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THE GTP HYDROLYSIS MECHANISM IN ELONGATION FACTOR –Tu 

(EF-Tu )  

SUMMARY 

Protein biosynthesis or translation is the process in which the information stored in 

the nucleotide sequence of messenger RNA (mRNA) is converted into the sequence 

of amino acids in a polypeptide. In all organisms, protein biosynthesis is driven on 

ribosomes which are macromolecular complexes composed of ribosomal RNAs and 

proteins.  

Several GTP (guanosine 5´-triphosphate) – hydrolyzing enzymes known as GTPases 

are important components in all stages of a protein synthesis. Elongation factor Tu 

(EF-Tu) is a member of G protein family, and as part of a ternary complex with GTP 

plays a critical function in translation by delivering aminoacyl-tRNA to the 

ribosome. Like other G proteins, the function of EF-Tu depends on whether GTP or 

GDP is bound, which means that the GTP hydrolysis is the critical step for the 

activity of the protein. It is known that from bacteria to higher eukaryotes the 

structure of the GTP-binding domain is similar in all translational GTPases. It was 

observed that GTP hydrolysis is dominated by conformational changes in the 

conserved Switch I and II regions. With analogy to other G-proteins one of the 

critical residues in EF-Tu which dominate the reaction is believed to be His85 but its 

key role in stabilizing the transition state (TS) is unclear. We also suggest Arg57 in 

Switch I region might be involved in the GTP hydrolysis reaction. The role of those 

residues is investigated in this study.  

Another critical issue is that the GTP hydrolysis or phosphate hydrolysis reactions in 

general can occur by an associative or dissociative pathway. The associative pathway 

can be described by the formation of an intermediate with a penta-coordinated 

phosphorus atom whereas the dissociative pathway can be described by the 

formation of a metaphosphate ion as an intermediate.  

GTP hydrolysis reaction of EF-Tu is modelled in this computational study by 

applying Quantum Mechanical/Molecular Mechanical (QM/MM) methods. Different 

model structures representing the associative or dissociative path of GTP hydrolysis 

have been optimised and the energy values have been compared in order to state the 

best mechanism. 

Our findings showed that in all tested models the proton has transferred to the GTP 

without any assistance of a second water molecule. It was observed that when either 

Arg57 or His85 are not present in  the active site of EF-Tu, the negatively charged 

GDP and Pi molecules create a repulsive effect and the reaction shows an 

endothermic character. The presence of positively charged Arg57 or His85 in the 

active site appears to reduce the electrostatic repulsion between negatively charged 

GDP and Pi significantly and makes the reaction slightly exothermic.  
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The present results indicated that Arg57 and His85 decrease the activation energy by 

~12  and ~6 kcal/mol, respectively. All optimised transition structures have 

associative character. We have observed that the energy has increased at the points 

where the dissociative path is most probable to occur. A dissociative mechanism has 

been found to be unlikely, at least for the models studied. 
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EF-Tu PROTEİNİNDE GTP HİDROLİZ MEKANİZMASI 

ÖZET 

Protein sentezinin her aşamasında ribozom, uzama faktörü olarak tanımlanan pek çok 

GTP hidroliz enzimine ihtiyaç duymaktadır. Protein biyosentezin doğruluğu Uzama 

Faktörü - Tu sayesinde gerçekleşmekte olup EF-Tu olarak bilinen molekül doğru 

amino asidin ribozoma getirldiğini temin eder. EF-Tu protein biyosentezini 

katalizleyen GTPazlardan biridir ve aminoacyl-tRNA‟yı ribozoma getirmekten 

sorumludur. Aminoacyl-tRNA GTP ile kompleks oluşturan EF-Tu‟ya bağlanır ve 

böylece EF-Tu·GTP·aa-tRNA üçlü kompleksini oluşturur. Protein sentezinde aa-

tRNA‟ya ait anti-kodon ve mRNA‟ya ait kodon eşleşme koşulu sağlandığında seri 

halinde gerçekleşen olaylar GTP hidrolizini tetikler. GTP‟nin GDP‟ye hidrolizi EF-

Tu da konformasyonel değişikliklere neden olur ve EF-Tu  aa-tRNA‟yı serbest 

bırakarak EF-Tu·GDP kompleksi ribozomdan ayrılır.   

