 

latter value is significantly larger than the expected main-chain r.m.s.d. of 0.67 Å for two 

structures which display a sequence identity of ~72 %, according to the relationship derived 

by Chothia and Lesk (1986) (r.m.s.d. (Å) = (0.40)e1.87H, where H is the fraction of mutated 

Fig. 3.4.2 Global Cα superpostion of intact E. coli EF-Tu·GDP and T. thermophilus 
His67Ala EF-Tu·GDP. The deviation of the PDNT segment of His67Ala EF-Tu is clearly 
apparent for residues 61-66. Residue number (E. coli numbering) is plotted along the 
abscissa. R.m.s.d. between homologous Cα atoms (Å) is plotted on the ordinate. The large 
deviation occuring at residues 220-225 results from a dissimilar trace of the β-turn between 
strands c2 and d2. 
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residues). This unusually high divergence between the two structures can be attributed to 

differences in the positioning of domains 2 and 3 with respect to domain 1. Unfortunately, the 

available crystal structures of other proteolyzed EF-Tus from E. coli (Jurnak, 1985; la Cour et 

al., 1985) are limited to domain 1 coordinates only and thus cannot be used for overall fold 

comparisons. Interestingly, monomeric His67Ala EF-Tu·GDP superimposes better with the 

2.35 Å crystal structure of intact E. coli EF-Tu·GDP complexed with the antibiotic GE2270A 

(Heffron and Jurnak, 2000), displaying an overall Cα r.m.s.d. of 0.79 Å. The latter complex 

crystallizes in a different spacegroup than those determined for wild-type E. coli EF-Tu·GDP. 

Based on a visual analysis of the superimposed structures, it is proposed that slight variations 

in the positioning of domains 2/3 relative to domain 1 between different EF-Tu·GDP 

complexes result from crystal packing influences and may reflect the inherent flexibility of 

EF-Tu. 
 
 
3.4.3 Quaternary structure 

His67Ala EF-Tu·GDP forms a novel non-crystallographic symmetrical homodimer 

(Fig. 3.4.3), involving mutual interactions between domains 1-1, 1-2, 1-3 and 2-2 of each 

monomer. The dimer contact surface is replete with van der Waals and hydrogen bonding 

interactions, displaying a tight interface that is complementary both in shape and distribution 

of polar and non-polar surfaces. Specific ionic interactions take place in two main clusters, 

located at the interface between domain 1 of one monomer and domains 2 and 3 of the other, 

with each region bearing no less than five intermolecular salt-bridges. A detailed assessment 

of monomer-monomer interactions is available in the Appendix section (Table 7.4.2). The 

total surface area for the dimeric complex was calculated to be ~30900 Å2, compared to 

~34800 Å2 for the combined surface area of the free individual monomers. Thus, with an 

interfacial buried surface area of ~3900 Å2, dimerization corresponds to occlusion of 

approximately 11.2 % of the total solvent accessible molecular surface from bulk media. 

 

3.4.4 Switch I region 
As mentioned, no density for residues 40-60 of each monomer was visible in the 

electron density, and it is probable that this is at least partially due to the unexplained 

proteolysis event in this region occuring during the crystallization. The only Switch I residues 

clearly visible in the map are Ile-61 and Thr-62, which presumably lie near a
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Fig. 3.4.3  Two views of the His67Ala EF-Tu dimer. Secondary structure elements were 
determined by a DSSP-like algorithm (Kabsch and Sander, 1983) based on hydrogen 
bonding patterns. Each monomer is rendered in green and red ribbons, respectively. 
GDP nucleotides are highlighted in ‘ball-and-stick’ and magnesium ions are rendered as 
blue spheres. The proteolytically derived N-terminal (PDNT) segments from each 
monomer (residues 61-66) are delimited in yellow and light blue shading, respectively.  
Top: the dimer as seen looking along the crystallographic X-axis.  
Bottom: a rotation of 90° relative to the upper viewpoint shows the dimer looking along
the crystallographic Y-axis. The twofold non-crystallographic symmetry can be seen in 
this orientation. 
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Fig. 3.4.4   Interactions of 
the proteolytically derived 
N-terminal (PDNT) 
segment with the adjacent 
EF-Tu monomer.  
Presumptive hydrogen 
bonds are depicted as 
dashed lines. Van der 
Waals interactions 
 (< 4Å contact distance) 
are rendered as solid lines. 
The PDNT segment 
interacts with all three 
domains of the adjacent 
EF-Tu molecule, with the 
majority of interactions 
occurring with domain 1 
(switch II) and domain 3 
(strands e3 and f3).  

cleavage site since they undergo the largest positional deviations (up to ~20 Å for Ile-61) 

from the corresponding residues in intact E. coli EF-Tu·GDP (Fig. 3.4.2). A noteworthy 

observation is the degree of dimer stabilization achieved through the unusual migration and 

resulting binding arrangement of these proteolytically derived N-terminal (PDNT) segments, 

specifically residues 61-67, which associate with strands e3 and f3 of the adjacent monomer 

(Figs. 3.4.1, 3.4.3 and 3.4.4). Their fully extended conformations observed in the dimer 

contribute ~1300 Å2 or one-third of the total buried surface area. Side-chain solvent-

accessible surface areas were calculated for residues Ile-61, Ile-63 and Val-68 in the dimeric 

complex and compared to their corresponding values in a hypothetical uncomplexed 

monomer. From the presumptive differences in solvent-accessibility, insertion of the Ile-61, 

Ile-63 and Val-68 side-chains into the hydrophobic cleft defined by strands e3 and f3 

contributes an estimated 24 kcal/mol to the binding affinity between the two monomers, 

assuming a hydrophobic effect of 47 cal/mol/Å2 (Sharp et al., 1991) and (albeit 

unrealistically) a similar fully extended peptide conformation in the free monomer. 

Interdigitation of the PDNT segment is facilitated by concerted φ,ψ angular rotations of 

residues 61-67, amplified in Thr-65 and Ala-66, which exhibit ∆φ,∆ψ values of (8º,-145º) and 

(67º,-146º), respectively, relative to the native E. coli EF-Tu·GDP structure. This results in a 

backbone conformational transformation from β to α for these two residues. The remaining 

residues involved, although undergoing significant backbone torsional adjustments as well, 
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remain in a β conformation.  Electron density ends sharply at Ile-61, which is in van der 

Waals contact with Glu-243, Leu-384 and Arg-385 (Figs. 3.4.1 and 3.4.4). No electron 

density is present to account for Gly-60. 

 

3.4.5 Nucleotide binding and Mg2+ coordination 
The hydrogen-bonding interactions between the GDP cofactor and EF-Tu and the 

ligand coordination around the Mg2+ are summarized in Fig. 3.4.5. Most of the interactions 

are very similar to those already reported for proteolytically modified E. coli EF-Tu·GDP 

(Kjeldgaard and Nyborg, 1992), with some notable exceptions. The side-chain amide group 

of Asn-136 is hydrogen-bonded to the endocyclic N7 atom of the guanine base and the 

carbonyl oxygen of His-22, and the side-chain carbonyl oxygen of Asn-136 interacts with the 

main-chain amide group of Ala-175. In the Kjeldgaard and Nyborg structure (1992) the side-

chain χ-2 angle for the homologous Asn-135 is flipped by ~180° and results in a side-chain 

amide interaction with the exocyclic O6 of the guanine base. In addition to its well-

documented main-chain NH coordination to the β-phosphate, Asp-21 contributes an 

additional water-mediated interaction via its side-chain carboxyl group. The previously 

 
 
Fig. 3.4.5  Nucleotide and magnesium binding interactions in the His67Ala EF-Tu·GDP 
structure. Mg2+ coordination and presumptive hydrogen bonds are indicated by dashed lines, 
with the corresponding observed distance between non-hydrogen atoms given in Å. Note 
that Thr-25 appears twice, due to diagrammatic limitations. 
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reported structures of EF-Tu·GDP emphasize the dynamic properties of this residue. Analysis 

of the available coordinate sets (Abel et al., 1996; Song et al., 1999; Andersen et al., 2000), 

all of which contain more than one protein copy in the asymmetric unit, reveals that the 

homologous Asp residue coordinates to the β-phosphate via a water molecule in only half of 

the copies. Four of the Mg2+-ligand interactions can be seen in the current electron density 

map, namely, an oxygen atom of the β-phosphate (2.3 Å), the side-chain hydroxyl of Thr-25 

(2.4 Å), and two water molecules, H2O-441 (1.9 Å) and H2O-442 (2.1 Å). H2O-441 is in turn 

bound to the side-chain carboxylate moiety of Asp-81 and the main-chain carbonyl oxygen of 

Cys-82. H2O-442 is coordinated to the α- and β-phosphates of GDP (Fig. 3.4.5). The two 

other water ligands of the Mg2+-coordination octahedron are not visible in the current 

electron density map, presumably due to insufficient data resolution. Because of the 

disordered Switch I segment, secondary Mg2+-coordination provided by the side-chain of 

Asp-51, as seen in the native structure (Song et al., 1999), is not present here. The absence of 

an ordered Switch I region does not seem to visibly alter the structure of the remaining 

components comprising the GDP·Mg2+ binding pocket.   

 

3.4.6 Covalent modification of Cys-82 

A large mass of residual positive difference density in the final map is found in an 

area adjacent to the switch II helix and merging with the 2Fo-Fc electron density which 

surrounds the sulfhydryl group of Cys-82. This observation is also noted in the His67Ala EF-

Tu·GppNHp structure and electron density is represented in Fig. 3.5.4 (Section 3.5.4). In the 

His67Ala EF-Tu·GDP structure, the centroid of the difference peak measures 7 σ above the 

mean and is located 2.1 Å from the Sγ atom. The mass of density is presumably due to 

disulfide bond formation between Cys-82 and β-mercaptoethanol (β-ME), the latter being 

present in the crystallization buffer. A similar observation has been made in the His85Leu 

EF-Tu structures, and the high resolution of the His85Leu EF-Tu·GppNHp structure allows 

unambiguous assignment of the electron density to β-ME (Section 3.6.5). 
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3.5 Crystal structure determination of His67Ala EF-Tu in complex with 
Mg2+ and GppNHp 

 

3.5.1 Data collection, data processing and structure solution 

A preliminary dataset collected at room temperature indicated the crystals were of the 

same crystal form as those described for the His67Ala EF-Tu·GDP crystals, belonging to 

space group P212121 and with cell dimensions a=83.92 Å, b=111.84 Å and c=119.09 Å. This 

finding led to suspicions that: (a) either the tray was mislabeled or there was an experimental 

error during the original crystallization experiments; (b) the slowly hydrolyzing GppNHp had 

hydrolyzed to GDP over time and resulted in crystallization of the GDP form described 

previously; or (c)  the structure of His67Ala EF-Tu·GppNHp was very similar or identical to 

His67Ala EF-Tu·GDP. A second crystal from the same drop was successfully cryo-cooled to 

100 K using liquid paraffin oil (cf. Section 2.2.6) and provided higher resolution data (3.0 Å) 

than the room temperature crystal (3.5 Å). Data collection and processing statistics for the 

cryo-cooled crystal are listed in Table 7.5.1 (Appendix). Evidently, the cryo-cooling 

procedure caused a 6 % reduction in the unit cell volume when compared to the room 

temperature data, primarily via shrinkage of the b and c axes: the cell dimensions for the 

cryo-cooled crystal are a=84.05 Å, b=108.60 Å and c=115.24 Å. Starting phases were 

obtained directly from His67Ala EF-Tu·GDP coordinates consisting of protein atoms only. 

As with the His67Ala EF-Tu·GDP structure, strict NCS constraints were employed 

throughout the refinement. The model was complete after approximately five iterations of 

model building, water picking, simulated-annealing refinement, conjugate-gradient 

refinement and isotropic atomic B-factor refinement.  

 

3.5.2 Quality of the model and overall structure 
  The current model consists of two copies of the protein in the asymmetric unit, each 

containing 377 residues, 27 water molecules, Mg2+ and GppNHp. Final model statistics are 

presented in Table 7.4.1 (Appendix). The Ramachandran plot (Fig. 7.5.1, Appendix) shows 

that the model exhibits good geometry, displaying 86.1 % of all residues occupying the most 

favourable regions and 12.9 % in additionally allowed regions. As with the His67Ala EF-

Tu·GDP structure, His-273 and Arg-345 lie outside of the allowed regions although both 

residues, located in β-turns, are well defined in the electron density. The homologous 

residues in E. coli EF-Tu·GDP (Arg-262 and Arg-333) adopt similar backbone conformations 
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in the structure of Abel et al. (1996). Polekhina et al. (1996) reported Arg-274 and Arg-345 

being in unfavourable conformations in the crystal structure of T. aquaticus EF-Tu·GDP. 

Song et al. (1999) found Arg-333 of E. coli EF-Tu·GDP in the disallowed region of the 

Ramachandran plot. An additional outlier existing in the His67Ala EF-Tu·GppNHp complex, 

Leu-258, resides in a loop connecting two β strands in domain 2. A similar disallowed φ,ψ 

conformation for Leu-258 is observed in the intact T. aquaticus EF-Tu·GDP structure 

(Polekhina et al., 1996) and for the homologous Ile-247 in the intact E. coli EF-Tu·GDP 

structures (Abel et al., 1996; Song et al., 1999). It is noteworthy that the electron density 

defining the carbonyl group of Leu-258 is more disperse in the His67Ala EF-Tu·GppNHp 

complex when compared to the GDP complex and may account for a poorer refinement in the 

former structure, leading to unfavourable φ,ψ values. With the His67Ala EF-Tu·GppNHp 

structure being proteolytically cleaved as well (presumably at the same site(s) as the 

His67Ala EF-Tu·GDP complex), its global protein trace is virtually identical to that of the 

latter structure, as shown by an overall Cα deviation of only 0.38 Å, which is a value similar 

to the overall estimated coordinate error (0.35 Å, Section 3.4.2) of the higher resolution GDP 

complex. 

 

3.5.3 Nucleotide binding and Mg2+ coordination 

As previously mentioned (Section 2.2.6), extensive refinement of the model was 

carried out prior to building the components of the nucleotide-binding site. Such a measure 

was undertaken since the overall topology of the macromolecular structure was characteristic 

of GDP-bound EF-Tu and yet the protein was crystallized in the presence of GppNHp. Thus, 

the properties of the nucleotide-binding pocket were deemed to be of fundamental importance 

to this study. Analysis of the nucleotide-binding pocket revealed residual difference electron 

density that was in agreement with the presence of GppNHp. However, GDP was initially 

modeled and refined as a cautionary measure in order to minimize model bias and to allow 

further inspection of the remaining difference density situated proximal to the β-phosphate. 

Following refinement with GDP, a trigonal pyramidal mass of positive difference density was 

observed disseminating from the β-phosphate group (Fig. 3.5.1), peaking at a position 

situated 2.9 Å from the β-phosphorus atom and measuring >9σ in the Fo-Fc map. The typical 

interatomic distance between adjacent P atoms in guanosine di- and triphosphate nucleotide 

complexes of EF-Tu is similarly valued at 2.9-3.0 Å. Thus, the location and shape of the 
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difference density indicated the presence of a GppNHp molecule situated in the ‘GDP-

binding’ pocket. This notion was confirmed by the subsequent refinement of GppNHp in this 

position. A visual comparison of the electron density observed in the nucleotide-binding 

pockets of the His67Ala EF-Tu·GDP and EF-Tu·GppNHp structures is presented in Figure 

3.5.2. 

The nucleotide-binding pocket displays the same overall topology as that seen in the 

His67Ala EF-Tu·GDP structure, thereby maintaining similar interactions with the guanosine 

moiety as well as the α- and β-phosphates (Fig. 3.5.3). Presumably due to the lower 

resolution in this structure, there is insufficient electron density to detect the water molecules 

of the primary Mg2+-coordination shell. Similarly, water molecules observed interacting with 

the side-chains of Lys-24 and Asp-21 in the analogous GDP complex are not seen in this 

structure. The γ-phosphate of GppNHp contacts the side-chain of Lys-24 (3.1 Å) and makes a 

weak interaction with the magnesium ion (2.6 Å). This binding arrangement is markedly 

different to that observed in the intact EF-Tu·GppNHp complex, which displays several 

additional hydrogen-bonding interactions to the γ-phosphate (cf. Fig 3.1.6(a)) primarily 

through the Switch I and Switch II elements. Remarkably, neither of these elements appear to 

respond to the presence of the γ-phosphate in this nicked species. Most notably, hydrogen 

bonds with the main-chain NH and side chain OH of Thr-62 are lacking (due to the 

rearrangement of the PDNT segment), as are the hydrogen bonds with the main-chain NH of 

Switch II’s Gly-84, which remains facing away from the γ-phosphate. Also presumably

Fig. 3.5.1 Stereoview of the nucleotide-binding pocket in the His67Ala EF-Tu·GppNHp 
structure. Electron density maps are 2Fo-Fc (blue, 1σ) and Fo-Fc (green, 3σ). GDP was 
initially built and refined, with the resulting difference density clearly indicating the 
presence of a γ-phosphate moiety, confirming the presence of GppNHp. The side-chain of 
Lys-24 is omitted from the figure for clarity. 
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___________________________________________________________________________ 

Fig. 3.5.2 Stereoviews of the nucleotide-binding pockets in cleaved His67Ala EF-Tu 
complexed with GDP (top) and GppNHp (bottom). 2Fo-Fc electron density maps are shown 
contoured at 1σ. 

Fig. 3.5.3  Schematic representation of interactions observed in the cleaved His67Ala EF-
Tu·GppNHp complex. Mg2+ coordination and possible hydrogen bonds are indicated by
dashed lines. Distances in Å are given between non-hydrogen atoms. 
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missing are water-mediated hydrogen bonds via H2O-411 with the main-chain NH of Gly-84 

and the main-chain carbonyl of Thr-62 (for the reasons just described), and via H2O-473 with 

the side-chain carboxylate of Asp-21. Neither water molecule is visible in the electron density 

map. Additionally, van der Waals interactions that are observed in the intact complex are 

lacking in this structure, specifically between the γ-phosphate and the Cβ groups of Ile-61 

and Thr-62. The absence of stabilizing hydrogen bonds and van der Waals contacts appear to 

weaken the stability of γ-phosphate coordination: the thermal mobility of the γ-phosphate and 

consequently the entire GTP analogue is significantly increased. The average thermal factor 

for the nucleotide in the cleaved His67Ala EF-Tu·GppNHp structure is ~113 % that of the 

protein atoms, in contrast to the His67Ala EF-Tu·GDP complex where this value is reduced 

to ~72 % (Table 7.4.1, Appendix). In the intact EF-Tu·GppNHp complex the corresponding 

value is ~63 % (Table 7.1.1, Appendix). 

 

3.5.4 Covalent modification of Cys-82 
As with the His67Ala EF-Tu·GDP structure (Section 3.4.6), residual positive 

difference density at Cys-82 indicates formation of a mixed disulfide, presumably with a β-

ME molecule from the crystallization buffer (Fig. 3.5.4). 