Bakterilerden ökaryotlara kadar GTP bağlanma domain yapısı tüm translasyon 

GTPazların benzerdir ve GTP hidrolizi korunmuş switch I  ve II ve p-loop olarak 

tanımlanan bölgelerindeki yapısal değişikliklerden kaynaklı olarak 

gerçekleşmektedir. Ayrıca translasyonel GTPazlar tüm canlılarda ribozomda aynı 

bölgeye bağlanmaktadır. Tüm canlılarda korunmuş bağlanma bölgesinin var olması 

ve yapısal benzerlikler ribozomun EF-Tu gibi GTPazlarda, GTP‟yi aynı mekanizma 

ile aktive ettiğini düşündürmektedir. Ancak 1960 yıllarından itibaren devam eden 

çalışmalar mekanizma üzerideki sır perdesini net olarak kaldıramamıştır ve GTP 

hidroliz mekanizması moleküler düzeyde henüz aydınlatılamamıştır. 

Literatürde günümüze kadar yapılan deneysel ve hesapsal pek çok farklı çalışmada 

GTP hidrolizi ile ilgili olarak farklı mekanizmalar önerilmiştir. Fosfat hidroliz 

reaksiyonları için bazı çalışmalar asosyatif mekanizmayı önerirken diğer çalışmalar 

disosyatif mekanizmasını önermektedir. Genel olarak asosyatif mekanizma penta-

koordine fosfor atomlu bir ara ürün ya da geçiş yapısı oluşumu olarak; disosyatif 

mekanizma ise ara ürün ya da geçiş yapısı olarak meta-fosfat iyonu oluşumu olarak 

tanımlanabilir.  

Literatürde var olan çalışmaların pek çoğu GTPazların GTP‟yi, oluşan  β – veya  

γ−fosfat negatif yüklerini nötralize ederek ve katalitik su molekülünü doğru bir 

şeklide konumlandırarak hidrolizlediğini önermektedir. Ras, Rab  gibi diğer G 

proteinleri ile yapılan çalışmalarda elde edilen veriler incelenerek GTP hidroliz 

mekanizması aydınlatılmaya çalışılmaktadır. Heterotrimerik G proteinleri ile yapılan 

çalışmalarda ara ürün yapısının Switch II bölgesinde yer alan Gln204 ve Switch I 

bölgesinde yer alan Arg178 amino asitleri tarafından stabilize edildiği bildirilmiştir. 

Ancak Ras p21 gibi küçük GTPazlarda GTP hidrolizi Switch II bölgesinde Gln204 

amino asidi yer almasına rağmen  Switch I bölgesinde Arjinin amino asidi yer 

almadığı için farklılıklar göstermektedir. Ancak Ras p21 ile gerçekleştirilen yapısal  

çalışmalarda, ara ürün yapısının stabilize edilmesi sürecinde RasGAP‟in Arg178 ile 
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benzer konumda bulunan ve “Arjinin parmağı” olarak tanımlanan  yan zincirini 

kullandığı rapor edilmiştir. Ras p21 de ara ürün yapısı Switch II de yer alan 

Gln61yan zinciri ile de ayrıca stabilize edilmektedir. EF-Tu Ras p21‟e ait Gln61 ve 

Giα1‟e ait Gln204‟e benzer bir amino asite sahiptir. Bu amino asit   E. coli„ye ait EF-

Tu switch II bölgesinde belirlenen  Histidine 84‟tür (T. aquaticus ve T. thermophilus 

EF-Tu söz konusu olduğunda His85). 

Son yıllarda EF-Tu ile yapılan hidroliz çalışmaları His84 üzerinde yoğunlaşılımıştır. 

Histidinin reaksiyon sırasındaki görevi ile ilgili pek çok tartışmalı görev önerilmiştir. 

Bazı çalışmalar histidinin baz görevi üstlenerek katalitik suya ait protonlardan birini 

aldığını, bazıları ise asit görevi gördüğünü öne sürmüştür. Ancak yapılan pKa 

hesaplamaları histidinin baz görevi üstlenemeyeceğini ve aktif bölgede protonlu 

bulunduğunu göstermiştir. Bununla birlikte His84 ile ilgili ortaya atılan bir diğer 

öneri His84‟ün katalitik merkeze girişinin hidrofobik kapı tarafından kontrol 

edilmesi olmuştur. Bu kapı Val20 ve Thr61 amino asitleri tarafından 

oluşturulmuştur. “Hidrofobik kapı” görüşüne göre kapı uygun şartlar sağlandığında 

açılmakta ve histidin aktif bölgeye girerek nukleofilik su ve GTP ile etkileşerek 

katalitik rolünü gerçekleştirmesine olanak sağlamaktadır. Kapı kapalı iken ise GTP 

hidrolizi gerçekleşememektedir. Ancak yapılan çalışmalarda böyle bir kapının var 

olmadığı ve Histidinin aktif merkezin dışında ve içinde serbest olarak hareket 

edebildiği gösterilmiştir.  Son hesapsal çalışmalarda bazı bilim adamları His84 amino 

asidinin doğrudan bir katalitik etki göstermediğini, temelde hidrolizin p-loop bölgesi 

ile gerçekleştiğini öne sürmüştür. Ancak genel kabul His84‟ün katalitik bir etki 

gösterdiği ve aktif bölgede ribozom tarafından uygun konumlandırıldığı ve bu 

şeklide GTP hidrolizinin başlatıldığı şeklindedir.  