 

 

Fig 3.5.4   Stereoview of Cys-82 and the surrounding Switch II region in the His67Ala EF-
Tu·GppNHp structure. Electon density maps are depicted with coefficients 2Fo-Fc (blue, 1σ) 
and Fo-Fc (green, 3σ). 
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3.6  Crystal structure determination of His85Leu EF-Tu in complex with 

Mg2+ and GppNHp 
 

3.6.1 Data collection, data processing and structure solution 

Preliminary crystal characterization of this variant indicated crystals were of a novel 

EF-Tu crystal form, belonging to spacegroup P212121 and with cell constants a=44.94 Å, 

b=71.43 Å and c=117.87 Å. Successful crystal cryo-cooling in combination with synchrotron 

radiation allowed for rapid data acquisition, high resolution and high multiplicity while 

avoiding noticeable radiation damage. A full 180º were collected with data extending to 1.80 

Å, although since the average data I/σ ratio drops below 2 beyond 1.89 Å, the structure is 

formally presented at this maximum resolution limit. Data collection and processing statistics 

are presented in Table 7.6.1 (Appendix). Assuming the presence of one protomer per 

asymmetric unit with a molecular weight of ~45 kDa, the Matthews coefficient (Matthews, 

1968) was calculated to have a value of 2.1 Å3/Da, with an approximate crystal solvent 

fraction of 40%. The suspicion of one molecule per asymmetric unit was corroborated by the 

calculation of a self-rotation function, which indicated the absence of any obvious non-

crystallographic symmetry operators (Table 3.6.1). Initial phases were obtained using the 

molecular replacement method, although a correct molecular replacement solution could not 

be obtained with the structure of wild-type EF-Tu·GppNHp (results not shown). Surprisingly 

however, a successful solution was found with the His67Ala EF-Tu·GDP coordinates. 

Monomer A of the His67Ala dimer was arbitrarily selected as a search probe and residues 60-

67 were deleted from the coordinates because of their unusual geometry in the His67Ala 

model. Water molecules, Mg2+ and the GDP ligand were also stripped from the coordinate 

set, thus producing a search model comprising residues 6-39 and 68-405. All attempts at 

solving the rotation function using real-space or fast-direct search methods failed, despite 

using Patterson correlation (PC) refinement (Brünger, 1990b) of the cross-rotation peaks and 

several subsets of resolution and integration radius. The problem was finally solved by 

application of the direct rotation function utilizing data in the 15-4 Å range, rotation of the 

search molecule in 10º steps and PC refinement with the 3 major domains (residues 1-210, 

211-308 and 309-405) of the model treated as rigid bodies. Using the Euler angles for the top 

direct rotation solution and subjecting the model to further PC refinement produced a 

translation function solution with a peak height of 5.0 σ (Table 3.6.1). The packing function 
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for the top solution (~63% of the unit cell volume covered by the translated molecule, Table 

3.6.1) was in good agreement with the estimated solvent content derived from the Matthews 

coefficient for a monomer in the asymmetric unit (~40% solvent). This was confirmed by 

graphical analysis, which demonstrated favourable crystallographic packing and eliminated 

the possibility of a second monomer being present. Incidentally, the Euler angles for the 

second highest rotation function peak (top false peak) in the direct rotation function (Table 

3.6.1) corresponded to those of the top overall peaks obtained for the analogous real-space 

and fast-direct rotation functions. Initial rigid-body refinement of all three domains resulted 

in R and Rfree values of 41.4 % and 41.9%, respectively. Primary model and electron-density 

inspection indicated a poor fit in several areas, most importantly in the region encompassing 

residues 80-95, hence requiring their omission from the starting model and complete 

rebuilding thereafter. Repeated rounds of model building were interspersed with simulated-

annealing refinement, positional refinement and atomic B-factor refinement, resulting in 

convergence after approximately 20 cycles (R=23.1%, Rfree=28.3%).  

 

Table 3.6.1  Molecular replacement statistics for His85Leu EF-Tu·GppNHp 
Self-rotation function ψ φ κ RF-function (ε=0.25) 

cluster 1 0.0 0.0 180.0 9.94 
cluster 2 89.8 0.0 168.2 2.50 
cluster 3 11.8 88.5 180.0 1.78 
cluster 4 17.7 88.5 180.0 1.69 

Direct rotation function θ1 θ2 θ3 RF-function (ε=0.25) 
cluster 1 (correct peak) 320.3 27.0 178.9 0.063 
cluster 2 (false peak) 184.1 51.0 17.9 0.047 
cluster 3 (false peak) 128.9 63.0 50.2 0.042 

Translation function θ1 θ2 θ3 x y z I/σ Packing 

cluster 1 318.0 22.8 180.7 17.6 10.8 17.0 5.0 .63 
cluster 2 187.3 50.4 16.9 5.7 10.3 4.7 1.8 .54 
cluster 3 129.8 62.5 49.6 5.9 21.6 48.5 1.4 .54 

 

 

3.6.2 Quality of the model and overall structure 
The final model consists of residues 7-39, 66-405, 235 water molecules, 2 sulfate 

anions, GppNHp, Mg2+ and 1 covalently bound β-mercaptoethanol molecule. Final model 

statistics are presented in Table 7.6.2 (Appendix). Interpretable electron density was not 
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observed for N-terminal residues 1-6 or for residues 40-65, although SDS-PAGE analysis of 

washed and dissolved crystal material indicated that the crystals were composed of intact 

protein (Fig. 3.6.1). The Ramachandran plot (Fig. 7.6.1, Appendix) displays 92.6 % of all 

residues residing in the most favourable regions, with a further 6.4 % in the additionally 

allowed regions. The overall distribution of φ/ψ values is superior to most crystal structures 

of comparable resolution, which typically display about 85 % of all residues in the most 

favoured regions (Laskowski et al., 1993a, 1993b; MacArthur et al., 1994). Residues Leu-258 

and Arg-345 lie outside of the allowed regions: both are in position 3 of type II’ β-turns 

(Richardson, 1981) and are very well defined in the electron density. His-273 also resides in a 

disallowed region and has been found as an outlier in other EF-Tu complexes, however the 

density for this residue and the surrounding loop region is poorly defined in this structure. 

The overall tertiary structure of His85Leu EF-Tu·GppNHp is distinctively different from that 

of the wild-type EF-Tu·GppNHp complex. Remarkably, its ‘open’, loosely packed domain 

organization most closely resembles that of wild-type EF-Tu in complex with either GDP or 

EF-Ts (cf. Fig. 1.1). The coordinates of His85Leu EF-Tu·GppNHp were superposed with 

those of wild-type E. coli EF-Tu·GDP (Song et al., 1999) and revealed an overall r.m.s.d. Cα 

displacement of only 1.8 Å for homologous residues. Similarly, a superposition with the 

coordinates of monomer A from the T. thermophilus EF-Tu·EF-Ts complex (Wang et al., 

1997) resulted in an overall r.m.s.d. Cα displacement of 2.1 Å.  

 

 

 

Fig. 3.6.1  SDS-PAGE analysis of crystals used in
structure determination experiments. Lane 1: material
from His85Leu EF-Tu·GppNHp crystals. Lane 2: material
from Ile61Ala EF-Tu·GppNHp crystals. Lane 3: molecular
weight markers. Both EF-Tu lanes show a major band at
~43 kDa, consistent with intact protein. Additional lower
molecular weight bands present in lanes 1 and 2 are likely
due to degradation products existent within the crystals, or
in the surrounding precipitate which adheres to the surface
of the crystals despite repeated washing steps. 
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3.6.3 The Switch II region 
To determine the largest deviations occurring in domain 1 of the mutant, r.m.s.d 

calculations were performed against the G-domain (domain 1) of EF-Tu in the EF-Tu·GDP 

complex (Song et al., 1999), EF-Tu·EF-Ts complex (Wang et al., 1997) and EF-Tu·GppNHp 

complex (this thesis). The resulting Cα deviations are plotted in Fig. 3.6.2 and clearly 

demonstrate a significant positional alteration of residues 82-98 in the His85Leu structure, 

including the entire length of helix B (Switch II residues 84-92). For the purposes of 

illustrating this and the associated rearrangements of domains 2 and 3 more clearly, the 

structures of His67Ala EF-Tu·GDP and His85Leu EF-Tu·GppNHp monomers have been 

superposed and are presented in Fig. 3.6.3. In the wild-type EF-Tu·GDP structures (Abel et 

al., 1996; Polehkina et al., 1996; Song et al., 1999) and in the His67Ala EF-Tu·GDP 

structure, His-85 presumably aids in fixing the N-terminus of helix B to the main body of EF-

Tu via side-chain hydrogen bonding interactions with Glu-118 and His-119, the latter of 

which is in turn hydrogen-bonded to the amide group of Gly-18 at the C-terminus of strand 

a1. At the C-terminus of helix B, the bulky side-chain of Ile-93 interacts with domain 3 by 

inserting into a hydrophobic pocket formed by Tyr-321, Ala-397 and Val-399. In the 

His85Leu mutant however, the side-chain hydrogen bonds between residue 85 and helix C 

residues Glu-118 and His-119 are obviously unavailable. Rather, Leu-85 buries its side-chain 

into a hydrophobic pocket provided by Ile-17, Ile-89, Met-99 as well as helix C residues Leu-

122 and Ala-123.  In attaining these interactions, which involve residues ‘downstream’ along 

the rigid helix C, the movement of Leu-85 involves a lateral translation of the entire helix B, 

parallel to helix C and by a distance of approximately 4 to 7 Å (Figure 3.6.2), with the Cα 

position of Leu-85 deviating from that of His-85 (in the His67Ala EF-Tu·GDP structure) by 

6.4 Å. Despite the substantial shift of helix B, the previously specified hydrophobic packing 

interface occurring between Ile-93 at the C-terminus of helix B and the hydrophobic 

anchoring pocket in domain 3 is maintained. Thus, the rearrangement of helix B is 

propagated into domain 3, and consequently domain 2, which move as a rigid body and are 

displaced from their wild-type positions by as much as ~11 Å at the helix B interface (Fig. 

3.6.3). 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 

Fig. 3.6.2   G-domain Cα r.m.s.d. plots between the His85Leu EF-Tu·GppNHp coordinates 
and other known wild-type EF-Tu structures: (a) T. thermophilus EF-Tu·GppNHp, (b) E. 
coli EF-Tu·GDP and (c) EF-Tu from the T. thermophilus EF-Tu·EF-Ts complex. All 
superpositions exhibit a clear structural divergence occurring at Switch II residues 82-98 
primarily as a result of variations in the arrangement of helix B (residues 84-92). Note that 
the scale along the ordinate is different in each graph. 
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3.6.4 The nucleotide-binding pocket 
Electron density for the GppNHp nucleotide and Mg2+ ion is well defined (Fig. 3.6.4). 

A schematic illustration depicting contacts observed in the nucleotide-binding pocket is 

provided in Fig. 3.6.5.  As mentioned, no well-defined electron density exists for Switch I 

residues 40-65, and this region is assumed to be in a heightened dynamic state. A single 

exception is a weakly ordered patch of electron density which exhibits lobes approaching the 

α-phosphate group and water ligands of the primary Mg2+-coordination shell (Fig. 3.6.4). 

Judging from the topology of Switch I helix A” in the wild-type EF-Tu·GppNHp structure 

(which facilitates involvement of Tyr-47 and Asp-51 in nucleotide/Mg2+ coordination (Fig. 

3.1.3)), it is surmised that these residues have partial occupancy in the His85Leu structure 

although the density is not ample to allow modeling with confidence (Fig. 3.6.4). Binding of 

the guanylate moiety is similar to that observed in the wild-type EF-Tu·GppNHp structure, 

with the exception of the absent Tyr-47 side-chain interaction to the α-phosphate as 

mentioned above. The β,γ-bridging imido group of GppNHp participates in a stable direct 

hydrogen-bonding interaction with the carboxylate of Asp-21, similar to the ‘closed’ 

Fig. 3.6.3  Stereo illustration of the Cα superposition between His67Ala EF-Tu·GDP (blue)
and His85Leu EF-Tu·GppNHp (orange). Domain 1 from each molecule was superimposed
to highlight the discrepancy between helix B orientation (marked with an asterisk) and the
consequent arrangement of domains 2 and 3. The nucleotide and Mg2+ ion from the
His85Leu EF-Tu·GppNHp structure are highlighted in ball-and-stick. 
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conformation observed in wild-type EF-Tu·GppNHp. No strong patches of positive Fo-Fc 

difference density analogous to those observed in the wild-type EF-Tu·GppNHp structure 

(i.e. around the Mg2+ ion or between the P-loop and the nucleotide, cf. Fig. 3.1.2) are 

observed in the His85Leu EF-Tu·GppNHp structure. Two main-chain amide interactions 

present in wild-type EF-Tu·GppNHp are missing in this structure, namely those between Thr-

62/Gly-84 and the γ-phosphate. Lack of the former interaction can be attributed to the 

disordered Switch I element, as there is no trace of electron density to account for Thr-62.  

Lack of the Gly-84 interaction is evidently due to the conformation of helix B and the 

preceding ‘switch-loop’ residues, which maintain a ‘GDP-bound’ topology despite the 

presence of GppNHp. Most strikingly, the peptide bond between Pro-83 and Gly-84 does not 

flip in response to the γ-phosphate and the amide group of Gly-84 remains facing away from 

it and bound to the carboxylate of Asp-87. Instead, the pyrrolidine ring of Pro-83 packs 

Fig. 3.6.4  Stereoscopic view of the nucleotide-binding pocket in the His85Leu EF-
Tu·GppNHp structure. Electron density is illustrated as a 2Fo-Fc map (blue, contoured at
+1.3 σ) and an Fo-Fc map (green, +3σ). Carbon atoms of the final refined model are
displayed in grey. The Mg2+ ion is depicted as a black sphere, and water molecules are
shown as red spheres. A proximal region of ill-defined, positive difference density remains
near the nucleotide and Mg2+ ion. Residues 47-51 from the wild-type EF-Tu·GppNHp
structure (orange) are superimposed. 
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against the distal face of the γ-phosphate (Fig. 3.6.4), and its carbonyl group forms a water-

mediated (H2O-635) hydrogen bond to the latter along with the side-chain of Gln-115 (Fig. 

3.6.5). An additional water molecule (H2O-609) is bound to the γ-phosphate, although due to 

the conformation of the switch-loop and the steric restraints imposed by Pro-83, neither water 

is in a position to readily act as a nucleophile and both are ~4 Å from the Pγ atom. Thus, here 

it should be emphasized that there is no trace of any water molecule equivalent to H2O-411 in 

wild-type EF-Tu·GppNHp. The β- and γ-phosphates each provide bidentate coordination to 

Lys-24 and the Mg2+ ion, a feature also observed in the wild-type EF-Tu·GppNHp complex. 

In the mutant, these interactions, as well as the P-loop NH contributions provided by Asp-21, 

Gly-23, Lys-24 and Thr-25, appear to be sufficient to stabilize the partial cis-planar eclipsed 

conformation between the β- and γ-phosphates (with a mean degree of stagger of 17º). The 

Mg2+ ion is hexacoordinated in an octahedral arrangement, with the side-chain hydroxyl of 

Thr-25 and three water molecules acting as the four remaining electron donors (Figs. 3.6.4 

and 3.6.5) and H2O-447 substituting for the absent Thr-62. 

 

Fig. 3.6.5  Schematic representation of the nucleotide-binding site in the His85Leu EF-
Tu·GppNHp complex. Dashed lines indicate Mg2+ coordination and possible hydrogen
bonds. Contact distances are given in Å and are measured between non-hydrogen atoms. The
abbreviation ‘mc’ defines interactions exclusively involving main-chain groups. Note: the
angle defining the hydrogen-bonding network, Asp-21 Oδ1·····NHβ,γ·····Asp-21 NH, is only
60º, suggesting that these H-bonds cannot co-exist. 
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3.6.5 Modification of Cys-82 
Similar to the observations made with the His67Ala EF-Tu complexes (Section 3.4.6), 

a strong and well-defined lobe of residual positive difference density was located at Cys-82, 

extending outwards from the Sγ atom. The higher resolution of this dataset and the definitive 

shape of the difference density strongly suggested that Cys-82 had undergone covalent 

modification via disulfide formation with β-mercaptoethanol (β-ME), the latter compound 

being used in the crystallization buffers as a reducing agent. To test this postulation, 

coordinates for β-ME were retrieved from the HIC-Up server (Kleywegt and Jones, 1998), 

new topology and parameter files were constructed, and β-ME was modeled into the density 

and refined. The resulting electron density map is presented in Fig. 3.6.6 and favours the 

notion of disulfide formation between Cys-82 and β-ME. 

 

3.6.6 Identification of additional tetrahedral anion binding sites 
Two tetrahedral anion binding sites were located on the surface of domain 3 in a basic 

cleft comprising residues in strand b3 and proximal loop regions (Fig. 3.6.7). Density was 

assigned to sulfate anions due to the large excess of (NH4)2SO4 used in the crystallization 

buffer, and coordination appears to involve Lys-325, Arg-330, His-331, Thr-332 and Arg-

393. Interestingly, the binding sites are located at a crystal packing interface and additional 

bonds are provided by an adjacent EF-Tu monomer, specifically Gln-98 and Arg-385 (direct 

coordination) as well as His-11 and Asn-13 (water-mediated coordination). It is worthwhile 

to note that in the crystal structure of the aa-tRNA·EF-Tu·GppNHp ternary complex (Nissen 

et al., 1995), recognition of the aa-tRNA T-stem was found to involve Thr-332, which makes 

a weak interaction with the phosphate group of G53, and Arg-330, which interacts with the 

ribosyl 2’ and 3’ OH groups of U52. As of yet, Lys-325, His-331, Arg-385 and Arg-393 have 

not been directly implicated in aa-tRNA or rRNA binding. Tetrahedral anion binding sites 

have not been observed previously in any reported EF-Tu structure. 
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Fig. 3.6.6  Stereo illustration depicting the 2Fo-Fc electron density map (1.2 σ contouring)
around residues 80-86 of the His85Leu EF-Tu·GppNHp complex. Electron density is
strongly suggestive of disulfide formation between Cys-82 and β-ME. The final model is
overlaid. 

Fig. 3.6.7  Stereo illustration of the tetrahedral anion binding region in the His85Leu EF-
Tu·GppNHp and ·GDP structures. The final 2Fo-Fc electron density map is shown, contoured
at 1.2 σ. Residues in adjacent crystallographic monomers are rendered in grey and orange
colouring, respectively. The presumed sulfate anions are labeled (408 and 409). Putative
hydrogen bonds are indicated by dashed lines. 
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3.7  Crystal structure determination of His85Leu EF-Tu crystallized in 

the presence of GTP 
 

3.7.1 Structure solution 

A dataset was provided exhibiting 90% completeness between 20.0 and 2.6 Å. (J. 