Günümüze kadar EF-Tu için “Arjinin parmağı” arayışı sonuç vermemiş ve bu amino 

asidin hidroliz reaksiyonunda katalitik bir görev üstlenebileceği ihmal edilmiştir. E. 

coli‟de Switch I bölgesinde yer alan Arg 58 amino asidinin (T. aquaticus ve T. 

thermophilus EF-Tu‟da  Arg59)  Giα1 de Arg178 ile benzer bölgede olduğu 

görülmüştür. Ancak, bu kalıntının ribozoma bağlanmada rol oynadığı, katalitik etkisi 

olmadığı tespit edilmiştir. Bu bölgede yer alan bir diğer pozitif yüklü amino asit de 

Arg57‟dir (E. coli‟de Lys56). Bu amino asit ile ilgili az sayıdaki deneysel çalışmada 

katalitik bir işlevi olabileceği görülmüştür. 

Bu verilerin doğrultusunda bu tez çalışmasında EF-Tu‟da tartışmalara neden olan 

GTP hidroliz mekanizmasının incelenmesi amaçlanmıştır. Mekanizmanın asosyatif 

veya disosyatif karakter gösterip göstermediği, proton transferinde tek bir su 

molekülünün veya iki su molekülün yer alıp almadığının tespit edilmesi için 

Gaussian 09 programında yer alan ONIOM metodu kullanılarak geometri 

optimizasyonları yapılmıştır. Çalışmalarda M06-2X fonksiyoneli ve MM için Amber 

ff03 (force field) güç alanı kullanılmıştır. 

Reaksiyon mekanizmasının incelenmesi için 3 farklı model oluşturulmuştur. GTP 

hidrolizinde katalitik rol üstlendiği düşünülen Histidine 85 ve yine daha önceden 

diğer G-proteinlerde tespit edilen “Arjinin parmağı”  için Arg57 amino asitlerinin her 

birinin aktif bölgede olduğu 2 farklı model  belirlenmiştir. Ayrıca her iki amino 

asidin aktif bölgenin dışında yer aldığı kontrol amaçlı bir model de oluşturulmuştur. 

Böylece ribozomun olmadığı ve His85 ve Arg57‟nin katalizi başlatabilecek şekilde 

doğru olarak konumlandırılmadığı bir yapı oluşturulmuştur. Her 3 model için reaktan 

ve ürün geometrileri oluşturulmuş ve bunlar ONIOM metodu ile optimize edilmiştir. 

İlk aşamada yapılar mekanik embeding ile optimize edilmiş olup daha sonra 



xxi 

elektronik embeding ile optimize edilmişlerdir. Optimizasyon çalışmaları ürün 

parametreleri ile gerçekleştirilmiştir ancak sonuçların tutarlılığın test edilmesi için 

optimizasyonlar reaktan parametreleri ile de yapılmıştır. Enerji olarak benzer 

sonuçlar elde edilmiştir ki bu durum sonuçlarımıza olan güvenilirlilik konusunda 

destek sağlamaktadır. 

3 temel yapı için asosyatif geçiş yapıları oluşturulmuştur. Ayrıca mekanizmada tek 

veya çift su molekülünün proton transferinde rolünü aydınlatabilmek için 2 sulu 

yapılar da bazı modeller için oluşturulmuştur. Ancak yapılan enerji analizleri 

reaksiyonda ikinci suyun katalitik görev üstlenmesinin enerjiye çok fazla bir katkı 

sağlamadığı tespit edilmiştir. 

His85‟in aktivasyon enerjisini yaklaşık 6 kcal/mol, Arg57‟nin yaklaşık 12 kcal/mol 

azalttığı görülmüştür. Bu da her iki amino asidin da katalizde önemli rol oynadığını 

göstermektedir. Katalitik etkinin kısmen His85 ve Arg57‟nin pozitif yükleriyle 

asosyatif mekanizma sırasında nükleofilik suyun GTP‟ye proton vermesi sonucu 

oluşan OH
-
 iyonunu stabilize etmelerinden kaynaklandığı düşünülmektedir. 