Mesters, personal communication). Data was collected at the ELETTRA light source 

(Trieste), and processed and merged as described in Section 2.2.8. The crystal form appeared 

to be isomorphous to the His85Leu EF-Tu·GppNHp crystals, belonging to space group 

P212121 and with unit cell parameters a=44.49 Å, b=71.06 Å, c=116.83 Å. Hence, starting 

phases were obtained directly from the His85Leu EF-Tu·GppNHp model with GppNHp, 

Mg2+ and all water molecules removed prior to refinement. The R and Rfree values dropped to 

22.7 % and 29.4 %, respectively, after an initial round of rigid-body, simulated annealing and 

atomic B-factor refinement. Convergence was reached after approximately 5 cycles of 

rebuilding and refinement, and the final model statistics are displayed in Table 7.7.1 

(Appendix). The Ramachandran plot, exhibiting 87.5 % of the residues situated in the most 

favourable regions, is also supplied in the Appendix (Fig. 7.7.1).  

 

3.7.2 Overall structure and the nucleotide-binding pocket 
The overall protein fold is, within reliable error estimates, identical to that of the 

His85Leu EF-Tu·GppNHp structure (overall Cα r.m.s.d., 0.38 Å). Unexpectedly however, 

electron density in the nucleotide-binding pocket was indicative of bound GDP rather than 

GTP (Fig. 3.7.1), although the protein was crystallized in the presence of GTP (Wagner, 

1996) and the mutant has no detectable intrinsic GTPase activity (Zeidler et al., 1995). 

Moreover, elevated atomic temperature factors of the nucleotide, Mg2+ ion, and coordinating 

residues, in conjunction with their disperse electron density features, strongly indicate a state 

of heightened mobility, and quite possibly, partial occupancy for GDP and Mg2+. Of the six 

ligands presumably coordinated with the Mg2+ ion, only two (the β-phosphate and Thr-25) 

make visible interactions and there is no electron density to account for the remaining water 

ligands (Fig. 3.7.1). The absence of the γ-phosphate appears to have no ramifications on the 

Switch regions, as Switch I remains disordered and Switch II is fixed in a conformation 

equivalent to the His85Leu EF-Tu·GppNHp structure. A patch of residual positive difference 

density, analogous to that observed in the His85Leu EF-Tu·GppNHp structure, would seem 
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to suggest the partial presence of Switch I residues Tyr-47 and Asp-51 although the density is 

of insufficient quality to formalize this proposal. Cys-82 appears to have undergone 

modification by β-ME similar to observations made for the His85Leu EF-Tu·GppNHp and 

His67Ala EF-Tu structures. Tetrahedral anion binding sites identical to those observed in the 

His85Leu EF-Tu·GppNHp structure (Section 3.6.6) were also identified. 

 

 

 

 

 

 
 
 

Fig. 3.7.1  Stereoview of the nucleotide-binding pocket in the His85Leu EF-Tu·GDP
structure. The final 2Fo-Fc electron density map is shown contoured at 1 σ. Mg2+ is depicted
as a blue sphere. 
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3.8 Crystallization and preliminary structure analysis of the stringent 

response factor, RelS, from Streptococcus equisimilis 
 

3.8.1 Crystallization of the RelS1-385 catalytic domain 
Initial showers of microcrystals were obtained by using the hanging drop vapor 

diffusion method with Hampton Research crystal screening kit II, solution #42 (12 % 

glycerol, 0.1 M Tris pH 8.5, 1.5 M (NH4)2SO4). Purified and dialyzed protein solution 

containing NAGMM buffer (Section 2.2.10.2) was mixed with an equivolume (2 µl) of 

solution #42 and equilibrated over a reservoir containing 1 ml of the latter. Microcrystals 

appeared after 3-4 days at room temperature. Larger prismatic crystals (0.3 × 0.3 × 0.3 mm3) 

exhibiting hexagonal bipyramidal morphology were subsequently obtained using the same 

protocol with optimized conditions (12.5 % glycerol, 1.2 M (NH4)2SO4 and 0.1 M TRIS pH 

8.5). This crystal form is displayed in Figure 3.8.1(a). Unfortunately, although the crystals 

appeared suitable for X-ray studies they exhibited poor diffraction, reaching a resolution limit 

of ~8-10 Å on an Enraf-Nonius FR591 rotating-anode generator. Attempts to improve 

diffraction quality by growing crystals in the presence of various additives resulted in 

comparably sized crystals of different habits (Figure 3.8.1(b)), although the resolution limits 

were not improved. A novel crystal polymorph, belonging to spacegroup C2 and with unit 

cell parameters a=173.49 Å, b= 45.45 Å, c= 126.47 Å and β=109.83º, was eventually 

obtained after screening over a wide range of salts, organic solvents and combinations 

Fig. 3.8.1 Various crystal morphologies of RelS1-385. (a) Original crystals obtained after 
initial screening and optimization. Morphology appears to be derived from the combination 
of two crystal forms both belonging to the quadratic system (a prism and a bipyramid). (b)
One example of several additional crystal habits which were obtained from additive
screening of the conditions in (a). (c) Monoclinic crystal form obtained from a different set 
of conditions. This form is currently under study. 
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thereof. Crystals reaching dimensions 0.1 × 0.2 × 0.3 mm3 could be grown by equilibrating 4 

µl hanging drops (5-6 mg/ml RelS1-385, 2.5 mM MES, 50mM TRIS pH 8.0-8.5, 12-16 % w/v 

PEG 8000, 0.6-1.0 M NaCl, 5 mM MgCl2, 1.5 mM AMP, 1 mM GDP) over 450 µl reservoirs 

(100 mM TRIS pH 8.0-8.5, 24-36 % w/v PEG 8000, 0.6-1.0 M NaCl) at room temperature. 

Crystals generally appeared after 3-4 days and reached maximum size after 10-14 days 

(Figure 3.8.1(c)).  Numerous problems were encountered during purification and 

crystallization. On various occasions, frozen Nickel-column extracts would spontaneously 

and irreversibly aggregate upon thawing. This phenomenon occurred in a concentration 

independent manner and appeared to be batch-specific. Similarly, successful crystallization of 

the monoclinic form was batch-dependent and even crystallizable batches exhibited poor 

reproducibility.  Furthermore, monoclinic crystals predominantly displayed severe defects 

including cracking, splitting, branching and satellite formation, with high-quality specimens 

appearing at low frequency. Moreover, growth of a poorly diffracting crystal form with 

hexagonal bipyramidal surface morphology often occurred at the same crystallization 

conditions and hindered growth of the monoclinic form. SDS-PAGE analysis of monoclinic 

crystals displayed a single band residing at ~40 kDa (Fig. 3.8.2). 

 

3.8.2 Native data acquisition 
Crystals were extremely fragile and prone to cracking upon handling. Likewise, 

specimens could not be transferred to a storage buffer or cryogenic buffer without undergoing 

severe and irreparable damage. Fortunately, crystals could be cooled to cryogenic 

temperatures after careful immersion in liquid paraffin oil, a highly effective general 

cryoprotectant described by Riboldi-Tunnicliffe and Hilgenfeld (1999). Successfully 

Fig. 3.8.2  SDS-PAGE analysis of RelS1-385.  
Lane 1: monoclinic crystal form currently under structural
analysis. Crystals were fished from the original hanging
drops and subjected to a three-step washing procedure in
fresh crystallization buffer prior to dissolution.  
Lane 2: original stock solution used for crystallization.
Lane 3: molecular weight markers, with corresponding
sizes in kDa. 
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cryocooled crystals diffracted to ~2.6 Å on a rotating anode source and beyond 2.1 Å at 

EMBL-Hamburg Beamline BW7B. Data statistics for one such crystal measured at BW7B 

are summarized in Table 7.8.1 (Appendix). 

 

3.8.3 Obtainment of suitable heavy atom derivatives 
RelS exhibits low sequence identity to all known protein structures and thus requires 

phasing by methods such as multiple isomorphous replacement (MIR), single or multiple 

isomorphous replacement with anomalous scattering contributions (SIRAS and MIRAS, 

respectively), or multiple wavelength anomalous dispersion (MAD). All techniques require 

obtainment of suitable heavy-atom complexes, hence prompting heavy-atom soaking and 

screening experiments. Different heavy-atom solutions of varying concentrations were added 

directly to the crystallization drops following growth of suitable native crystals.  Crystals 

were allowed to soak for various lengths of time prior to cryocooling and subsequent analysis 

for potential heavy atom attachment. A successful mercury derivative was obtained via the 

addition of 1 mM HgCl2 to hanging drops containing native crystals followed by 12 hours of 

soaking.  

 

3.8.4 Initial phasing 
Heavy atom derivative crystals obtained as described above displayed unit-cell 

dimensions characterized by a ~2% expansion of the b-axis relative to native specimens, 

although they were sufficiently isomorphous to allow the identification of at least two 

mercury binding sites in the asymmetric unit (Fig. 3.8.3(a)). The failure to obtain additional 

isomorphous and well-diffracting heavy atom derivatives precluded MIR phasing. A 

multiple-wavelength (MAD) approach was rationalized on this basis, exploiting the 

anomalous scattering properties of the bound mercury atoms. A MAD experiment was 

conducted at ESRF-Grenoble beamline BM-14. Since mercury is a transition metal with 

atomic number greater than 78, it lacks strong white-line features (i.e., a sharp anomalous 

scattering peak) at its L-absorption edges, due to its electron configuration which is 

characterized by a fully occupied 5d atomic band. This configuration does not allow for high-

probability 2p-5d electronic transitions which cause strong white line features and can occur 

in the transition metals between atomic numbers 62-78 (Brown et al., 1977). Because of time 

restrictions at the beamline, and considering the recent documented successes for two-

wavelength MAD phasing experiments (Gonzalez et al., 1999), a dual-wavelength 
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experiment was performed with the energies chosen to maximize the dispersive signal (∆f ’) 

of the bound mercury atom(s). Data were collected at 100 K from one crystal that had been 

flash-cooled with liquid nitrogen using paraffin oil as a cryo-protectant. The first step in the 

experiment involved recording an X-ray fluorescence spectrum from the sample, which 

identified the precise energy of the mercury L-III absorption edge in the crystal (Fig. 3.8.4). 

The minimum value for f ’, obtained from the inflection point of the fluorescence spectrum, 

was determined to be 12.297 keV (1.0083 Å). This was chosen as the ‘reference’ wavelength 

(λ1), and a second wavelength (λ2) was chosen at 15.000 keV (0.8266 Å) in order to obtain a 

high value of f ’ and thus maximize ∆f ’, while also attaining a significant anomalous signal 

(f ”) on the high-energy side of the L-I absorption edge (Fig. 3.8.5). The crystal diffracted to 

an effective resolution of 3.0 Å, and statistics for these two datasets are presented in Table 

7.8.1 (Appendix). The crystallographic package CNS (Brünger et al., 1998) was used for the

Fig. 3.8.3  Harker sections (v=0) of
the Patterson syntheses calculated
using (a) isomorphous differences
between the Hg derivative (λ1 of
the MAD dataset) and native
datasets, (b) the anomalous
differences of Hg in the λ2 MAD
data and (c) using the dispersive
differences between the λ1 and λ2
MAD data (λ2-λ1). Minimum
contour level is set to 2.0 σ with
increments at 0.5 σ steps. 
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___________________________________________________________________________ 

Fig. 3.8.4  An X-ray absorption spectrum obtained from the Hg-derivative crystal used in
MAD phasing. Fluorescence intensity is plotted as a function of X-ray energy, measured
around the L-III absorption edge. The inflection point of the fluorescence curve in this
sample (12.297 keV) corresponds to the minimum f ’ value. 

Fig. 3.8.5  Theoretical plots of f ’ and f ” over the three L absorption edges of mercury. Data
for this plot was obtained from Merritt (1998). The three theoretical absorption edges occur 
at 12.2839 keV (L-III), 14.2087 keV (L-II) and 14.8393 keV (L-I). Vertical grey bars 
indicate the two wavelengths, λ1 and λ2, utilized for MAD phase determination (see text). 
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determination of heavy atom parameters and subsequent phasing. An anomalous Patterson 

map calculated using the anomalous difference in the λ2 dataset is shown in Fig. 3.8.3(b) and 

is compared to the Patterson map obtained from the dispersive differences between the λ2 

and λ1 datasets (Fig. 3.8.3(c)). Both Pattersons are in agreement with the isomorphous 

difference Patterson (Fig. 3.8.3(a)) and indicate the presence two mercury sites, positioned at 

(-3.74, 0, 12.48) and (45.29, 10.21, 56.94), or at their centrosymmetrically-related positions. 

Preliminary refinement of the heavy atom parameters was carried out for the original and 

inverted pairs and produced maps which were quantitatively similar, having overall figure of 

merit (FOM) values of 0.34 in both cases. The correct set of heavy atom positions and related 

phase angles was determined by density modification of the experimental maps using the 

solvent flipping procedure (Abrahams and Leslie, 1996) with an estimated solvent content of 

60 %. The density-modified map originating from the original set of heavy atom positions 

showed visible structural features and a clearly defined boundary between protein and 

solvent, in contrast to the map obtained from the inverse set. Two additional mercury sites, 

located at (47.73, 3.22, 21.15) and (15.65, 6.63, 36.63), were identified from anomalous 

difference Fourier maps. Subsequent refinement of all four sites resulted in a slight phase 

improvement as indicated by an increase in the overall FOM to 0.36. At this stage, model 

building into density-modified maps was initiated (Fig. 3.8.6), resulting in preliminary 

placement of approximately 200 main-chain residue coordinates. Map interpretation and 

model building is presently underway. 

 

3.8.5 Primary structure analysis 
An initial search of the RelS1-385 amino acid sequence for known motifs defined by 

the PROSITE dictionary of protein sites and patterns resulted in no significant matches. A 

supplementary search which allowed for single-site mismatches detected a potential 

ATP/GTP-binding site (P-loop) motif situated in residues 104GVTKLGKV111. The RelS 

sequence differs from the canonical P-loop motif, (A,G)X4GK(S,T), only in the last position 

where a Val resides rather than the standard Ser or Thr (such as the conserved Thr-25 in EF-

Tu). Thus, it is possible that RelS contains a modified P-loop with an alternative or non-

existent Mg2+-binding site. Interestingly, adenylate kinase also contains a deviation in the P-

loop pattern at the last position: a Gly is found instead of Ser or Thr. 
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Fig. 3.8.6  Preliminary structural features of RelS1-385. (Top) Initial skeleton of the unit cell 
derived from MAD phases after solvent flattening, representing areas with strong density
(>3σ) and good connectivity. (Bottom) Stereoview showing a representative sample of the 
experimental electron density map (1σ) after solvent flattening. The map is of sufficient 
quality to allow the identification of secondary structure elements such as α-helices, which 
are currently being modeled into the density. 
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4.  DISCUSSION 
 

4.1 Implications for the GTPase mechanism from the wild-type EF-

Tu·GppNHp and EF-Tu·GppCH2p complexes 
 

Hydrolysis of GTP by EF-Tu and other GTPases is postulated to occur via an SN2 in-

line attack of the γ-phosphate of GTP by a nearby water molecule or hydroxylate anion 

(Webb and Eccleston, 1981; Eccleston and Webb, 1982; Feuerstein et al., 1989). The original 

high-resolution structure of EF-Tu in complex with a Mg2+ ion and GppNHp found an 

isolated, well defined water molecule (H2O-411) located 3.4 Å from the P atom of the γ-

phosphate and positioned in-line with the Nβ-Pγ bond (Berchtold et al., 1993). A similarly 

positioned water molecule has been found in the active structures of other GTPases, and it is 

generally well accepted that this water molecule performs the nucleophilic attack during the 

hydrolysis mechanism.  In EF-Tu, H2O-411 is shielded from bulk-solvent by the hydrophobic 

side-chains of Val-20 and Ile-61, a condition that may augment its nucleophilicity 

(Hilgenfeld, 1995b). This water is held in position through extensive interactions, donating 

hydrogen bonds to the O3 atom of the γ-phosphate and the main-chain CO group of Thr-62, 

and accepting hydrogen bonds from the main-chain NH groups of Gly-84 and His-85. The 

additive stability that these interactions impart is notably reflected in the very low B-factors 

observed for H2O-411 in the complexes (13.2 Å2 and 15.1 Å2 respectively, for the GppNHp 

and GppCH2p complexes), which are amongst the lowest of the atomic thermal factors to be 

assigned in these structures. This observation suggests H2O-411 has a very low degree of 

mobility, and any residual movement towards the Pγ atom is undetectable in our structures. 

One of the leading questions facing GTPase research in recent years is the nature of 

the general base, if any, that could activate the nucleophilic water molecule and thus initiate 

the GTPase reaction (Hilgenfeld, 1995b; Hilgenfeld et al., 2000). Early structural studies of 

the related p21ras led to proposals that the highly conserved Gln-61 residue could fulfill this 

function, due to its close proximity to the nucleophilic water molecule (Pai et al., 1990). 

These proposals were supported by biochemical evidence, which found that mutations in this 

residue led to depleted intrinsic and GAP-stimulated GTPase activity and were therefore 

transforming (Der et al., 1986; John et al., 1988). However, this postulation was contested by 

subsequent biochemical studies which chemically engineered a substantially weaker “nitro-
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glutamine” base in this position, resulting in a relatively undisturbed GTPase activity (Chung 

et al., 1993). The homologous residue to Gln-61 in EF-Tu is the invariant His-85, which has 

also been shown to play an important role in GTPase activity (Zeidler et al., 1995; Scarano et 

al., 1995). In the current structures of wild-type EF-Tu in complex with GppNHp and 

GppCH2p, however, the imidazole group of His-85 is solvent exposed and located 

approximately 5.8 Å from the nucleophilic water molecule. Moreover, its Nδ atom is in a 

position to form hydrogen bonds (~2.9 Å and ~3.1 Å, respectively) with the main-chain NH 

groups of Ala-86 and Asp-87 (Fig. 1.2, Introduction), in conflict with previously published 

structures of active EF-Tu (Berchtold et al., 1993; Kjeldgaard et al., 1993). As components of 

the ‘Switch II’ motif, these residues are situated in a loop region (‘switch-loop’) which 

donates multiple main-chain hydrogen bonds to the γ-phosphate and H2O-411. Thus, the 

hydrogen bonding interactions between His-85, Ala-86 and Asp-87 could be interpreted as 

providing additional elements of stability to this important region in the GTP-bound 

structure. Such an arrangement would presumably hinder His-85’s capacity to approach the 

nucleophilic water molecule and perform a general-base role as an early step in the intrinsic 

GTP hydrolysis reaction. Furthermore, any maneuver towards H2O-411 would be sterically 

impeded by the so-called ‘hydrophobic gate’ comprised of the highly conserved residues Val-

20 and Ile-61, whose low crystallographic temperature factors imply a significant degree of 

rigidity (Hilgenfeld, 1995b). 

In estimating the probability of a general-base role, a requisite series of finely 

orchestrated and energy-tasking molecular movements by His-85 and the hydrophobic-gate 

need to be considered. The aforementioned hydrogen bonds to Ala-86 and Asp-87 must be 

broken, and the hydrophobic-gate would have to be breached in order to place His-85’s Nδ 

atom within catalytic range: the latter action would presumably require a 60º-80º rotation of 

His-85’s Cα-Cβ bond in addition to an approximate 180º flip of the imidazole ring. 

Considering the very low temperature factors in this region, the successful execution of such 

movements is likely to be remote, at least when considering the intrinsic GTPase mechanism 

of EF-Tu. In the case of the ribosome-stimulated GTPase mechanism, however, a more 

elaborate set of possibilities arises. One member of the hydrophobic-gate, Ile-61, is located in 

the presumptive ‘effector region’ of EF-Tu, a region purported to interact directly with the 

ribosome upon EF-Tu docking. Thus, dramatic rearrangements of the kind just mentioned 

may indeed occur. Another proposal stemming from the structure analysis of active Thermus 
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aquaticus EF-Tu had previously suggested a ‘catalytic-triad’ mechanism reminiscent of 

serine proteases, involving residues His-85, Asp-87, and the nucleophilic water molecule in 

place of the catalytic serine residue (Kjeldgaard et al., 1993). Subsequent mutational studies 

on the homologous Asp-86 in E. coli EF-Tu, however, have refuted this postulation (Knudsen 

and Clark, 1995). 

Crystal structures of Gα subunits in complex with GDP and fluoroaluminates, 

presumed to mimic the transition-state, have helped to elucidate several details of the GTP-

hydrolysis mechanism in this family of GTPases (Sondek et al., 1994; Coleman et al., 1994; 

Tesmer et al., 1997). In these structures, the analogue of the pentacoordinate intermediate is 

stabilized in cis by two highly conserved residues (Arg-178 and Gln-204 in Giα1), as 

exemplified in Fig. 4.1. A similar situation was found in the crystal structures of the Ras-

rasGAP and Rho-rhoGAP complexes with transition-state analogues (Scheffzek et al., 1997; 

Rittinger et al., 1997), however in both cases it was found that the crucial Arg residue, the 

Fig. 4.1  Crystal structure of Gia1 in 
complex with GDP·Mg2+·AlF4

- (Coleman 
et al., 1994). AlF4

- is presumed to mimic 
the charged transition state during the 
phosphoryl transfer step of the GTPase 
mechanism. The essential catalytic 
residues, Gln-204 and Arg-178, are shown. 
Hydrogen bonds are depicted as thin 
dashed lines. Covalent interactions with 
the AlF4

- moiety are rendered as thick 
dashed lines. 
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so-called ‘arginine finger’, is donated in trans by the GAP subunits. Based on these 

observations, it was proposed that the arginine and glutamine residues each play a role in 

catalysis. The arginine is thought to stabilize the developing negative charge on the γ-

phosphate, while the glutamine polarizes and orients the nucleophilic water molecule.  

The failure of fluoroaluminates to block the intrinsic and ribosome-stimulated GTPase 

of EF-Tu (Mesters et al., 1993), have cast some doubt on the universality of the GTP 

hydrolysis mechanism in GTPases. For Ras, NMR spectroscopic data, pH activity profiles 

and a Brønsted analysis point to a general base with a pKa near to 3 (Schweins et al., 1995, 

1996; Schweins and Warshel, 1996). This observation suggests, along with theoretical studies 

(Schweins et al., 1994), that the γ-phosphate of GTP itself extracts a proton from the 

attacking water molecule. Nevertheless, a conflicting mechanistic interpretation has arisen 

(Mildvan, 1997), whereby the above experimental findings (Schweins et al., 1996; Schweins 

and Warshel, 1996) are speculated to have resulted not from a deprotonation step but rather 

from cooperative stabilizing interactions between surrounding cationic residues and the γ-

phosphate, which progressively strengthen with increasing basicity of the nucleotide. 

Unfortunately, the instability of EF-Tu below pH 6.5 prevents similar linear free energy 

relationship (LFER) experiments to be carried out (Schweins et al., 1996). 

 

4.1.1 Fractional bond order in the ‘ground state’ 
Based on the crystal structures of various GTPases trapped in their presumptive 

transition state configurations (Sondek et al., 1994; Coleman et al., 1994; Tesmer et al., 1997; 

Scheffzek et al., 1997; Rittinger et al., 1997), it is generally believed that the mechanism of 

substrate hydrolysis is largely associative. On the other hand, it has been demonstrated that in 

enzyme-free aqueous solution, GTP hydrolysis occurs via a dissociative mechanism 

(Maegley et al., 1996). The two mechanistic alternatives are displayed in Fig. 4.2. In a 

dissociative mechanism, the bond to the leaving group of the reaction, GDP, would be largely 

broken before formation of the bond between the incoming nucleophile (H2O-411) and the γ-

phosphorus atom. The resulting transition state of this reaction would be trigonal planar 

(metaphosphate-like). In an associative mechanism, the bond to the nucleophile would be 

formed before the bond to the leaving group is broken. This would result in a pentacovalent, 

trigonal-bipyramidal transition state. It should be noted that in a transition state of the latter 

type, there would be an increase of negative charge compared to the ground state, whereas a 
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dissociative mechanism would lead to a reduction of charge in the transition state (Fig. 4.2). 

As a consequence, different modes of transition state stabilization are required, depending on 

the ionic character of the intermediate. Residues in EF-Tu which may stabilize the transition 

state in the intrinsic and ribosome-catalyzed GTPase reactions remain to be identified.  

Prior to making any further mechanistic considerations for EF-Tu, a lower limit 

defining the associativity of the transition state should be established. From a structural 

perspective, this can best be obtained by measuring the reaction coordinate distance between 

the incipient oxygen atom of the nucleophile and the phosphorus undergoing substitution in 

the ground state of the enzyme-substrate complex. From this, a lower limit of the fractional 

bond number (Pauling, 1960) between the nucleophile and the γ-phosphorus can be 

established, thus allowing an assessment of the minimal fractional associativity of the 

intrinsic GTPase mechanism. According to Pauling (1960), the fractional bond number (n) of 

a reaction is given by D(n) = D(1) - 0.60 log(n), where D(1) is the single-bond distance, 1.73 

Fig. 4.2  Dissociative and associative extremes from the continuum of possible transition
states during the GTPase mechanism. GDP is represented by ‘OR’. The dissociative
intermediate (top) is distinguished by bond cleavage between the transferred phosphoryl 
group, the incoming nucleophile and the leaving group GDP. This results in the formation
of a metaphosphate-like species, characterized by a single negative charge and two full 
double bonds to the non-bridging phosphoryl oxygens of the central phosphoryl group. In 
contrast, the associative intermediate (bottom) is distinguished by bond formation between
the γ-phosphorus atom and the incoming and outgoing groups, thus resulting in a trigonal-
bipyramidal species. This increase in combined bond order results in the development of
three negative charges on the transferred phosphoryl group. 
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and 1.63 Å for P—O and P—N bonds, respectively, and D(n) is the observed length between 

the atom undergoing substitution and the incoming nucleophile (or the outgoing leaving 

group). Using this approach, a true SN2 reaction can be classified as 50% associative (in the 

transition state, n = 0.5) (see Mildvan (1997) for a thorough discussion). Assuming that 

GppNHp and GppCH2p are good analogues of GTP, the reaction coordinate distance in the 

ground state of the wild-type EF-Tu·GTP complex is estimated to be 3.3-3.4 Å, indicating 

molecular contact between H2O-411 and the γ-phosphorus. Also assuming that the only 

movement occurring during the reaction is that of the transferred phosphoryl group toward a 

symmetrical position between H2O-411 and the leaving β,γ-oxygen of the scissile bond, the 

corresponding distance from the transition state P-atom to the entering and leaving oxygens, 

D(n), would be approximately 2.5 Å each, indicating a mechanism that is at least 5% 

associative. Such a transition state would have significant negative charge accumulation on 

the β,γ-oxygen and a net reduction of negative charge on the [PO3] moiety. However, it 

should be emphasized that the associativity of the reaction could be further enhanced via 

active site compression during the course of the reaction, or by development of an 

asymmetric, product-like transition state. These are particularly realistic expectations in the 

case of small ras-like GTPases and Gα proteins, both of which possess a catalytic Gln side-

chain in the active site that has a large propensity to move and hence influence the 

positioning of the nucleophilic water. This has indeed been seen in the crystal structures of 

several ‘transition state’ complexes (Sondek et al., 1994; Coleman et al., 1994; Tesmer et al., 

1997; Scheffzek et al., 1997; Rittinger et al., 1997). 
 

4.1.2 Asp-21 and its potential as a general acid 
Nucleotide binding in GTPases is largely governed by three highly conserved 

sequence/structure motifs that cooperatively comprise the GTP-binding motif (Dever et al., 

1987) and are highly conserved throughout the superfamily (Bourne et al., 1991). The 

defining structural properties of these motifs in guanine nucleotide binding have been 

reviewed in detail elsewhere (Kjeldgaard et al., 1996), however one such motif will be 

discussed here as it applies to the current research. The first sequence element, 

(G/A)xxxxGK(S/T), is not only found in GTP-binding proteins but also in proteins that 

interact with other purine nucleoside triphosphates (Walker et al., 1982). In EF-Tu and 

related elongation factors, this motif generally follows the sequence 18(G/A)HVDxGK(S/T)25. 

It is often termed the glycine-rich loop, or more appropriately, the phosphate-binding loop (P-
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loop), since it virtually circumnavigates the phosphate region of the nucleotide, providing a 

molecular scaffold which both complements and influences phosphate group topology. This 

scaffold is replete with positive charges: with the exception of the Mg2+ cofactor, the most 

substantial charge contributions are provided to the phosphate groups via main chain NH 

groups, as well as side-chain donations in the case of Lys-24. A notable exception to this 

pattern is the negatively charged carboxylate group of Asp-21, which is in close proximity to 

and (in the EF-Tu·GppNHp complex) interacts directly with the phosphate moieties. The 

placement of the carboxylate side-chain of Asp-21 within hydrogen bonding distance of the 

β-γ bridging group of GppNHp, as seen in the ‘closed’ conformation of the EF-Tu·GppNHp 

complex raises attractive hypotheses about a ‘general acid’ role in the EF-Tu GTPase 

mechanism (Fig. 4.3). Asp-21 is highly conserved in elongation factors, although it lacks a 

similar counterpart in the small ras-like GTPases. The analogous residue in the heterotrimeric 

G-proteins is found to be a highly conserved Glu residue. A similar general acid mechanism 

has been established for another category of phosphoryl transferase enzymes, the protein 

tyrosine phosphatases (Zhang et al., 1994; Denu et al., 1995). In this group of enzymes, 

cleavage of the phosphoester bond is initiated by a highly conserved Asp residue which acts 

as a general acid, protonating the bridging oxygen atom of the tyrosine leaving group. In EF-

Fig. 4.3 Possible pre-transition state 
pathways for dissociative GTP 
hydrolysis catalyzed by EF-Tu. (a) 
General-acid catalyzed hydrolysis of 
GTP. Asp-21 transfers a proton from 
the proximal water molecule (H2O-
473) of the water channel directly to 
the β,γ-bridging oxygen (Oβ) of GTP, 
which would be highly indicative of a 
dissociative mechanism. 
(b) Two-water mechanism involving 
protonation of the γ-phosphate 
through the water chain prior to 
nucleophilic attack by the active-site 
water, H2O-411. Very likely, the 
proton originating from the water 
chain is immediately transferred to the 
β,γ-bridging oxygen (Oβ), thereby 
facilitating the dissociation of the 
leaving group GDP. 
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Tu, Asp-21 could perform an analogous role by protonating the β,γ-bridging group oxygen 

atom of the leaving group, GDP. 

 

4.1.3 Substrate-assisted catalysis: proton-shuttle mechanisms merge at a three-way 

junction  

Identification of water networks associated with the γ-phosphate in various GTPases 

has prompted a variety of ‘substrate-assisted catalysis’ proton transfer hypotheses (Maegley 

et al., 1996; Schweins et al., 1996; Coleman and Sprang, 1999; Scheidig et al., 1999). The 

hypotheses differ primarily as a result of assumptions made regarding the degree of 

associative character present in the transition state during catalysis, although as of yet the 

exact covalent structure of the transition state is not known and even the concept of substrate-

assisted catalysis in GTPases remains controversial (Hilgenfeld, 1995b; Mildvan, 1997). In 

EF-Tu, the discovery of an additional γ-phosphate-coordinated and presumably non-

nucleophilic water molecule, H2O-473, consolidates yet another common structural and 

possibly catalytic element to be observed in the three major classes of GTPases. Thus, the 

substrate-assisted catalysis mechanisms previously proposed for p21ras and Giα1 may also 

hold true for EF-Tu. For example, the identification of a water network connecting bulk-

solvent to the γ-phosphate evokes speculation about the potential catalytic involvement of 

H2O-473 in the GTPase mechanism. One possibility is that H2O-473 rather than the 

nucleophilic water (H2O-411) undergoes deprotonation by GTP in a substrate-assisted 

catalysis mechanism (Fig. 4.3). In such a proton transfer mechanism the side-chain of Asp-21 

could assist by arranging the water molecules in the channel into a constellation which would 

ensure efficient proton transfer from exterior solvent. A multiple-water substrate-assisted 

catalysis mechanism that shares some basic principles with the above notion and involves a 

homologous water molecule has been contemplated recently for the related ras-like proteins 

(Scheidig et al., 1999), although it should be emphasized that this subfamily lacks a residue 

homologous to Asp-21 in EF-Tu. 

If protonation of the γ-phosphate is a necessary catalytic step in the EF-Tu GTPase 

mechanism, one should contemplate the quantitative aspects of such a role. In a 

predominantly associative mechanism, protonation of the γ-phosphate would help to reduce 

the negative charge build up on the γ-phosphate oxygens, thereby lowering the activation 

energy of the transition-state. Additionally, this step would assist catalysis by effectively 
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neutralizing negative charge on the γ-phosphate in the pre-transition state and reducing the 

repulsive electrostatic barrier encountered by an attacking nucleophile. In a highly 

dissociative mechanism, however, protonation of the γ-phosphate would be anti-catalytic 

since it would hinder negative charge migration towards the γ-phosphorus atom and prevent a 

metaphosphate-like species. It would be more reasonable to expect that in the dissociative 

case, protonation of the γ-phosphate would be followed by proton transfer from the γ-

phosphate to the β-γ bridging oxygen (Fig. 4.3), analogous to the established pathway for 

non-enzymatic hydrolysis of GTP in solution (Maegley et al., 1996). If an analogous two-step 

proton transfer event were to occur in the EF-Tu catalyzed reaction, a net positive charge 

build-up would be expected to occur on the protonated bridging oxygen in the transition-

state, although one should note that the hydrogen bond between the β-γ bridging oxygen and 

the backbone NH of Asp-21, which has a strong NMR shift (Redfield and Papastavros, 1990; 

Lowry et al., 1991; Limmer et al., 1992), would presumably hinder the development of this 

charged species. In the event of a fully dissociative metaphosphate intermediate being formed 

during the hydrolysis reaction, protonation of the bridging oxygen would not lead to positive 

charge accumulation since the bond to the GDP leaving group would be completely severed. 

The occurrence of a metaphosphate intermediate in the EF-Tu reaction, however, appears to 

be improbable based on the ground state reaction coordinate distance (~3.3 Å), which would 

have to widen to ≥4.9 Å in order to fulfill the criteria of a fully dissociative species. The 

lower limit value of 4.9 Å is derived by adding a value of 1.6 Å to the van der Waals contact 

distance between the γ-phosphorus and the entering oxygen of H2O-411 (3.3 Å). The value of 

1.6 Å is the distance by which the leaving oxygen of GDP must increase as its covalent 

bonding distance to the γ-phosphorus (1.7 Å) expands to a van der Waals contact distance 

(3.3 Å). It then follows that the role of Asp-21 may be to position its side-chain so as to 

stabilize positive charge accumulation on a protonated β,γ-bridging group oxygen in the 

transition-state. In the Giα1·GppNHp complex (Coleman and Sprang, 1999), the discovery of 

a water which shares spatial homology to H2O-473 in EF-Tu (coordinated to the γ-phosphate 

and to a highly conserved Glu residue homologous to EF-Tu’s Asp-21), has led to proposals 

that this secondary water may act as the ultimate proton acceptor from the attacking 

nucleophilic water. Likewise in EF-Tu, coordination to Asp-21 may effectively increase 

H2O-473’s basicity, introducing the possibility of an analogous proton-shuttle pathway from 

H2O-411 to H2O-473 via the γ-phosphate. Alternatively, as has already been pointed out 
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(Mildvan, 1997), there may be no proton transfer mechanism at all. Rather, Asp-21 and H2O-

473 may have a role in enzymatic catalysis via transition state stabilization by serving in 

tandem as an equatorial ligand. This prospect is supported by a comparative analysis of the 

wild-type EF-Tu·GppXp structures with the coordinates of Giα1 in complex with AlF4
- and 

RGS4 (Tesmer et al., 1997), which clearly demonstrates a strong spatial homology between 

the positions of Asp-21·H2 O-473 of EF-Tu and the catalytic Arg-174 of Giα1.  

 

4.1.4 Factors mediating differential substrate analogue affinities 
Wagner et al. (1995) have demonstrated that GppNHp and GppCH2p bind to T. 

thermophilus EF-Tu with approximate 2-fold and 3-fold weaker affinities, respectively, than 

GTP (Kd GTP= 29 nM). The slightly weaker binding of GppCH2p prompted a structural 

examination of the underlying causative factors. The overall mode of EF-Tu binding to the 

guanylate moiety is, within experimental uncertainty, identical in the GppNHp and GppCH2p 

complexes. This allows the discrimination in binding affinity to be mainly ascribed to 

differences associated with the terminal pyrophosphate moieties. Of particular interest in 

comparing the binding affinities are the differences associated with the β,γ-bridging group –

O– of GTP with –NH– and –CH2– of the respective analogues. When –NH– is present, a 

possible hydrogen bond is formed with the backbone amide of Asp-21, although substitution 

by –CH2– would preclude a similar interaction from taking place. It should be noted, 

however, that this hydrogen bond was not detected by NMR methods in the EF-Tu·GppNHp 

complex, in contrast to the GTP complex which showed a strong interaction (Limmer et al., 

1992). A weaker interaction may nevertheless be present in the case of bound GppNHp, and 

lack of this hydrogen bond in the GppCH2p complex is thus one factor which may contribute 

to the lower binding energy of GppCH2p relative to GppNHp. A more significant hydrogen-

bond contribution occurring exclusively in the GppNHp complex is that between the 

carboxylate of Asp-21 in its ‘closed’ conformation and the bridging –NH– group of GppNHp, 

however this interaction occurs at the expense of the water-mediated bonding (via H2O-473) 

to the γ-phosphate. Thus, it is plausible that the most significant influence on binding affinity 

can be attributed to different entropic effects in the two complexes. As judged by the different 

crystallographic thermal factors observed for the analogues and surrounding atoms, coupled 

with the obvious dynamics exhibited in the EF-Tu·GppNHp active site, a reduced state of 

entropy present in the GppCH2p binding pocket would come at the cost of a lower observed 
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substrate analogue affinity (Jencks, 1997). The presence of an additional water molecule in 

the GppCH2p complex (H2O-482) may also account for a weaker affinity by lowering the 

entropy of binding. For example, the presence of a single ordered water at the protein–ligand 

interface was shown to reduce ligand (antibiotic) affinity by ~40-fold in a resistance mutant 

of DNA gyrase (Holdgate et al., 1997). 