Geleneksel dissosyatif mekanizmayı temsil edecek yapıların tespiti için farklı 

yaklaşımlar denenmiştir. Bunun için reaksiyonda olması beklenen ara ürünlerin tespit 

edilmesi için farklı yapılar oluşturulmuştur Bu ara ürünler geometri optimizasyonu 

sonucu ya reaktana ya da ürüne dönüşmüştür. Diğer bir deyişle, disosyatif 

mekanizmayı karakterize eden ara ürünler potansiyel enerji yüzeyinde yer 

almamaktadır. Kırılan ve oluşan bağ uzunluklarının sistematik bir şekilde 

değiştirilmesiyle yapılan bir potansiyel enerji yüzeyi taramasında da disosyatif 

mekanizmada oluşması beklenen H2O.PO3
-
 kompleksinin, kırılan bağ uzunluğundan 

bağımsız olarak, hep çok yüksek enerjili olduğu görülmüştür. Dolayısıyla, en azından 

incelenen 3 model için, disosyatif mekanizmanın mümkün olmadığı anlaşılmaktadır. 

Optimize edilen ürün geometrilerinde GDP ve Pi arasında mutlaka bir proton 

bulunduğu görülmüştür. Bu proton negatif yüklü GDP ve Pi arasındaki elektrostatik 

itmeyi azaltmaktadır. His85‟in aktif bölgede olduğu durumlarda proton hep GDP‟nin 

üzerinde yer almaktadır. Arg57‟in aktif bölgede olduğu ürün geometrilerinde proton 

ya GDP‟de, ya da Pi‟nin Arg57‟ye yakın oksijeni üzerinde yer alabilmektedir. Her iki 

amino asidin da aktif bölgenin dışında olduğu ürün yapılarında ise proton ya GDP 

üzerinde, ya da Lys24‟ten uzakta olan Pi oksijeni üzerinde bulunmaktadır.  
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1.  INTRODUCTION  

The accuracy of the protein biosynthesis is achieved with the assistance of a protein 

referred as Elongation Factor - Temperature unstable (EF-Tu), which guarantees that 

the correct amino acid is delivered to the ribosome. EF-Tu can bind to both GTP and 

GDP. EF-Tu bound to GTP forms a stable ternary complex with aminoacyl-tRNA 

(aa-tRNA). When the ternary complex (aa-tRNA·EF-Tu·GTP) interacts with the 

ribosome, EF-Tu hydrolyses its GTP to GDP and inorganic phosphate Pi. This 

reaction leads to drastic conformational changes in EF-Tu. Many experimental and 

theoretical studies in the literature attempted to clarify the critical GTP hydrolysis 

mechanism of EF-Tu. Interestingly, despite all these studies, the hydrolysis 

mechanism is still unclear and the critical functions of some amino acids involved in 

the catalytic domain of EF-Tu have not been determined yet. In this study, we aim to 

identify the residues involved in GTP hydrolysis mechanism. In particular, we focus 

on the roles of Histidine 85 (His85) and Arginine 57 (Arg57) (T. aquaticus 

numbering), the former is crucial for ribosome induced GTP hydrolysis but its 

function is highly debated [1-7], whereas the latter was not investigated in EF-Tu 

until now. 

1.1 EF – Tu (Elongation Factor-Tu): A Key Player in Protein Synthesis 

Proteins are synthesized by the ribosome according to the genetic information 

delivered to the ribosome by a messenger RNA (mRNA). Transfer RNAs (tRNAs) 

are molecules which contain an anticodon in order to match the codons in the 

mRNA, and are loaded with an amino acid that corresponds to the anticodon. The 

accuracy of translation from mRNA into polypeptide is achieved by an initial 

selection and a proofreading step on the ribosome. However, not only mRNA and 

tRNAs have important roles in protein biosynthesis, but also protein factors such as 

elongation factors are key players. EF-Tu and EF-G in bacteria and EF-1 and EF-2 in 

archaea/eukaryotes are two different classes of elongation factors which catalyze the 

translation process and are members of highly conserved G proteins family [1,2,8]. 
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Figure 1.1 : The function of the EF-Tu in the elongation cycle of protein biosynthesis [9]. 

 

The role of EF-Tu during elongation cycle of the polypeptide chain is schematically 

represented in Figure 1.1 [9]. The ribosome contains three different tRNA binding 

sites called A (aminoacyl), P (peptidyl), and E (exit) sites. After the binding of the 

initiator tRNA at the P-site of the ribosome (Step 1, Figure 1.1), EF-Tu complexed 

with GTP carries the next aminoacyl-tRNA to the A-site (Step 2). The ternary 

complex initially binds to the ribosome in a codon-independent manner. This initial 
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step is followed by the interaction between the anticodon of aa-tRNA and the codon 

of mRNA placed at the A-site of ribosome. The correct codon-anticodon matching 

recognized by the ribosome triggers the hydrolysis of GTP to GDP (Step 3). Though 

EF-Tu has an intrinsic GTPase activity even in the absence of the ribosome, it is too 

slow if the cognate codon-anticodon pairing does not occur. Cognate codon-

anticodon pairing enhances the GTP hydrolysis rate about 10
5
 fold [10]. GTP 

hydrolysis of EF-Tu is the check point to satisfy that the accurate aa-tRNA is brought 

to the ribosome. It is important to keep the intrinsic GTP hydrolysis at a low rate. 