 

4.1.5 Further considerations 
The dynamics observed for Asp-21 are particularly noteworthy since although being 

an extremely well conserved residue, it has never before been considered a critical residue in 

catalysis. Its visible sensitivity towards the polarity of the β,γ-bridging group, along with its 

ability to move, indeed suggest a potential role for this residue in catalysis. Besides the 

possible roles already mentioned, its dynamic movement as observed in the GppNHp 

complex draws further implications which should also be considered. 

 

4.1.5.1  Active site contraction around the substrate 

By moving into the ‘closed’ conformation in the EF-Tu·GppNHp structure, the side-

chain carboxyl of Asp-21 induces compression of the substrate, driving the β- and γ-

phosphates toward the cationic substructure supporting the opposite surface of the nucleotide 

(Figure 3.1.2). Hence, a significant reduction of the interatomic distance occurs between 

these phosphates and several of the surrounding cationic ligands. Based on the architecture of 

the active site and the direction of the movement, it appears the β (PO2
-) moiety undergoes 

the largest degree of compression since it is pushed towards the Mg2+ ion, the ε-amino group 

of Lys-24 and the main-chain NH groups of Lys-24 and Thr-25 (see Fig. 3.1.7). In the EF-

Tu·GTP complex, these developing electrostatic interactions would induce extraction of 

negative charge from the β- phosphorus atom of GTP. This migration of charge would be 

accompanied by electron withdrawal from the β,γ-bridging oxygen, thereby weakening or 

partially breaking the scissile bond between the β,γ-bridging oxygen and the γ-phosphorus. In 

full support of this notion, recent time-resolved FTIR studies of the GTPase reaction in p21ras 

have found an atypically low vibrational frequency in the β (PO2
-) of Ras-bound GTP (Cepus 

et al., 1998) indicating a particularly strong interaction between the surrounding reaction 

center and the β-phosphate (although it should be mentioned that Ras lacks a counterpart to 

Asp-21 in EF-Tu).  
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4.1.5.2  Evidence for Jenck’s Circe effect? 
Mobility of Asp-21 as seen the EF-Tu·GppNHp complex may accomplish ground-

state destabilization of the substrate in a manner consistent with the ‘Circe effect’ as 

hypothesized by Jencks (1975). That is, hydrolysis of GTP may be accomplished by 

electrostatic repulsion between the γ-phosphate of GTP and the vicinal carboxylate group of 

Asp-21. In such a mechanism, the backbone NH of Asp-21 is correctly placed to interact with 

the developing negative charge on the bridging group. In support of this role, NMR studies 

on EF-Tu (Lowry et al., 1991; Limmer et al., 1992) and p21ras (Redfield and Papastavros, 

1990) have indicated a particularly strong hydrogen bond between the β,γ-bridging oxygen of 

GTP and the backbone NH at this position. Recent publications have implicated a similar 

catalytic strategy of ground-state destabilization in the reaction mechanism of orotidine 5'-

monophosphate decarboxylase (Wu et al., 2000; Rishavy and Cleland, 2000), which utilizes a 

conserved Asp residue to electrostatically displace the substrate carboxyl group. 

 

4.1.6 Which is the better analogue of GTP? 
As has been demonstrated by our structural investigations into the presumptive 

ground-state Michaelis complexes of EF-Tu with these widely used GTP analogues, the 

resulting mechanistic interpretations diverge dramatically depending on the nucleotide 

utilized. This study has emphasized the importance of examining the possible roles of Asp-21 

in catalysis, stabilization of the GTP conformation and interaction with EF-Tu’s cellular 

partners. Mutational studies of this residue are now needed to settle these issues. The obvious 

differences in EF-Tu’s behavior relative to the properties of its bound GTP analogue calls for 

a reappraisal of each analogue’s ability to truly represent the natural substrate. Clearly, 

neither GppNHp nor GppCH2p are perfect in mimicking the geometry, electrostatics and 

hydrogen-bonding potential of GTP at the β,γ-bridging position. Although another regularly 

used GTP analogue, GTP-γS, ameliorates these incongruities at the β,γ-bridging position, 

serious doubts have also been raised about its capacity to adequately represent GTP in Gα 

proteins (Coleman and Sprang, 1999) and in small G proteins (Cherfils et al., 1997). Rather, 

the usage of GppNHp has been heralded as a better alternative in Gα research (Coleman and 

Sprang, 1999). Similarly, Scheidig et al. (1999) have proposed GppNHp to be a good 

analogue of GTP in p21ras. In the field of elongation factor research, however, this issue 

remains moot, at least until the structure of the natural EF-Tu·GTP complex is resolved. More 
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importantly, the ability of GTP analogues to elicit correct, or at least unbiased, functional 

properties in EF-Tu and related proteins should continue to remain in question. The 

considerable deviations that are observed in the two wild-type complexes could significantly 

alter the behaviour of the protein. For example, EF-Tu·GppNHp has been found to exhibit 

modified properties with respect to its interactions with ribosomes (Girbes et al., 1976) and 

tRNA (Förster et al., 1994; Nazarenko et al., 1994) as compared to EF-Tu·GTP.  
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4.2 Mechanistic insights from the hydrophobic gate mutants 
 

The intrinsic GTPase rate of wild-type EF-Tu proceeds at 0.040 min-1, an activity 

which is enhanced ~1.5–fold in the Ile61Ala and Val20Ser mutants (Rütthard, 1999; Sprinzl 

et al., 2000). This is a subtle enhancement when compared to the ribosome-triggered GTPase 

activity (~105–fold stimulation) during EF-Tu–mediated binding of cognate aa-tRNA to the 

A-site (Pape et al., 1998). Nevertheless, the mutant structures were examined in detail since 

the underlying structural contributions to their enhanced catalytic rates could conceivably 

share common principles with the ribosome-stimulated mechanism. 

 

4.2.1 His-85 is not involved in rate enhancement 
Although the mutants were constructed to test whether His-85 had the propensity to 

penetrate the hydrophobic gate upon partial gate opening, such activity was not observed. On 

the contrary, its imidazole group appears to remain fixed, interacting with the main-chain 

amide groups of Ala-86 and Asp-87 in an identical fashion to that observed in the wild-type 

complexes. It is suggested on this basis that His-85 does not play a direct role in the enhanced 

catalytic activities of the hydrophobic gate mutants. 

 

4.2.2 Evidence for potential transition state stabilization 
 Both mutants appear to exhibit enhanced substrate stabilization via interactions 

between surrounding ligands and the O3 oxygen of the γ-phosphate. In the case of the 

Ile61Ala mutant these stabilizing interactions are provided by H2O-473 and Asp-21. The 

strength of this interaction in the Ile61Ala mutant is reflected in the dominance or exclusivity 

of the ‘open’ conformation, which is in contrast to the alternative conformational states 

visualized in the wild-type counterpart. The Val20Ser mutant, on the other hand, does not 

display a comparably strong H2O-473·Asp-21 interaction with the γ-phosphate as seen in the 

Ile61Ala structure, but this is compensated by a hydrogen bond provided directly to the O3 

moiety by Ser-20. It should be noted that in both mutants, these interactions appear to be so 

favourable that they impart a torsional rotation of the γ-phosphate, resulting in a weakening 

of the interaction between the O3 atom and the main-chain NH of Thr-62. This effect might 

in itself be rate enhancing, since the geometry of the hydrogen bond between Thr-62 and the 

O3 atom in the wild-type structures appears to favour ground state stabilization. Additional 
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ground state destabilization may be introduced by a greater degree of steric and electrostatic 

repulsion occurring between the β- and γ-phosphates in the mutants (Sections 3.2.4 and 

3.3.3). This latter proposal is supported by GTP molecular dynamics simulations, which 

showed that electrostatic force contributions between adjacent phosphate groups are strong 

enough to prevent rotations through eclipsed conformations (Cannon, 1993). 

 

4.2.3 Perturbation of the γγγγ-phosphate pKa: a trigger for substrate-assisted catalysis 

or electrostatic migration towards the GDP product? 
Besides having plausible involvement in transition state stabilization, the favourable 

γ-phosphate interactions observed in the hydrophobic gate mutants presumably alter the 

basicity of the γ-phosphate. Unfortunately, the pKa of GTP cannot be directly measured by 
31P-NMR spectroscopy because EF-Tu denatures irreversibly when titrated to a low pH 

(Schweins et al., 1996). However, based on the structural similarities between EF-Tu and 

p21ras, and the observed linear free energy relationships (LFER) established for wild-type and 

variant proteins of the latter (Schweins et al., 1996), strengthened and/or additional hydrogen 

bond contributions to the γ-phosphate in EF-Tu would presumably elevate its pKa. For p21ras, 

the established correlation between γ-phosphate basicity and GTPase activity has been the 

basis for the concept of substrate-assisted catalysis. This proposal speculates that 

deprotonation of the nucleophilic water molecule is carried out by the sole oxygen of the γ-

phosphate which is not in contact with the protein (Schweins et al., 1995). If substrate-

assisted catalysis is indeed occurring, the absence of an observed solvent isotope effect for 

the overall reaction indicates that proton uptake is not the rate limiting step (Schweins et al., 

1996). Furthermore, it should be noted that in EF-Tu all γ-phosphate oxygens are in contact 

with the protein and thus the notion of a single or multiple substrate-assisted proton transfer 

mechanism as an early step in the GTPase reaction is even less convincing.  

Indeed, results obtained by Zor et al. (1997,1998) have challenged the importance of 

substrate-assisted proton transfer. By engineering a series of GTP analogues carrying 

different substituents on the γ-phosphate, they could demonstrate that a simple hydrogen 

bond donor group in close proximity to the γ-phosphate was both necessary and sufficient to 

stimulate the GTPase reaction in wild-type, mutant and cholera-toxin modified Gsα proteins. 

These auto-catalytic GTP analogues have since been shown to rescue the GTPase activity in 

the most prevalent oncogenic Ras mutants (Ahmadian et al., 1999), suggesting this class of 
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GTP analogues may serve as potential anti-cancer drugs. Very recently, M. Sprinzl and 

coworkers have further demonstrated these compounds to be effective in stimulating the 

intrinsic GTPase activity of the His85Gln and His85Leu EF-Tu mutants to ~3.6 min-1, 90-

fold higher than the normal intrinsic GTPase rate of wild-type EF-Tu (Sprinzl et al., 2000).  

The above findings (Zor et al., 1997, 1998; Ahmadian et al., 1999) indicated that for 

p21ras and Gα, transition-state stabilization by the catalytic Gln (Fig. 4.1) is an important 

feature of the GTPase reaction. Perhaps most importantly, it was shown that a simple 

hydrogen-bond donor function was sufficient to stimulate the hydrolysis reaction, since 

analogues bearing either a free amino or hydroxyl group near the γ-phosphate were catalytic 

(Zor et al., 1998). Evidence continued to mount in favour of a crucial hydrogen-bonding role 

with determinations of the mode of action for intracellular toxins such as the E. coli cytotoxic 

necrotizing factors (CNFs) (Schmidt et al., 1997; Flatau et al., 1997) and the Bordetella 

bronchiseptica dermonecrotizing toxin (DNT) (Horiguchi et al., 1997). In all cases, these 

Rho-specific toxins were found to deamidate the catalytic Gln, producing constitutively 

activated Rho that is incapable of hydrolyzing GTP. Seeking an explanation for its 

indispensability, Ahmadian et al. (1999) suggested the catalytic Gln serves as a hydrogen 

bond donor to help stabilize negative charge accumulation on the transferred phosphoryl 

group in the transition state. Nevertheless, theories implicating a hydrogen-bond donor role 

by the catalytic Gln still fail to clarify how replacement of Gln-61 with Glu results in 

increased intrinsic and decreased GAP-stimulated GTPase rates in p21ras (Frech et al., 1994). 

Furthermore, replacement of Gln-61 by nitroglutamine, which lacks the capacity to donate 

hydrogen bonds, fails to disable intrinsic and GAP-stimulated GTPase activity (Chung et al., 

1993). Clearly the mechanism of GTP hydrolysis remains poorly understood. 

Several observations made in the structures of the hydrophobic gate mutants of EF-Tu 

hint that the placement of different polar or ionic groups around the γ-phosphate may either 

attenuate or amplify positive charge migration towards the β-phosphate. The nonenzymatic 

hydrolysis of GTP, being highly dissociative, involves migration of negative charge from the 

γ- to the β-phosphate groups (Admiraal and Herschlag, 1995; Maegley et al., 1996). GTPases 

could influence this shift by moving interacting positive charges in the same direction, that is, 

by rearranging their dipoles and charges in a way that is equivalent to the motion of positive 

charge toward the β-phosphate. This concept was briefly discussed by Muegge et al. (1996) 
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for p21ras while deriving structural correlations between GTP/GDP binding affinities and 

calculated electrostatic energies.  

How could GTPases such as EF-Tu utilize electrostatic migration to destabilize the 

GTP ligand and shift the equilibrium during the hydrolysis reaction towards the GDP 

product? In the hydrophobic gate mutants, the accumulation of secondary Mg2+-coordination 

ligands suggests this charge potential could be relayed through the Mg2+ ion. Although the 

precise role of Mg2+ in the GTPase mechanism is still something of an enigma, all GTP-

binding proteins have an absolute requirement for a divalent cation, usually Mg2+, as a 

cofactor in the enzymatic reaction. With p21ras, mutations of the three residues that 

participate in Mg2+ coordination result in a decreased intrinsic and GAP-stimulated GTPase 

activity (John et al., 1993). Similar findings were obtained from mutational analyses of EF-

Tu (Ahmadian et al., 1995; Krab and Parmeggiani, 1999a, 1999b).  It has also been shown 

that replacement of Mg2+ by Mn2+ increases the GTPase rate several-fold in EF-Tu 

(Wittinghofer and Leberman, 1979; Leupold et al., 1983; Ivell et al., 1981) and p21ras 

(Schweins et al., 1997). The literature contains numerous reports implicating electrostatic 

regulation by metal cofactors such as Mg2+ as a mode of enzymatic function throughout 

biology. For example, in previous crystallographic studies of enolase in complex with Mg2+, 

the metal geometry was reported to exist both in an octahedral (Wedekind et al., 1995) and 

trigonal bipyramidal (Lebioda and Stec, 1989) configuration. The latter was postulated to 

enhance the electrophilicity of the metal ion and thus attain the high degree of polarization 

required to generate the carbanion intermediate (Lebioda and Stec, 1989, 1991; Lebioda et 

al., 1991, 1993). Another example arises from structural studies of the integrin I-domain in 

complex with Mg2+ (Lee et al., 1995a) and Mn2+ (Lee et al., 1995b), which demonstrated how 

changes in metal ion electrophilicity could regulate conformational movements in the protein 

between its active and inactive states. 

In the hydrophobic gate mutants of EF-Tu, migration of Tyr-47 (and H2O-482 in the 

Ile61Ala mutant) toward H2O-414 of the primary Mg2+-coordination sphere suggests H2O-

414 is in a state of enhanced polarization or even ionization. Such a condition would feasibly 

stem from an elevated degree of electrophilicity on the Mg2+, which can influence the bond 

valence of its surrounding ligands and thus alter their polarity.  According to the ‘bond 

valence model’ for cation coordination (Brown, 1987), the sum of the partial negative 

charges contributed by each ligand around a cation must equal the total cation charge. Thus, 

if a Mg2+ ion has six oxygen ligands, each of these ligands contributes a charge of –1/3. 
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However, ligands with shorter Mg2+···O distances (i.e. with a higher bond valence) contribute 

a negative charge greater in value than 1/3, while those with longer Mg2+···O distances 

contribute less than the average. In the wild-type EF-Tu·GppNHp complex, the γ-phosphate 

(at a Mg2+···O distance of 1.9 Å) displays the highest bond valence of all the 1º ligands and 

thus provides the largest charge contribution towards Mg2+ electroneutrality (Fig. 3.1.6). In 

the hydrophobic gate mutants, however, the corresponding Mg2+···O distance to the γ-

phosphate is larger and appears to be compensated by a concomitant reduction in Mg2+···O 

distances to the remaining ligands, particularly to H2O-414 and H2O-417 (Figs. 3.2.3 and 

3.3.2). Taken together, these observations form an attractive hypothesis that additional and/or 

strengthened hydrogen bonds to the γ-phosphate as observed in the hydrophobic gate mutants 

increase the pKa of GTP, effectively lowering the γ-phosphate’s overall charge and 

consequently reducing its negative charge contribution to the Mg2+ cofactor. As a result, the 

Mg2+ abstracts more net charge from the remaining primary electron donors, including the β-

phosphate, and the apparent increased polarity of H2O-414 in the hydrophobic gate mutants 

presumably reflects this fact. This shift of positive potential accompanied by extraction of 

negative charge from the β-phosphate would stimulate electron withdrawal from the β,γ-

bridging oxygen and weaken or partially break the scissile bond between the β,γ-bridging 

oxygen and the γ-phosphorus. For the activated GTPase, the catalytic Arg residue found in 

Gα proteins or supplied to ras-like GTPases by GAP subunits clearly accomplishes this shift 

of positive protein potential in the transition state by interacting directly with the β,γ-bridging 

oxygen of the scissile bond. It should be emphasized that this mechanistic model accounts for 

the fact that additional or strengthened hydrogen bonds to the γ-phosphate are not a 

prerequisite, per se, to alter its pKa and modulate a shift in positive potential through the Mg2+ 

cofactor. Longer range effects are equally plausible. As Schweins et al. (1996) have shown 

for p21ras, mutations of residues more than 10 Å from the γ-phosphate can significantly alter 

the pKa of GTP. 
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4.3 The His67Ala EF-Tu dimers 
 

4.3.1 Putative influence of Ala-67 on tertiary and quaternary structure 

Proteolysis of the switch I element is obviously a significant determinant for the 

conformational repositioning of the proteolytically derived N-terminal (PDNT) segment 

located immediately upstream from position 67. The resulting structural alterations make it 

impossible to determine any putative affects the mutation may have on the aa-tRNA binding 

pocket in intact His67Ala EF-Tu. The fact that residues 61-65 exhibit the greatest degree of 

positional deviation from wild-type EF-Tu and comprise a significant portion of the dimer 

interface suggests a possible role of the His67Ala substitution in dimer formation. This notion 

is further supported by previously determined crystal structures of proteolytically modified 

wild-type E. coli EF-Tu·GDP (Jurnak, 1985; la Cour et al., 1985; Kjeldgaard and Nyborg, 

1992), which do not display a similar architecture as His67Ala EF-Tu in the homologous 

PDNT region or in the relative arrangement of the complexed monomers. Although crystals 

of cleaved wild-type T. thermophilus EF-Tu·GDP have been previously reported (Gulewicz 

et al., 1981), structural analysis was apparently never pursued. Indeed, were a histidine 

residue to exist in this structure at position 67 and with the same side-chain conformation as 

observed in the native E. coli EF-Tu·GDP structures (Abel et al., 1996; Polekhina et al., 

1996; Song et al., 1999), a steric clash would occur with the side-chain of Asn-64.  