The hydrolysis reaction has to wait for specific biological conditions, such as the 

cognate codon–anticodon interaction between mRNA and aa-tRNA on the ribosome. 

If GTP hydrolysis step occurs under any conditions, the accuracy of the protein 

synthesis will be lost leading to the release of all aa-tRNAs into the ribosome by EF-

Tu without any check of codon-anticodon interaction. If the GTP hydrolysis rate is 

very low the accuracy of the protein biosynthesis will be high whereas the speed of 

the translation process will be low. The conformational change following GTP 

hydrolysis leads to the dissociation of EF–Tu from the ribosome. A proofreading 

mechanism further checks whether the correct aa-tRNA is delivered to the ribosome. 

If the initial selection and proofreading steps are satisfied a peptide bond is formed 

rapidly between the NH2 group of the aa-tRNA in the A site and the C terminal ester 

group of the peptidyl-tRNA placed in the P-site (Step 4). Hence, the proper amino 

acid is added to the nascent peptide chain (Step 4). The deacylated tRNA is left at the 

P site. Finally EF-G catalyzes the translocation of peptidyl-tRNA from A site of the 

ribosome to the P site while the discharged tRNA moves from P site to E site (Steps 

5 and 6). These processes generate a vacant A-site for a new elongation cycle to 

begin as shown in Figure1.1 above [11-14]. 
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1.2 EF-Tu Structure 

Several structures of EF-Tu have been solved in different complexes in some cases in 

the presence of different antibiotics, or in complexes with tRNAs by X-ray 

crystallography [15-17]. These structures show that EF-Tu is composed of three 

domains. Furthermore it was revealed that positions and interactions between 

domains change dramatically depending on whether EF-Tu forms complexes with 

GTP or GDP.  

 

Figure 1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Structure of GTP bound EF-Tu in its active form (PDB ID: 1EFT) on the    

left  and GDP bound EF-Tu in its inactive form (PDB ID: 1TUI) on the 

right (blue: Domain I, yellow: Domain II, orange: Domain III, red: P-

loop; pink: Switch II; purple: Switch I; green :GTP). 

 

It is known that the affinity of EF-Tu toward aa-tRNA and ribosome is controlled by 

the conformations induced by GTP and GDP. During the transition from the GTP to 

the GDP bound state, Domains 2 and 3 which contain only -strands act together as a 

rigid unit. EF-Tu .GDP complex has limited contacts between its three domains, 

while the EF-Tu.GTP complex has a compact structure with contacts between the 

three domains. The compact arrangement of the domains provides a binding site for 

aa-tRNA (Figure 1.3). 
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Figure 1.3 : Structure of ternary complex (PDB ID: 1TTT). 

Domain 1 of EF-Tu is responsible for nucleotide binding and is referred as catalytic 

or G-domain. It contains about 200 amino acid residues. On the other hand, Domains 

2 and 3 are non-catalytic domains, each being composed of about 100 amino acid 

residues. Domain 1 consists of a core formed by 6 -strands surrounded on both 

sides by 6 major -helices. Nucleotide-binding Domain 1 in EF-Tu has three 

important regions that play a critical role in its GTPase activity (Figure 1.2), the 

conserved Switch I (residues 40–62, E. coli  numbering), Switch II (residues 80–100 

E. coli numbering) and P-loop (residues 18-25). GTP hydrolysis results in 

conformational changes in the switch regions, which rearrange according to the 

nucleotide binding states. As seen in Figure 1.2, the Switch I region undergoes an α-

helix to β-sheet transition. Switch II unwinds by one turn at its C-terminus and adds a 

new turn at its N-terminus in going from the GTP state to GDP state. In addition, the 

whole Switch II helix reorients (Figure 1.2) [1, 2, 18]. 
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On the other hand, as in all G proteins, magnesium is another critical structural 

element for the function of EF-Tu. Mg
2+

 binds to the β- and γ-phosphate oxygen 

atoms of the GTP or only a β-phosphate oxygen atom of the GDP nucleotide. The 

residues involved in Mg
2+

 coordination are conserved Threonine 25 (T25) form the P 

loop and Threonine 62 (T62) of Switch I, which bind to the ion directly via their side 

chain oxygen atoms. Mg
2+

 completes its coordination to six with two water 

molecules. In addition, each of  Asparatate 81 (D81) and Asparatate 51 (D51) 

hydrogen-bonds to the water molecules and threonines of the coordination sphere of 

Mg
2+

 (Figure 1.4) [1,2].  