 

4.3.2 Thermophilic stabilization of degraded EF-Tu? 
It is not entirely clear whether His-67 could undergo a rearrangement in cleaved wild-

type EF-Tu and allow a repositioning of the PDNT segment in a similar fashion to that 

observed in the His67Ala EF-Tu structures. The rearrangement of residues 61-67 as observed 

in the latter suggests it could be possible, and if so, it is plausible that the His67Ala structures 

signify a biologically relevant dimer. The solvent accessible surface area buried by dimer 

formation (~3900 Å2), as seen in this thermophilic complex, may serve to stabilize the 

proteolyzed components of the assembly at elevated temperatures. The use of oligomeric 

interfaces to stabilize thermophilic proteins has been discussed in other publications (Perutz 

and Raidt, 1975; Sterner et al., 1996), including the EF-Tu·EF-Ts complex from T. 

thermophilus (Wang et al, 1997). A recent publication surveying the factors contributing to 

thermostability in thermophilic macromolecules has highlighted the occurrence of multiple 

intramolecular ion-pair interactions (Szilágyi and Závodszky, 2000). A total of ten 



Discussion                         

  - 106 - 

intermolecular ion-pairs are observed at the His67Ala EF-Tu dimer interface. Specific ion-

pair interactions observed in the thermophilic dimer might be unattainable in the mesophilic 

counterpart, namely two intermolecular interactions taking place between Glu-71 and Arg-

389 of each monomer. In E. coli for example, an Asp residue occurs at the position 

corresponding to Glu-71 and may be too short to effectively pair with the homologous Arg-

377. 

 

4.3.3 Chaperone-like and protein-disulphide isomerase activities of EF-Tu 
Recent biochemical experiments reporting chaperone activity by the EF-Tu·GDP 

complex (Caldas et al., 1998a) are in full agreement with the current structural results which 

demonstrate a GDP-like conformation of EF-Tu participating in polypeptide stabilization. 

Binding of the PDNT segment to EF-Tu is similar to the extended modes of substrate binding 

observed for the molecular chaperones DnaK (Zhu et al., 1996) and GroEL (Buckle et al., 

1997), involving numerous hydrophobic and hydrogen bond pairings. The binding 

interactions observed between EF-Tu and the PDNT segment are centered on Ile-63 of the 

latter, which is completely buried in a deep pocket (Fig. 3.4.1). The base of the pocket is 

afforded by the highly conserved Ala-387; interestingly, mutations of the homologous Ala-

375 in E. coli have been shown to cause kirromycin resistance (Zeef and Bosch, 1993), 

presumably by altering the domain 1-3 interface of EF-Tu·GTP (Mesters et al., 1994). Based 

on the observed PDNT binding interactions, one could propose that kirromycin resistance 

mutations at Ala-387 (i.e. to Asn, Thr or Val) would also diminish or prevent binding of the 

PDNT segment to EF-Tu·GDP. It would be interesting to assess whether such Ala-387 

mutations have a weakening effect on EF-Tu’s chaperone-like properties. 

It is important to note that the inherent flexibility of EF-Tu may allow the 

accommodation of a diverse set of extended peptides at the binding interface. In order to 

establish whether the intact form of EF-Tu·GDP would allow a similar mode of substrate 

penetration and binding, the coordinates of native E. coli EF-Tu·GDP (Song et al., 1999) 

were superimposed over those of both His67Ala EF-Tu monomers, and the regions of PDNT 

interdigitation were analyzed for steric compatibility within the intact models. On the basis of 

this analysis, it would appear that intact EF-Tu·GDP is fully compatable with peptide docking 

in this region. Moreover, residues Arg-59–Gly-60 at the tip of Switch I in uncleaved EF-

Tu·GDP could provide additional contact points for the peptide substrate without hindering 

its penetration or binding. Indeed, the tip of Switch I has been shown to display a high degree 
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of conformational flexibility in EF-Tu·GDP (Song et al., 1999). This additional element of 

binding site plasticity through local conformational adjustments at the Switch I apex may add 

further degrees of structural adaptability to substrate peptides. 

 EF-Tu has been shown to display protein-disulfide isomerase activity in vitro 

(Richarme, 1998). Although the biological significance of the protein-disulfide isomerase 

activity of EF-Tu has not been evaluated, proteins with disulfide isomerase and chaperone 

activities such as EF-Tu or DnaJ might destabilize disulfide-forming folding intermediates, 

which could appear despite the reducing environment of the cytoplasm. Although EF-Tu 

doesn’t contain the canonical Cys-X-X-Cys motif common to protein-disulfide isomerase 

active sites, it has been proposed to function in the same way as single cysteine isomerase 

mutants, by combining the properties of a highly reactive cysteine and of a peptide binding 

site associated with its chaperone properties (Richarme, 1998). These single cysteine protein-

disulfide isomerase mutants are thought to form a mixed disulfide with substrate proteins 

prior to attack by glutathione and concomitant release of the substrate protein (Walker and 

Gilbert, 1997).  

Indications that EF-Tu possesses an exceptionally reactive thiol stem from its strong 

reactivity towards Thiol-Sepharose, on which it is retained in conditions in which most 

proteins are eluted (Caldas et al, 1998b). Of the three sulfhydryl groups in EF-Tu, Cys-82 has 

been shown to react easily with thiol reagents such as DTNB, p-chloromercuribenzoate and 

N-tosyl-L-phenylalanine chloromethane (Arai et al., 1974; Jonák et al., 1982; Jonák and 

Karas, 1989; Ott et al., 1990; Anborgh et al., 1992). Crystal structure determinations of 

His67Ala EF-Tu and His85Leu EF-Tu further emphasize the reactivity of Cys-82 when 

exposed to solvent. Although this residue is buried in the intact EF-Tu·GDP and EF-

Tu·GppNHp/GppCH2p complexes, the dynamic properties of the Switch elements would 

presumably allow transient exposure of Cys-82 and thus support its potential role in disulfide 

isomerase activity.  

It should be noted that the covalent attachment of a relatively small thiol reagent such 

as β-ME to Cys-82 appears to impart a slight deviation of the Switch II helix in the vicinity of 

the modification. Based on this observation, it is suggested that Cys-82 modification by 

bulkier thiol reagents (such as those mentioned in the previous paragraph) could significantly 

alter the conformation of Switch II and thus affect the overall structural and functional 

properties of EF-Tu. This offers a probable explanation for the dramatically altered aa-tRNA 

binding properties of N-tosyl-L-phenylalanine chloromethane-treated EF-Tu (Jonák et al., 
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1982; Ott et al., 1990; Anborgh et al., 1992). The potentially drastic structural and functional 

consequences of a Switch II modification in EF-Tu are exemplified by the His85Leu EF-Tu 

mutants (Section 4.4). 

 

4.3.4 Cleavage-induced deactivation of EF-Tu’s switching assembly 
The discovery that the GDP- and GppNHp-bound His67Ala EF-Tu monomers 

exhibited the identical ‘open’ tertiary structure was unexpected, as this represents the first 

documented instance of a member of the GTPase superfamily displaying an ‘inactive’ 

conformation while bound to a GTP analogue. This finding evokes scrutiny of the causative 

factors underlying the apparent inactivation. Several lines of evidence argue against the 

conception that substitution at position 67 may have given rise to the incapacity. For 

example, the concept of an indispensable biological role for His-67 in EF-Tu is disputed by 

sequence analysis which demonstrates that His-67 is not an invariant residue. Several 

prokaryotic sequences contain an homologously located threonine residue, and the 

selenocysteine-specific elongation factor from E. coli, SelB, presents a tyrosine residue in 

this position (Hilgenfeld et al., 1996); the eukaryotic EF-1α’s often carry leucine or 

glutamine. Furthermore, the His67Ala mutant in T. thermophilus has been found to exhibit 

similar biochemical properties as the wild-type protein (S. Ribeiro, unpublished data).  

A more plausible explanation is that the non-functional switching impairment stems 

from proteolytic cleavage in the Switch I region. An overwhelming body of evidence has 

amassed over the years contributing to our functional understanding of proteolytically 

modified EF-Tu (Jacobson and Rosenbusch, 1976b; Wittinghofer et al., 1979, 1980; 

Gulewicz et al., 1981; Ott et al., 1990; Peter et al., 1990; Schirmer et al., 1991; Zeidler et al., 

1996). In consolidating all of this evidence, one finds that EF-Tu containing a nicked Switch 

I region maintains the capacity to bind GDP and GTP, has a measurable intrinsic GTPase 

activity, and can form complexes with EF-Ts and aa-tRNA. In contrast, it bears a completely 

deficient ribosome-stimulated GTPase activity. Much of the experimental results obtained 

over the past several years can now be solidified with the current structural data. 

 

4.3.4.1  Nucleotide binding and hydrolysis in cleaved EF-Tu 
The increased GTP dissociation rate observed in cleaved EF-Tu (Zeidler et al., 1996) 

is supported by the crystal structure of cleaved His67Ala EF-Tu·GppNHp, where it is 
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demonstrated that the architecture of the nucleotide-binding pocket in the vicinity of the γ-

phosphate is not sufficient to provide the necessary stabilizing interactions. Hence, the 

increased mobility of the γ-phosphate is transcended through the nucleotide and enhances its 

dissociation. A surprising observation is that cleaved forms of EF-Tu are still capable of 

sustaining intrinsic GTPase activity, a reaction which is still poorly understood but was 

previously thought to require the ‘active’ GTP-bound state of the enzyme to effect catalysis. 

It thus appears herewith that the ‘active’ conformation of EF-Tu in the traditional sense is not 

a necessary prerequisite for the intrinsic GTPase reaction. It should be noted that the disperse 

electron density observed for Switch II residues 84-86 in the His67Ala EF-Tu·GppNHp 

structure implies a heightened dynamic state in the ‘switch loop’ in response to binding of the 

γ-phosphate moiety (Fig. 3.5.2). It is speculated that these movements may involve a transient 

flipping of the peptide bond between Pro-83 and Gly-84 and corresponding rearrangements 

of Gly-84 and His-85, possibly indicative of an incipient Switch II transition toward the GTP-

bound form. It’s unfortunate that the lower resolution (~3.0 Å) of the His67Ala EF-

Tu·GppNHp complex limits the visualization of any water molecules which may be present 

in the substrate-binding pocket. 

 

4.3.4.2   Reconciling the functional attributes of Switch I mutants 
Switch I-proteolyzed EF-Tu with bound GppNHp does not display an active Switch II 

conformation. This observation suggests that the interactions occuring between Switch II and 

the triphosphate nucleotide analogue, as observed in the intact complexes (i.e. the direct 

interaction to Gly-84 NH, and the water mediated interaction to His-85 NH; see Fig. 3.1.6), 

are not in themselves sufficient to stabilize an active Switch II conformation. Thus, it is likely 

that the Switch I region plays a pivotal role in propagating the signal of GTP binding to 

Switch II and consequently to domains 2 and 3. The effectiveness of Switch I functioning 

obviously hinges on its capacity to attain an ordered state, and this idea may be extrapolated 

to account for Switch I mutants that exhibit properties resembling those of cleaved EF-Tu. 

Zeidler et al. (1996) showed that in Thermus thermophilus EF-Tu, a Glu55Leu substitution 

had no effect on the biochemical properties of EF-Tu, yet a neighbouring Glu56Ala mutation 

elicited drastic changes. A comparative assessment of the functional characteristics displayed 

by cleaved EF-Tu and Glu56Ala EF-Tu reveals interesting parallels, most notably their 

capacity to bind GTP and aa-tRNA but their inability to undergo ribosome-stimulated GTP 
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hydrolysis. Inspection of the structural assembly in the Switch I region of intact EF-

Tu·GppNHp provides an attractive explanation for this observation (Fig. 4.4). Whereas the 

side-chain of Glu-55 is solvent-exposed and doesn’t interact with any other residues, Glu-56 

appears to play a very critical role in Switch I stabilization by making multiple hydrogen 

bonds with the main-chain NH groups of Ala-53, Ile-63 and Asn-64.  By removing these 

contacts, a Glu56Ala mutation would very likely destabilize the Switch I region and 

incapacitate EF-Tu’s switching apparatus, analogous to Switch I cleavage. Further support to 

this hypothesis is provided by the observation that unlike Glu-55, Glu-56 is completely 

invariant throughout the kingdoms.  

 

4.3.4.3   Methylation and phage exclusion: convergent strategies for 

translational regulation? 
Immediately downstream from Glu-56 is Arg-57, whose guanidinium group 

participates in hydrogen bonds with the main-chain carbonyl groups of Gly-48 and Asp-51 in 

the intact structure of ‘active’ EF-Tu (Fig. 4.4). The homologous residue in E. coli, Lys-56, 

has been shown during stationary growth to undergo two-step Nε methylation by a ribosome-

associated methyltransferase producing dimethyllysine. This modification has been shown to 

attenuate ribosome-stimulated GTP-hydrolysis (L’Italien and Laursen, 1979; Van Noort et 

al., 1986a), possibly enhancing translational accuracy. Young and Bernlohr (1991) have also 

Fig. 4.4  Architecture of the Switch I region in wild-type EF-Tu·GppNHp. Stabilizing 
contributions are afforded by multiple hydrogen bonds via residues 56 and 57. Residue 56
is invariably Glu and residue 57 is either Arg or Lys. 
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shown that in E. coli, starvation for a single essential nutrient results in methylation of Lys-56 

and this process may be involved in growth regulation. Modeling the side-chain of Lys-56 

into the structure of intact EF-Tu·GppNHp has demonstrated that the Nε group may 

participate in up to three hydrogen bonding interactions with the main-chain carbonyl groups 

of Gly-48, Asp-51 and Lys-52 (T. thermophilus numbering). Based on the current structural 

findings, it is proposed that methylation of Lys-56 during nutrient deprivation may regulate 

translation by either disordering Switch I or precluding its transition into the active 

conformation, thereby driving up the cellular pool of constitutively ‘inactive’ EF-Tu, 

irrespective of GTP levels.  

It now appears that bacterial phage exclusion may accomplish a similar goal by 

triggering the activation of an intracellular protease that is specific for the Switch I Gly-60–

Ile-61 peptide bond of EF-Tu (Section 1.8). In doing so, it seems that this modification causes 

irreversible damage to EF-Tu’s switching assembly, preventing a conformational 

rearrangement to the active form. Thus during the process of phage exclusion, rising levels of 

cleaved and constitutively inactive EF-Tu would hasten cell death by increasingly hampering 

protein biosynthesis, despite the presence of a rich cytoplasmic GTP pool. It is noteworthy to 

point out that in the His67Ala maps there is clear electron density for Ile-61 but none to 

account for Gly-60. Although this observation is entirely inconclusive, it would support the 

possibility of a cleavage event occuring at the Gly-60–Ile-61 peptide bond during the 

crystallization of this mutant. Up to now, the only known stimulator of proteolytic cleavage at 

this position is the activated Lit protein during phage exclusion, however it has not yet been 

proven that activated Lit is a genuine protease per se. It is also plausible that activated Lit 

could induce a conformation in EF-Tu whereupon an integral set of proteolytic machinery is 

uncovered. Although the notion of an inherent proteolytic capacity in EF-Tu remains highly 

questionable, there are several documented cases of sudden unexplained proteolysis occuring 

at EF-Tu’s Switch I (Section 1.8). 

 

4.3.5 The enigma of ternary complex formation by proteolyzed EF-Tu 
It has been shown that intact EF-Tu·GTP will bind to any aa-tRNA (except initiator-

tRNA and selenocysteine-specific tRNA) with nanomolar affinity (Miller and Weissbach, 

1977; Louie et al., 1984; Louie and Jurnak, 1985), and will discriminate against deacylated 

tRNA (Faulhammer and Joshi, 1987). Based on the results of hydrolysis protection 

experiments, intact EF-Tu·GDP also binds aa-tRNA but only with micromolar affinity 
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(Pingoud et al., 1982). This was confirmed with fluorescence studies conducted by Dell et al. 

(1990), who found that EF-Tu·GDP bound Phe-tRNAPhe with a Kd of 28.5 µM, more than 

33,000-fold higher than the Kd of the EF-Tu·GTP·Phe-tRNAPhe complex. Thus, under normal 

growth conditions, the accumulation of EF-Tu·GDP·aa-tRNA ternary complexes is 

presumably averted by the high excess of cellular GTP over GDP. Fluorescence titration 

assays conducted by Ott et al. (1990) have demonstrated, however, that trypsinized E. coli 

EF-Tu·GTP lacking Switch I residues 45-58 exhibits only a slight reduction in aa-tRNA 

affinity (native EF-Tu·GTP·Phe-tRNAPhe Kd=0.6 nM; trypsin-cleaved EF-Tu·GTP·Phe-

tRNAPhe Kd=5.9 nM). Zeidler et al. (1996) conducted similar fluorescence measurements on 

T. thermophilus EF-Tu·GTP bearing a single nick between Arg-59 and Gly-60, and similarly 

concluded that cleavage had little effect on the efficiency of ternary complex formation 

(native Kd=1.7 nM; cleaved Kd=0.7 nM). These observations are intriguing in light of the 

present structural findings that highlight a cleaved EF-Tu·GppNHp complex adopting an 

‘open’ EF-Tu·GDP–like conformation, which would be expected to exhibit low affinity for 

aa-tRNA. In consolidating the current biochemical and structural evidence, two alternative 

hypotheses are considered for the architecture of the cleaved EF-Tu·GTP·aa-tRNA ternary 

complex. 

 

4.3.5.1  The ‘induced fit’ model 

Based on the crystal structure of the EF-Tu·GppNHp·Phe-tRNAPhe ternary complex, 

Nissen et al. (1995) proposed that the weak affinity of EF-Tu·GDP for aa-tRNA results from 

aa-tRNA–driven inducement of EF-Tu·GDP toward an EF-Tu·GTP–like conformation, in an 

equilibrium which is shifted towards free EF-Tu·GDP and aa-tRNA. How can this model 

account for the much stronger aa-tRNA affinity toward cleaved EF-Tu·GTP, which (on the 

basis of the current structural results) displays an EF-Tu·GDP–like conformation? It’s 

possible that in this case, the ‘induced fit’ equilibrium is somehow substantially shifted 

towards a cleaved EF-Tu·GTP·aa-tRNA complex, perhaps due to the presence of GTP in the 

nucleotide pocket in addition to an enhanced state of flexibility rendered by the Switch I 

cleavage. It should be addressed, however, that this model fails to explain the ribonuclease 

protection results of Masuda et al. (1985) and Ott et al. (1990). Experimenting with a cleaved 

EF-Tu·GTP·aa-tRNA complex, both groups detected unhindered access of ribonuclease A 

(RNase A), a 14 kDa protein, to the phosphodiester bond between C-75 and aminoacyl-A-76 

of aa-tRNA. Earlier experiments by Pingoud et al. (1982) had shown strong aa-tRNA 
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protection by intact EF-Tu·GTP against RNase A. In the crystal structure of the EF-

Tu·GppNHp·Phe-tRNAPhe ternary complex (Nissen et al., 1995), the phosphate of A-76 is 

shielded by domain 2 residues Phe-229, Ile-231 and Arg-274. It is difficult to conceive how 

the conformational properties of this region would undergo drastic alterations in the cleaved 

complex and thereby allow unobstructed access of RNase A. 

 

4.3.5.2  A cryptic non-canonical ternary complex? 

Based on the present structural and biochemical analyses, it could be inferred that the 

ternary complexes formed by intact and cleaved EF-Tu are categorically distinct in terms of 

their three-dimensional structure. A few lines of evidence support the concept of a second 

tRNA binding site on EF-Tu, unique from the classical aa-tRNA binding site. On the basis of 

cross-linking studies, Van Noort et al. (1985) detected a second binding site which does not 

discriminate between uncharged tRNA, aa-tRNA or peptidyl-tRNA, and is induced upon 

ternary complex interaction with the ribosome-mRNA complex. The indiscriminate tRNA-

binding properties of this apparent second site seems to fit well with the aforementioned 

RNase protection experiments (Masuda et al., 1985; Ott et al., 1990) for cleaved EF-Tu; both 

findings seem to indicate the 3’ end of tRNA is not directly shielded by the protein. Although 

the biological relevance of a second tRNA binding site is not understood, it has been 

suggested it could be involved in enhancing translational fidelity (Van Noort et al., 1986b; 

Dix and Thompson, 1986) during factor-mediated binding of aa-tRNA to the ribosome. If a 

second, high-affinity tRNA binding site really does exist and can be exposed by proteolytic 

cleavage of the switch I element, one could infer that switch I’s β-hairpin structure as 

observed for the intact EF-Tu·GDP complex (Fig. 1.1) may play a functional role by blocking 

aa-tRNA binding to the second site during EF-Tu·GDP’s cytoplasmic existence. It would be 

worthwhile to investigate whether cleaved EF-Tu·GDP displays an affinity for aa-tRNA 

similar to that observed for cleaved EF-Tu·GTP. Such a model would suggest that Switch I 

cleavage of EF-Tu·GDP would increase its affinity toward aa-tRNA by several orders of 

magnitude. 
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4.4 The His85Leu EF-Tu complexes 
 
4.4.1 Uniting structure and function 
 His-85 was cast into the spotlight as an important catalytic residue when structural 

and biochemical investigations implicated such a role for the homologous Gln residue in 

small GTPases and Gα-subunits (see Section 1.7). The crystal structure determination of 

‘active’ EF-Tu (Berchtold et al., 1993) suggested that it may be involved in the ribosome-

stimulated GTPase reaction. Numerous mutational studies further associated His-85 with a 

catalytic function. Of the mutagenic work, a His85Leu mutation in T. thermophilus EF-Tu 

appeared to inflict the most severe functional deviations (Zeidler et al., 1995), including 

elevated nucleotide dissociation rates, complete deactivation of intrinsic or ribosome-

stimulated GTPase rates, and inactivity in poly(Phe)-synthesis. In contrast, the mutation did 

not appear to substantially alter aa-tRNA binding, although the His85Leu EF-Tu·GTP·aa-

tRNA ternary complex was significantly impaired in its capacity to bind Phe-tRNAPhe to 

programmed ribosomes. The crystal structures of the His85Leu EF-Tu complexes now 

explain in stereochemical terms several of the biochemical findings. 

 

4.4.1.1  Elevated nucleotide-exchange properties 
 The approximate 3-fold increase in exchange rates of GTP and GDP for His85Leu 

EF-Tu over that of the wild-type protein is in clear agreement with the crystal structures, 

which display elevated temperature factors for the nucleotide and Mg2+ moieties (Tables 

7.6.2 and 7.7.1, Appendix). In the case of the His85Leu EF-Tu·GDP complex, the patchy 

density for the nucleotide and coordinating residues (e.g. Lys-24; see Fig. 3.7.1) suggests 

incomplete occupancy for GDP and Mg2+. The lowered nucleotide affinity in both complexes 

seems to be largely ascribed to accelerated Switch I dynamics and Switch II malpositioning.  

These factors contribute to a disruption of the nucleotide-binding pocket, leading to the 

omission of several direct and water-mediated hydrogen bonds to the Mg2+ and nucleotide 

phosphate moieties. 

 Zeidler et al. (1995) documented that the measured stimulation of [3H]GDP exchange 

by EF-Ts is low for the His85Leu EF-Tu mutant, reflecting the fact that because of the high 

spontaneous exchange in the mutant, EF-Ts is not required for the reaction. Interestingly, the 

His85Leu EF-Tu structures share several notable similarities with the structure of EF-Tu in 

complex with EF-Ts (Wang et al., 1997). For example, both structures lack a specific 
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hydrogen bonding interaction, namely between Nδ of His-85 (of Switch II helix B) and Nε of 

His-119 (of helix C). This pairing is observed in all EF-Tu·GDP structures solved to date and 

is presumed to play an important structural role. In the His85Leu structures, the lack of this 

interaction is obviously a direct consequence of the Leu-85 substitution. In the EF-Tu·EF-Ts 

complex, however, EF-Ts specifically abolishes this contact by inserting its Phe-82 side-

chain between the two histidines. This Phe residue is conserved in all EF-Ts sequences and 

has been shown by mutational analysis to be critical for exchange activity (Zhang et al., 

1996).  

In the His85Leu structures as well as in the EF-Tu·EF-Ts complex, the disruption of 

the His-85–His-119 interaction provides the impetus for Switch II to dislodge from its GDP-

like arrangement. As an alternative, Switch II adopts a different conformation that optimizes 

a hydrophobic packing interaction involving residues of the Switch II helix (helix B) and the 

rigid helix C (see Section 3.6.3). In comparing His85Leu EF-Tu with that from the EF-

Tu·EF-Ts complex, a slight variation in the orientation of helix B is observed, presumably 

due to the additional hydrophobic interactions offered to the helix B/C interface by Leu-85 in 

the mutant. In the native EF-Tu·EF-Ts structure, His-85 is occluded from the hydrophobic 

pocket by Leu-122 of helix C, yet the remaining hydrophobic interactions are maintained. As 

a general rule, therefore, the lateral translation of helix B relative to helix C is largely driven 

by an optimization of hydrophobic forces between helices B and C, which become dominant 

in the absence of an available hydrogen bonding interaction between His-85 and His-119. 

Thus considered, it appears that for native EF-Tu·GDP, His-85 serves to stabilize Switch II in 

its classical GDP-like conformation and is exploited by EF-Ts as a recognition point for 

nucleotide exchange. 

Disorder of Switch I in the His85Leu EF-Tu complexes arises from its inability to 

adopt either a GDP-like or GTP-like conformation. The former condition results from steric 

incompatibility due to the mutual encroachment of Switch II and domain 3 into the region 

normally occupied by the Switch I β-hairpin (Fig. 4.5). Together, the C-terminus of helix B 

and domain 3 residues 321-327 effectively ‘pinch off’ the interspatial zone and prevent 

Switch I occupancy. A domain 1 superposition between His85Leu and wild-type EF-Tu·GDP 

structures reveals that Switch II residues 90-95 of His85Leu EF-Tu collide with Switch I 

residues 58-63 (T. thermophilus numbering) of wild-type EF-Tu·GDP (Fig. 4.5). Additional 

steric incompatibilities occur between Tyr-321, Leu-323 and Glu-327 of His85Leu EF-Tu 

and Arg-59, Gly-60 and Ile-61 (T. thermophilus numbering) of wild-type EF-Tu·GDP. 
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Interestingly, an analogous comparison conducted between the coordinates of the T. 

thermophilus EF-Tu·EF-Ts complex and the EF-Tu·GDP complex reveals similar steric 

clashes occurring between Switch II/domain 3 and Switch I. Thus, it can be concluded that 

Switch I cannot form a β-hairpin structure until Switch II migrates (at least partially) towards 

its GDP-bound conformation.  

An analogous superpositioning study conducted between His85Leu and wild-type EF-

Tu·GppNHp demonstrates that Switch I is also unable to attain its helical GTP-bound form, 

primarily due to malpositioning of helix B’s N-terminus in the mutant (Fig. 4.6). Switch II’s 

Tyr-88, which normally interacts with Switch I through hydrogen bonding (to Arg-59) and 

van der Waals contacts (to Ile-61 and Ile-63), is instead shifted by more than 20 Å in the 

mutant (when measured between corresponding hydroxyl groups). Furthermore, the position 

of Pro-83 as observed in His85Leu EF-Tu would spatially exclude the placement of Switch 

I’s main-chain at Thr-62 and Ile-63 (Fig. 4.6). It should be noted that the presence of bound 

nucleotide (either GDP or GTP) appears to stimulate the transient appearance of at least part 

Fig. 4.5  Stereoview showing a coordinate superposition of His85Leu EF-Tu·GppNHp 
(dark blue) and wild-type EF-Tu·GDP (light blue). Switches I and II of the wild-type 
structure are displayed in yellow and orange, respectively. Switch II of the His85Leu
structure is depicted in green. Coordinates of GppNHp are shown as ‘sticks’. In the 
His85Leu structure, encroachment of Switch II helix B (green) and domain 3 residues 321-
327 (marked with a red asterisk) sterically prohibit Switch I β-hairpin formation. 
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of Switch I in the nucleotide-binding pocket, as evidenced by the presence of patchy positive 

difference density near the nucleotide and Mg2+ (Fig. 3.6.4). Moreover, a minimal shift of 

Pro-83 would eliminate all steric hindrances and theoretically allow the formation of a GTP-

like Switch I conformation (Fig. 4.6). In the wild-type EF-Tu·EF-Ts complex, such a shift 

could feasibly stem from the synchronized binding of GTP and the nucleophilic water (H2O-

411), which may act cooperatively to drive a flip of the peptide bond between Pro-83 and 

Gly-84. In the His85Leu EF-Tu·GppNHp structure, however, a nucleophilic water molecule 

cannot reside in conjunction with GppNHp due to steric limitations imposed by Switch II. 

Accordingly, the signal may not be sufficient to trigger a flip of the Pro-83–Gly-84 peptide 

bond and thereby facilitate the ‘locking in’ of Switch I to its GTP-like conformation. 

 

4.4.1.2 Reduced GTPase activity 
The unmeasurable GTPase activity of His85Leu EF-Tu suggested that this mutant 

could be crystallized in the presence of its natural substrate, GTP, rather than a non-

hydrolyzable GTP analogue. Identification of GDP in the nucleotide-binding pocket, 

Fig. 4.6  Stereo image showing a domain 1 superposition of His85Leu EF-Tu·GppNHp 
(dark blue) with wild-type EF-Tu·GppNHp (light blue). Switches I and II of the wild-type 
structure are displayed in yellow and orange, respectively. Switch II of the His85Leu
structure is depicted in green, with coordinates of GppNHp shown as ‘sticks’. Side-chains 
for Arg-59, Ile-61, Ile-63, Pro-83 and Tyr-88 are also depicted. In the His85Leu structure, 
steric infringement of Pro-83’s pyrrolidine ring disallows rearrangement of Switch I into 
the GTP-like conformation. Other contributing factors may include the absence of a Switch
II binding interface offered by Tyr-88. 
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however, indicated a low residual GTPase activity was still present in the mutant. Subsequent 

co-crystallization of His85Leu EF-Tu with GppNHp led to the surprising discovery of 

isomorphism existing between crystals containing GDP and GppNHp. With the resulting 

complexes being isostructural aside from the contents of the nucleotide-binding pocket, the 

notion was reinforced (along with the His67Ala EF-Tu results) that EF-Tu does not require 

an ‘active’ conformation to bind and hydrolyze GTP. The clear absence of a nucleophilic 

water molecule in the His85Leu EF-Tu·GppNHp complex supports the mutant’s 

unmeasurably low GTPase rate. It cannot be ruled out that the residual GTPase activity might 

arise from an alternate mechanistic pathway.  

 

4.4.1.3 Architecture of the His85Leu EF-Tu ternary complex 
The apparent equilibrium dissociation constant for the interaction of fluorescently 

labeled Tyr-tRNATyr with His85Leu EF-Tu·GTP is only threefold higher than the Kd for the 

same tRNA with wild-type EF-Tu·GTP (Zeidler et al., 1995). This difference is small and 

does not exceed the Kd range (0.5-5 nM) in which different aa-tRNA species interact with 

EF-Tu·GTP (Louie and Jurnak, 1985; Ott et al., 1990). The observed high aa-tRNA affinity 

cannot be directly interpreted on the basis of the His85Leu EF-Tu crystal structures. Again, it 

is possible that ternary complex formation is achieved by either an ‘induced fit’ mechanism 

or via exposure of a cryptic tRNA binding site, analogous to the proposals forwarded for 

proteolyzed EF-Tu (Section 4.3.5). A suggestive piece of evidence comes from the work of 

Zeidler et al. (1995), who found that the His85Leu mutant exhibited a significantly impaired 

capacity to facilitate codon-dependent binding of Phe-tRNAPhe to the programmed ribosome. 

The low binding efficiency of His85Leu EF-Tu ternary complexes to ribosomes could arise 

from regional irregularities present on an ‘induced’ EF-Tu·GTP-like ternary complex (e.g. an 

improperly folded effector region) or may stem from more radical alterations in global 

structure. The demonstrated inability of Switch II to fold into a GTP-like conformation would 

appear to favour the ‘second site’ model. If this holds true, it’s also plausible that His85Leu 

EF-Tu·GDP displays nanomolar affinity for aa-tRNA (providing the second site doesn’t 

directly involve participation of the γ-phosphate of GTP). In order to help resolve many of 

these outstanding issues, crystal structure determinations of the cleaved EF-Tu·GppNHp·aa-

tRNA and His85Leu EF-Tu·GppNHp·aa-tRNA ternary complexes should be pursued.  
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4.5   RelS1-385 crystallization and structure determination 
Sequence analysis of the stringent response factor from Streptococcus equisimilis 

demonstrated that the enzyme does not contain the classical ‘P-loop’ motif common to other 

nucleotide-triphosphate–binding proteins, nor does it share primary structure homology with 

any other known class of proteins. Obtainment of suitably diffracting monoclinic crystals of 

the N-terminal catalytic domain proved to be an arduous task. Crystallization appeared to be 

batch-dependent and poorly reproducible, with spontaneous and irreversible protein 

aggregation being a primary obstacle. Moreover, growth of poorly diffracting hexagonal 

bipyramidal crystals occurred under similar crystallization conditions, hindering growth of 

the monoclinic form. High-quality crystals were grown in the presence of GDP, AMP and 

Mg2+, with AMP being a product of the (p)ppGpp synthetase reaction and GDP shown 

recently to act as a competitive inhibitor (U. Mechold, personal communication).  The fact 

that crystals couldn’t be obtained in the absence of nucleotides suggests conformational 

rearrangements may be taking place in the enzyme upon nucleotide binding. Assuming the 

presence of either 1 or 2 molecules of RelS in the asymmetric unit resulted in calculated 

molecular volumes (Vm) of 5.21 Å3 Da-1 and 2.60 Å3 Da-1, respectively, and correspond to 

estimated crystal solvent contents of 76% and 51%. The latter Vm value is consistent with the 

normal range frequently observed for protein crystals (Matthews, 1968), suggesting the 

presence of two RelS monomers per asymmetric unit. Self-rotation functions were calculated 

with several Patterson sphere radii to search for non-crystallographic symmetry, although 

significant peaks were not located in the maps. Non-crystallographic symmetry, if present, 

may possibly run along one of the crystallographic axes, although it is also plausible that a 

single copy of RelS resides in the asymmetric unit.  

At present, no X-ray crystal structure has been determined for this class of enzymes, 

eliminating the molecular replacement method as a suitable phasing option. Native crystals 

effectively bound mercury at multiple sites, although other isomorphous and well-diffracting 

derivatives have not yet been obtained. The limited availability of tuneable synchrotron 

beamtime as required for MAD experiments has stalled progress. A two-wavelength MAD 

experiment was carried out on a mercury derivative crystal, with diffraction extending to a 

high-resolution limit of 3.0 Å. Unfortunately, due to time restrictions the multiplicity of the 

data was not high enough to acquire the high level of precision needed for an experiment at 

this resolution. Solvent flattening of the electron-density map produced from the MAD 

phases allowed the identification of several stretches of secondary structure, although the 
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current experimental map remains of insufficient quality to permit unambiguous tracing of 

the entire protein chain. Beneficial phase information could be acquired from a highly 

redundant 2-wavelength MAD experiment or by acquisition of additional isomorphous 

heavy-atom derivative crystals. 
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5. SUMMARY 
 

The EF-Tu crystal structure elucidations covered in this thesis explain in stereochemical 

terms many of the functional observations observed for wild-type and mutant EF-Tu species. 

Several additional questions arising from this research have been raised. Wild-type EF-Tu 

has been found to exhibit remarkably different modes of binding to the widely utilized non-

hydrolyzable GTP analogues, GppNHp and GppCH2p. This leads to differing postulations 

regarding the structure of the real EF-Tu·GTP Michaelis complex and the mechanism of 

intrinsic GTP hydrolysis. Notable discrepancies in P-loop and nucleotide mobility, in 

addition to dissimilar water configurations around the γ-phosphate, raise serious concerns 

about the potential for ‘analogue bias’ in elongation factor research. Possible roles are 

discussed for the highly conserved Asp-21 in GTP binding and hydrolysis.  

Crystals of the hydrophobic gate mutants, Ile61Ala and Val20Ser, were improved using a 

novel crystallization protocol. It has been shown by the respective crystal structures that the 

elevated intrinsic GTPase properties displayed by these mutants cannot be attributed to 

insertion of His-85 into the nucleotide-binding pocket. Rather, it appears that additional 

and/or strengthened hydrogen bonds to the γ-phosphate, coupled with steric destabilization of 

the substrate around the reacting group, may contribute to rate acceleration. A possible state 

of elevated Mg2+ electrophilicity has also been detected in the Ile61Ala and Val20Ser 

structures, implicating a potential role in electrostatic substrate destabilization.  

Proteolytic cleavage of Switch I in the His67Ala mutant has been shown to result in a 

breakdown of EF-Tu’s switching mechanism, leading to a chronic GDP-like conformation. It 

is proposed that similar cleavage in wild-type EF-Tu would have a comparable effect, 

providing a structural basis for translational impairment in the Lit-mediated phage-exclusion 

pathway. The possible 3-dimensional architecture of the cleaved EF-Tu ternary complex is 

discussed, as is the likelihood of a second high-affinity tRNA binding site. The notion of 

Switch I disruption leading to a global impairment of EF-Tu’s switching abilities has been 

extended to account for the functional characteristics of the Glu56Ala mutant (T. 

thermophilus) and the in vivo methylated Lys-56 species (E. coli). A peptide-binding site 

involving residues from all 3 domains and situated along a cleft between strands e3 and f3 has 

been detected. The peptide-binding site is centered on a hydrophobic pocket containing the 

highly conserved Ala-387, a residue which has been found to be mutated in kirromycin-
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resistant EF-Tu species. The peptide-binding characteristics of this region are similar to those 

observed in other bona fide chaperone·substrate complexes and provides an attractive 

alternative to the previously proposed aa-tRNA binding pocket as the site conferring EF-Tu’s 

chaperone-like activity. 