 

 

 

Figure 1.4 : Mg
2+

 coordination shell (blue: nitrogen atom, green: carbon atom, 

                         yellow: magnesium ion, orange: phosphorous atom red: oxygen 

                         atom; white: hydrogen atom)   
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1.3 Key Residues of GTP hydrolysis 

EF-Tu is a member of the G proteins family. Like other G proteins the function of 

EF-Tu depends on whether GTP or GDP is bound, which means that the GTP 

hydrolysis is critical step for the activity of the protein. The GTP bound state is the 

on-state of the protein allowing the interaction with aa-tRNA and ribosome, while 

EF-Tu.GDP is the off-state of the protein and has a lower affinity for aa-tRNA or 

ribosome. The transformation between the active (ON) and inactive (OFF) states of 

the protein allows the system to serve as a regulatory machine. The active site 

structure of G proteins is highly conserved. This suggests that the GTPase 

mechanism of these proteins is similar. 

For several heterotrimeric G-proteins like Giα1, the critical residues involved in GTP 

hydrolysis reaction are well known and studied. Structure determination studies of 

Giα1, revealed that the transition state is stabilized by conserved Arg178 and Gln204 

(Figure 1.5) residues which are located, respectively, in the Switch I and II regions of 

the protein [19, 20]. Mutation studies with Gln204 showed that the GTP hydrolysis 

rate was reduced by a factor of 10–20, emphasizing the importance of Gln204 in 

hydrolysis reaction [21].  

Structure determination studies with p21
ras

 (Ras) revealed that despite it has a 

glutamine residue (Gln61) homologous to Gln204 of Giα1, it does not have an 

arginine residue homologous to Arg178 in the heterotrimeric G-protein. Studies of 

p21
ras

 revealed that, the hydrolysis reaction is catalyzed by the protein complex of 

Ras with its specific GTPase-activating protein rasGAP. The rasGAP provides a 

transition-state-stabilizing arginine, referred to as „arginine finger‟, in a position 

similar to Arg178 in Giα1  [22] (Figure 1.5) . 

Figure 1.5 :Different G proteins use different ways to stimulate GTP hydrolysis[23].  
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In case of EF-Tu the critical residues of GTP hydrolysis mechanism are located in 

Switch I, Switch II and P loop regions of Domain 1, respectively. The P loop 

contains the GXXXGKTT/S motif, where the K24 residue interacts with the - and 

-phosphate oxygen atoms of GTP (-phosphate oxygen in the case of GDP) [24].  

Previously it was assumed that another critical residue involved in GTP hydrolysis 

was the Arg59 of switch I by analogy to Arg178 in Giα1 [25, 26]. Mutation studies in 

T. aquaticus EF-Tu with Arg59 revealed that the intrinsic GTP hydrolysis rate is not 

influenced at all, whereas the ribosome induced hydrolysis showed a large reduction. 

Nevertheless, increasing the ribosome concentration restored the wild type GTPase 

rate. These observations indicated that this residue is involved for ribosome binding. 

However, T. aquaticus contains another arginine on Switch I (Arg57) which was not 

studied in the literature. Escherichia coli has a lysine (Lys56) at the same position as 

Arg57 of T. aquaticus. When Lys56 from Escherichia coli was mutated, it was 

observed that the GTP hydrolysis rate showed a tremendous decrease [Bilgin and 

coworkers, unpublished data]. 

Switch II of EF-Tu includes a histidine residue (His85 in Thermus aquaticus, and 

His84 in Escherichia coli) which is critical for catalysis whereas its function is 

arguable. This histidine occupies the same position as the conserved Gln of Ras p21 

and Gi1 proteins. Like Gln 204 in Giα1, mutations of this histidine to alanine 

residue were found to reduce GTP-hydrolysis rates [27, 28]. When His85 in EF-Tu is 

mutated to glutamine or when Gln61 in Ras is mutated to histidine, the hydrolysis 

rate of GTP decreases to a lesser extent, showing that these residues can partially 

substitute each other in different proteins. 

There are different proposals in literature about the function of His85. The first 

proposal is that His85 serves as a general base by abstracting a proton from the 

catalytic water molecule, making the catalytic water a better nucleophile which then 

attacks the γ-phosphate of GTP. The second proposal suggests that His85 is 

responsible for positioning of the nucleophilic water molecule. A third proposal 

suggests that His85 is not directly involved in catalysis, instead acts as a 

conformational switch reorienting the P loop in the presence of the ribosome. 

In many structures of EF-Tu in the GTP form, it was observed that this histidine is 

positioned away from the catalytic site. In the crystal structure of aurodox bound to 

EF-Tu.GDP, His84 (His85 of T. aquaticus and T. thermophilus EF-Tu) was found in 
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a position that is much closer to the nucleotide-binding site, whereas in the crystal 

structure of kirromycin bound to the ternary complex, His84 is found in a position far 

away from the active site [11, 29, 30]. According to these crystal structures of EF-

Tu, it was proposed that hydrophobic residues Ile60 (Switch I) and Val20 (P loop) 

form a hydrophobic gate which controls access of the His84 to the hydrolytic water 

molecule and -phosphate group of GTP. It was suggested that when the gate is 

closed it prevents His84 residue to perform its catalytic role whereas when it is opens 

(it was assumed that one or both of the wings of the hydrophobic gate could open), 

His84 is directed toward the nucleotide-binding site, through the -phosphate [4].  

The mechanism of gate opening is explained by the sequence of events which are 

triggered by cognate codon-anticodon interaction recognized by the ribosome. The 

recent structures show that the sarcin–ricin loop (SRL) of ribosome is involved in 

GTPase activity [11]. Figure 1.6 represents GTPase activation which allows the 

phosphate of A2662 of the SRL (orange) to position His84 into the active site. After 

GTP hydrolysis and Pi release Switch I becomes disordered (dashed-line) and His84 

rotates away from GTP  [4, 30]. 

 
Figure 1.6 : Role of His84 together with the Hydrophobic gate residues [4]. 

Since the gate is suggested to prevent GTP hydrolysis unless the codon and 

anticodon are paired, it can be assumed that if the gate residues are mutated, the 

histidine will always be present inside the catalytic site. But, mutations of the gate 

residues, i.e. V20G and I61A mutations have not caused an increase in the intrinsic 

or ribosome-induced GTP hydrolysis [31, 32]. Hence, the roles of these residues and 

their relationships with His84 remain unsolved. On the other hand, Åqvist et al. [3] 

and Warshel et al. [7] have proposed that the repositioning of the His85 towards the 

active site GTPase activation does not require an opening of the hydrophobic gate. 
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Molecular dynamics studies of Şeref Gül, where he tried to  clarify the roles of 

His85, Asp87, Asp51, Thr62, Val20 and Ile61 amino acids in the  GTPase activity of 

EF-Tu [33], have provided evidence that in its protonated state the corresponding 

histidine in T. aquaticus, His85, is usually inside the active site whereas in its 

deprotonated form His85 is outside the active site. In that study, it has also been 

found that His85 is protonated, especially when there is a nearby negatively charged 

group such as E87 in the case of D87E mutation. Other computational studies also 

indicate that His85 is protonated [3, 34]. 

The ribosomal components that could be involved in hydrolysis reaction are those 

that contain the G-domain binding site. Different cryo-EM studies of ribosome 

revealed the critical regions of the ribosome, such as the sarcin–ricin loop and the 

L11-RNA domain of the large ribosomal subunit (Figure 1.7), are important for the 

GTPase activity [35, 36]. EF-Tu and other translational factors bind the universally 

conserved sarcin-ricin loop (SRL nucleotides 2646–2674 of the 23S rRNA) and the 

L11-RNA domain of the large ribosomal subunit in such a way that the SRL interacts 

with the catalytic histidine. According to the structural conservation of translational 

factors, activation by the SRL is believed to be the general mechanism for triggering 

GTP hydrolysis on the ribosome. 

Figure 1.7 : EF-Tu and Ribosome: In the GTPase activated state, the ternary 

                      complex makes two stabilizing contacts with the ribosome: the 

                      sarcin-ricin loop  (SRL) and the GTPase-associated center (GAC) [37]. 
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In a structural study of EF-Tu and aminoacyl-tRNA bound to the ribosome with a 

GTP analog, specifically residue A2662 of SRL loop has been observed to interact 

with His84 and position it properly [4]. In another crystallography study with 

different experimental conditions, where the aminoacyl·tRNA·EF-

Tu·GDP·kirromycin bound to Escherichia coli ribosome, it has been found that 

A2660 of SRL interacts with His19 of the P-loop of EF-Tu, leading to the 

stabilization of this loop [11,30]. 

1.4 The General Mechanism of GTP Hydrolysis 

GTP hydrolysis of EF-Tu is a phosphate hydrolysis reaction and phosphate 

hydrolysis reactions are one of the most important classes of chemical reactions in 

biology. For example, the regulation and control of signal transduction and transport 

processes relies almost exclusively on GTP or ATP. Interestingly, despite many 

studies in literature which attempt to identify the mechanism of GTP hydrolysis, the 

mechanism is still unclear. First of all the type of mechanism is not certain; while 

some studies proposed the associative pathway, the other studies in literature suggest 

the dissociative transition state.  