Crystal structures of the His85Leu EF-Tu complexes discounted earlier speculations that 

the mutant’s unmeasurable GTPase activity stems from an inability of residue 85 to act as a 

general base. Rather, it was shown that the Leu-85 substitution grossly disrupted the 

conformation of the Switch II helix, resulting in a destabilization of Switch I and preventing 

attainment of the canonical GTP-bound configuration. Several parallels are drawn with the 

mechanism of nucleotide exchange by EF-Ts, and it is suggested that this mutant possesses 

intrinsic nucleotide-exchange factor properties. The high affinity of His85Leu EF-Tu for aa-

tRNA is remarkable in light of its 3-dimensional architecture and cannot be explained in a 

structural context. The contrasting concepts of an ‘induced fit aa-tRNA-binding’ mechanism 

versus a ‘second aa-tRNA binding site’ model are discussed. 

Based on the current structural evidence, it is proposed that EF-Tu’s protein-disulphide 

isomerase activity involves the conserved Cys-82, which has been shown to be highly 

reactive when exposed to solvent. Modification of Cys-82 by the small thiol reagent β-ME 

was seen to effect a minor conformational perturbation of the Switch II helix. It is suggested 

that covalent modification by bulkier thiol reagents may disrupt the switching apparatus and 

prevent formation of the EF-Tu·GTP-like conformation. This may explain the results of 

previous chemical modification studies that established a connection between Cys-82 

modification and reduced aa-tRNA binding. 

The N-terminal catalytic domain of RelS has been successfully crystallized in the 

presence of AMP, GDP and Mg2+ and a complete native dataset has been collected to 2.1 Å 

resolution. Preliminary phases have been obtained from a 2-wavelength MAD experiment 

performed on a 4-site mercury derivative diffracting to 3.0 Å resolution. Density-modified 

electron density maps showed clear structural features and a distinct molecular envelope. 

Based on the dimensions of the molecular envelope and the lack of any detectable NCS 

operators, it appears that the crystals contain a single protomer in the asymmetric unit. A 

partial model consisting of main-chain atoms for approximately 200 residues has been built 

into regions of interpretable electron density. 
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Fig. 7.1.1   
Ramachandran plot of the final 
wild-type EF-Tu·GppNHp model. 
 
Regions are delineated as follows: 
red - most favoured;  
regions a, b, p and l - additionally 
allowed;  
regions ~a, ~b, ~p and ~l - 
generously allowed;  
white- disallowed. 
 
Glycine residues are represented 
as triangles; non-glycine residues 
as squares. 
 
 
 
 
 
 
 
Fig 7.1.2  
Ramachandran plot of the final 
wild-type EF-Tu·GppCH2p 
model. 

7. APPENDIX 
 
7.1 Wild-type EF-Tu·GppNHp and EF-Tu·GppCH2p 
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Table 7.1.1   Final refinement statistics-  wild-type EF-Tu 
complexes 
EF-Tu•nucleotide complex GppNHp GppCH2p 
Resolution range (Å) 14.78-1.70 14.78-1.74 
Overall completeness (%) 73.8 90.3 
Reflections in working set (%) 70.4 88.4 
Reflections in test set (%) 3.4 1.9 
Rwork

[1] (%) 20.9 17.9 
Rfree

[2] (%) 24.3 19.6 
Number of protein atoms 3178 3153 
Number of solvent atoms 256 294 
Number of GppXp molecules 1 1 
Number of Mg2+ ions 1 1 
RMS deviations from ideal geometry   
Bond lengths (Å) 0.009 0.010 
Bond angles (°) 1.55 1.59 
B-value RMS deviations for bonded atoms 
Main-chain atoms (Å2) 1.5 1.4 
Side-chain atoms (Å2) 3.6 3.5 
Ramachandran Plot (φ,ψ values)   
Most favoured regions (%) 93.0 94.7 
Additional allowed regions (%) 6.7 5.0 
Disallowed regions (%) 0.3 0.3 
Average B-values    
All atoms (Å2) 31.9 29.1 
Main-chain atoms (Å2) 28.5 24.8 
Side-chain atoms (Å2) 33.4 30.7 
GppXp atoms (Å2) 20.2 17.6 
Mg2+ ion (Å2) 19.4 14.4 
Solvent atoms (Å2) 46.8 45.9 
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7.2  Ile61Ala EF-Tu·GppNHp  
 
 

Table 7.2.1  Data collection and processing 
statistics :  Ile61Ala  EF-Tu•GppNHp 
Resolution range (Å)  50.0-2.24 
Number of crystals 1 
Temperature (°K) 293 
Mosaicity[3] (°) 0.38 
Number of observations 90053 
Number of unique reflections 27846 
Average redundancy 3.2 
Rmerge

[4]  
overall (%) 6.8 
2.32-2.24 Å (%) 26.7 

Rr.i.m.
[5] overall (%) 8.0 

Rp.i.m.
[6] overall (%) 4.3 

Completeness  
overall (%) 95.9 
2.32-2.24 Å (%) 93.5 

I/σ(I)  
overall 16.2 
2.32-2.24 Å 4.1 

 

 

Fig. 7.2.1 
Ramachandran plot of the final 
Ile61Ala EF-Tu·GppNHp model. 
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Table 7.2.2  Final model refinement statistics. 
EF-Tu•GppNHp mutant Ile61Ala Val20Ser 
Resolution range (Å) 25.0-2.24 25.0-2.05 
Overall completeness (%) 95.9 91.8 
Reflections in working set (%) 86.3 82.6 
Reflections in test set (%) 9.6 9.2 
Rwork

[1] (%) 16.4 17.2 
Rfree

[2] (%) 19.9 20.5 
Number of protein atoms 3164 3152 
Number of solvent atoms 155 174 
Number of GppNHp molecules 1 1 
Number of Mg2+ ions 1 1 
RMS deviations from ideal geometry   
Bond lengths (Å) 0.009 0.009 
Bond angles (°) 1.45 1.51 
B-value RMS deviations for bonded atoms 
Main-chain atoms (Å2) 1.5 1.4 
Side-chain atoms (Å2) 3.9 3.6 
Ramachandran Plot (φ,ψ values)   
Most favoured regions (%) 92.1 91.2 
Additional allowed regions (%) 7.9 8.8 
Disallowed regions (%) — — 
Average B-values    
All atoms (Å2) 35.1 37.8 
Main-chain atoms (Å2) 32.9 35.5 
Side-chain atoms (Å2) 36.8 39.2 
GppNHp atoms (Å2) 21.9 24.3 
Mg2+ ion (Å2) 17.1 21.4 
Solvent atoms (Å2) 44.6 50.1 
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7.3  Val20Ser EF-Tu·GppNHp 
 
 

Table 7.3.1  Data collection and processing 
statistics :  Val20Ser  EF-Tu•GppNHp  
Resolution range (Å)  50.0-2.05 
Number of crystals 1 
Temperature (°K) 293 
Mosaicity[3] (°) 0.28 
Number of observations 91573 
Number of unique reflections 34443 
Average redundancy 2.7 
Rmerge

[4]  
overall (%) 8.4 
2.12-2.05 Å (%) 38.0 

Rr.i.m.
[5] overall (%) 10.2 

Rp.i.m.
[6] overall (%) 5.7 

Completeness  
overall (%) 91.8 
2.12-2.05 Å (%) 88.5 

I/σ(I)  
overall 12.1 
2.12-2.05 Å  2.1 

 
 
 

 

Fig. 7.3.1 
Ramachandran plot of the final 
Val20Ser EF-Tu·GppNHp model. 
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7.4   His67Ala EF-Tu·GDP  
 
 
 
 

Table 7.4.1  Final model refinement statistics- His67Ala 
His67Ala EF-Tu complex GDP GppNHp 
Resolution range (Å) 20.0-2.70 20.0-3.00 
Overall completeness (%) 89.7 97.2 
Reflections in working set (%) 80.7 91.6 
Reflections in test set (%) 9.0 5.6 
Rwork

[1] (%) 20.5 23.7 
Rfree

[2] (%) 23.0 27.4 
Number of protein atoms 5798 5814 
Number of solvent atoms 70 54 
Number of nucleotide molecules 2 2 
Number of Mg2+ ions 2 2 
RMS deviations from ideal geometry   
Bond lengths (Å) 0.009  0.009 
Bond angles (°) 1.41  1.39 
B-value RMS deviations for bonded atoms 
Main-chain atoms (Å2) 1.5  1.5 
Side-chain atoms (Å2) 4.4  4.0 
Ramachandran Plot (φ,ψ values)   
Most favoured regions (%) 89.6  86.1 
Additional allowed regions (%) 9.8  12.9 
Disallowed regions (%) 0.6  0.9 
Average B-values    
All atoms (Å2) 40.1  54.8 
Main-chain atoms (Å2) 37.5   52.9 
Side-chain atoms (Å2) 43.1  56.9 
Nucleotide atoms (Å2) 29.0   61.7 
Mg2+ ion (Å2) 21.0  42.5 
Solvent atoms (Å2) 37.1  42.8 
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able 7.4.2   His67Ala EF-Tu·GDP dimer interfacial contacts 

Hydrogen Bonds (< 3.5 Å) van der Waals contacts (< 4.0 Å) 

onomer A monomer B Distance (Å) monomer A monomer B Distance (Å) 
is 11 Nε2 Glu 226 Oε1 2.5 Thr 8 Cα Phe 229 Cζ 3.9 
hr 62 Oγ1 Gly 95 O 3.3 Thr 8 Cγ2 Thr 239 Cγ2 3.5 

le 63 N Thr 94 O 2.9 Thr 32 Cγ2 Gly 392 Cα 3.9 
la 67 O Arg 389 NH2 3.3 Tyr 33 OH Gly 391 Cα 3.4 
la 67 O Thr 394 Oγ1 3.5 Ile 61 Cδ1 Glu 243 Oε2 3.6 
lu 69 Oε1 Tyr 343 OH 3.2 Ile 61 Cδ1 Leu 384 Cδ1 3.7 
lu 69 Oε1 Arg 389 NH1 3.2 Ile 61 O Arg 385 Cδ 3.5 
lu 71 Oε1 Arg 300 NH2 2.8 Thr 62 Cα Thr 94 O 3.4 
is 76 Nε2 Asp 227 Oδ2 3.0 Ile 63 Cδ1 Phe 386 C 3.7 
hr 94 O Ile 63 N 2.9 Ile 63 Cγ2 Ala 387 Cβ 3.9 
ly 95 O Thr 62 Oγ1 3.3 Thr 65 Cβ Leu 323 Cδ1 3.7 

  The 65 O Thr 394 Cβ 3.5 
  His 76 Cε1 Arg 300 NH2 3.8 
  His 76 Cε1 Glu 226 Oε1 3.7 
  Pro 83 Cβ Glu 326 O 3.6 
  Thr 94 O Thr 62 Cα 3.5 

Fig. 7.4.1 
Ramachandran plot of the final 
His67Ala EF-Tu·GDP dimer. 
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7.5  His67Ala EF-Tu·GppNHp 
 
 

Table 7.5.1  Data collection and processing 
statistics: His67Ala EF-Tu·GppNHp  

Resolution range (Å)  25.0-3.00 
Number of crystals 1 
Temperature (°K) 100 
Mosaicity[3] (°) 0.77 
Number of observations 63729 
Number of unique reflections 21424 
Average redundancy 3.0 
Rmerge

[4]  
overall (%) 10.7 
3.11-3.00 Å (%) 47.4 

Rr.i.m.
[5] overall  (%) 13.0 

Rp.i.m.
[6] overall  (%) 7.2 

Completeness  
overall (%) 97.2 
3.11-3.00 Å (%) 95.8 

I/σ(I)  
overall 10.1 
3.11-3.00 Å 2.2 

 
 
 
 

 

Fig. 7.5.1 
Ramachandran plot of the final 
His67Ala EF-Tu·GppNHp dimer. 
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7.6  His85Leu EF-Tu·GppNHp 
 
 

Table 7.6.1  Data collection and processing 
statistics: His85Leu EF-Tu·GppNHp 

Resolution range (Å)  25.0-1.89 
Number of crystals 1 
Temperature (°K) 100 
Mosaicity[3] (°) 0.41 
Number of observations 225779 
Number of unique reflections 35586 
Average redundancy 6.3 
Rmerge

[4]  
overall (%) 7.1 
1.94-1.89 Å (%) 66.0 

Rr.i.m.
[5] overall  (%) 8.5 

Rp.i.m.
[6] overall  (%) 3.3 

Completeness  
overall (%) 99.2 
1.94-1.89 Å (%) 99.0 

I/σ(I)  
overall 18.7 
1.94-1.89 Å 2.2 

 
 
 
 
 
 
 
 

 

Fig. 7.6.1 
Ramachandran plot of the final 
His85Leu EF-Tu·GppNHp model. 
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Table 7.6.2  Final model refinement statistics – 
His85Leu EF-Tu·GppNHp  
Resolution range (Å) 25.0-1.89 
Overall completeness (%) 99.2 
Reflections in working set (%) 89.4 
Reflections in test set (%) 9.8 
Rwork

[1] (%) 23.2 
Rfree

[2] (%) 28.4 
Number of protein atoms 2900 
Number of solvent atoms 235 
Number of GppNHp molecules 1 
Number of Mg2+ ions 1 
RMS deviations from ideal geometry  
Bond lengths (Å) 0.009 
Bond angles (°) 1.43 
B-value RMS deviations for bonded atoms 
Main-chain atoms (Å2) 1.5 
Side-chain atoms (Å2) 3.5 
Ramachandran Plot (φ,ψ values)  
Most favoured regions (%) 92.6 
Additional allowed regions (%) 6.4 
Disallowed regions (%) 1.0 
Average B-values   
All atoms (Å2) 33.1 
Main-chain atoms (Å2) 30.5 
Side-chain atoms (Å2) 35.0 
GppNHp atoms (Å2) 32.3 
Mg2+ ion (Å2) 30.9 

Solvent atoms (Å2) 38.5 
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7.7  His85Leu EF-Tu·GDP  
 
 
 
 
 
 

Table 7.7.1  Final model refinement statistics – 
His85Leu EF-Tu·GDP  
Resolution range (Å) 25.0-2.6 
Overall completeness (%) 90.0 
Reflections in working set (%) 82.7 
Reflections in test set (%) 7.3 
Rwork

[1] (%) 21.6 
Rfree

[2] (%) 29.6 
Number of protein atoms 2900 
Number of solvent atoms 56 
Number of GDP molecules 1 
Number of Mg2+ ions 1 
RMS deviations from ideal geometry  
Bond lengths (Å) 0.009 
Bond angles (°) 1.38 
B-value RMS deviations for bonded atoms 
Main-chain atoms (Å2) 1.5 
Side-chain atoms (Å2) 3.8 
Ramachandran Plot (φ,ψ values)  
Most favoured regions (%) 87.5 
Additional allowed regions (%) 11.5 
Disallowed regions (%) 1.0 
Average B-values   
All atoms (Å2) 44.1 
Main-chain atoms (Å2) 42.7 
Side-chain atoms (Å2) 45.6 
GppNHp atoms (Å2) 49.7 
Mg2+ ion (Å2) 61.7 
Solvent atoms (Å2) 41.3 
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Fig. 7.7.1 
Ramachandran plot of the final 
His85Leu EF-Tu·GDP model. 
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7.8 RelS1-385  
 
 
 
 
 

Table 7.8.1  Native and MAD data collection and processing statistics 

MAD 
Data set Native 

 (0.83 Å) λ1(1.0083 Å) λ2(0.8266 Å) λ2−λ1 
     

Temperature (K) 100 100 100  

Number of crystals 1 1 1  

Mosaicity (º) 0.54 0.74 0.74  

Resolution range (Å) 25.0-2.1 25.0-3.0 25.0-3.0  

Number of observations 195241 140918 143038  

Number of unique 
reflections[7] 53784 42186 (23628) 42844 (24026)  

     
Rmerge

[4,8] (%), Bijvoet pairs 
taken as equivalent 5.0 (39.5) 6.4 (38.8) 7.3 (39.8)  

Rmerge
[4,8] (%), Bijvoet pairs 

taken as non-equivalent  5.2 (36.2) 5.4 (36.9)  

Rr.i.m.
[5,8] (%) 5.8 (47.2) 6.8 (44.6) 7.7 (42.4)  

Rp.i.m.
[6,8] (%) 3.0 (24.6) 2.8 (18.1) 3.2 (17.1)  

     

Completeness[8] (%) 97.9 (96.4) 99.8 (99.9) 99.8 (99.9)  

Completeness[8], F>2σ (%) 91.4 (81.9) 85.9 (64.9) 86.6 (68.5)  

Observed diffraction 
ratios[9], F>2σ  0.075 0.082 0.084 

I/σ[8] 19.6 (2.1) 17.2 (2.2) 14.3 (2.1)  

Multiplicity[7] 3.6 3.3 (5.9) 3.3 (6.0)  
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7.9 Footnotes  
 

 

 
[1] Rwork=∑hkl⊂W ||Fobs| – k|Fcalc|| / ∑hkl⊂W |Fobs|, where hkl⊂W indicates all reflections belonging to 

the working set W of unique reflections. 
[2] Rfree=∑hkl⊂T ||Fobs| – k|Fcalc|| / ∑hkl⊂T |Fobs|, where hkl⊂T indicates all reflections belonging to a 

test set T of unique reflections. The refinement is not carried out with reflections in the test 

set, making the Rfree value an unbiased indicator of the refinement process. 
[3] The program DENZO defines mosaicity as “The smallest angle through which the crystal 

can rotate, about any axis or combination of axes, while a reflection is still observed. 

Typical values range from less than 0.1 degrees to several degrees.” (Gewirth, 1997). 
[4] Rmerge=∑hkl ∑N

i=1 |〈Ihkl 〉-Ihkl
i  | / ∑hkl ∑N

i=1 Ihkl
i   

[5] Rr.i.m.= ∑hkl (N/N-1)½ ∑N
i=1 |〈Ihkl 〉-Ihkl

i  | / ∑hkl ∑N
i=1 Ihkl

i  , where N is the multiplicity of the observed 

reflection. This is the redundancy-independent merging R-factor (Weiss and Hilgenfeld, 

1997). 
[6] Rp.i.m.= ∑hkl (1/N-1)½ ∑N

i=1 |〈Ihkl 〉-Ihkl
i  | / ∑hkl ∑N

i=1 Ihkl
i  , where N is the multiplicity of the observed 

reflection. This is the precision-indicating merging R-factor (Weiss and Hilgenfeld, 1997). 
[7] Numbers in parentheses are for cases where anomalous Bijvoet pairs are considered 

equivalent. 
[8] The numbers in parentheses refer to data in the highest resolution shell. 
[9] Values for the observed diffraction ratios are measured as either the absolute value of the 

Bijvoet differences at a specific wavelength:  

(〈||F+| – |F–||2〉)½ / (½(〈|F+|〉2 + 〈|F–|〉2))½ 

or the dispersive differences between two wavelengths: 

(〈(|Fλ2| – |Fλ1|)2〉)½ / (½(〈|Fλ1|〉2 + 〈|Fλ2|〉2)) ½ . 
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