The phosphate hydrolysis reactions have been generally classified as associative or 

dissociative according to the distance between the reacting phosphate and the leaving 

group, R1, and the distance to the attacking nucleophile, R2 (Figure 1.8) at the 

transition state. This definition is related to the More O‟Ferrall-Jencks (MOFJ) 

diagrams, which  is drawn in terms of bond lengths [38]. 
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Figure 1.8 : A schematic description of the potential surface for the hydrolysis of 

                      phosphomonoesters with three reaction coordinates R1, R2 and X. [38] 

In the dissociative mechanism before nucleophilic attack of the water molecule 

occurs, the leaving group dissociates (Figure 1.8). In the case of GTP molecule, a 

large degree of bond cleavage between the -phosphoryl group and the GDP leaving 

group occurs and the transition state proceeds by the formation of a metaphosphate 

structure. Moreover in a dissociative transition state, an electron shifts to the -

phosphate with the largest accumulation on the – bridge oxygen. In contrast 

hydrolysis reaction of associative mechanism proceeds via partial bond formation to 

the nucleophile and partial bond cleavage to the leaving group where transition state 

is represented by a pentacovalent trigonal bipyramidal phosphorus. Charge 

distribution also shows difference and accumulate on the non-bridging atoms of the 

-phosphate. In the case of GTP, partial or no – bridge bond cleavage occurs 

whereas degree of bond formation with the incoming nucleophilic water molecule 

and the -phosphate of GTP is large [40, 41]. 

Both associative and dissociative pathways can be either stepwise pathways 

proceeding through stable intermediates or concerted pathways proceeding through a 

single transition state in which bond cleavage to the leaving group and bond 

formation to the nucleophile occur in a single reaction step. 

If the reaction proceeds via associative path, the proton transfer is the first step as 

intermediate forms, whereas in case of dissociative mechanism proton transfer occurs 

after the bond cleavage (Figure 1.8) the proton is transferred from the attacking water 

molecule onto the - phosphate oxygen atom. According to the studies performed in 
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the solvent environment, the reactions of phosphate monoesters, acyl phosphates and 

phosphorylated amines are dissociative in solution [42]. 

Experimental Linear Free Energy Relationships (LFER) studies showed that in 

aqueous solution the rate constant of uncatalyzed reaction has been found to be 

highly sensitive to the pKa of the leaving group whereas less dependent on the pKa of 

the nucleophile [43, 44]. The dependence on the pKa of the leaving group indicates 

that until the transition state, mostly bond breaking occurs, hence a dissociative 

mechanism. While most of LFER studies suggest the dissociative mechanism for the 

phosphate hydrolysis reactions there are some contradictory proposals which suggest 

that an associative mechanism can also be consistent with these LFERs [44].  

The Kinetic isotope effect studies, which are referred to the change in the rate of a 

chemical reaction upon substitution of an atom in the reactants with one of its 

isotopes also revealed that the mechanism proceeds via dissociative path. [34-38]. 

For phosphate hydrolysis reactions, near-zero activation entropies have been 

measured [45]. A near-zero activation entropy could be used as a marker to describe 

a dissociative TS. One can expect that a dissociative pathway has a small S entropy 

value in contrast to an associative pathway which has a more negative S [39-42]. In 

case of dissociative pathway, two chemical events are very important; first of all, the 

attacking water molecule and GTP molecule come together decreasing the entropy of 

the system. Meanwhile, during the bond cleavage the entropy is increased 

significantly, compensating the entropy decrease mentioned above. However 

according to some studies, amino acids in the active site may cause significant 

entropy change during associative TS, leading to near zero S [41].  

It is known that the metaphosphate intermediate cannot be isolated under 

experimental conditions; it can be detected only with the non-nucleophilic solvents 

under experimental conditions. Based on this observation, some researchers have 

argued against a dissociative mechanism [6, 46]. 

It was indicated that the difference between associative and dissociative paths cannot 

be discriminated by the experimental studies like LFER, the kinetic isotope effect 

and from other experimental markers [6]. It was stated that under some conditions 

experimentally it is difficult to identify if the mechanism is associative or 

dissociative as both mechanisms can be consistent with experimental observations in 

http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Reactant
http://en.wikipedia.org/wiki/Isotope
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different situations. Since the difficulty of obtaining a unique mechanism by 

experimental studies, computational studies of the hydrolysis of this reaction are 

becoming important [6, 47]. 

Most studies show that non enzymatic phosphate hydrolysis reactions have mainly 

dissociative character in aqueous solution. However, some studies suggest that a 

common mechanism might not exist and that G proteins might actually select a more 

or less associative/dissociative mechanism depending on the particular electrostatic 

environment of their active site [6, 38, 40, 48]. 

Another debate about the phosphate hydrolysis mechanism is whether the proton 

transfer from the attacking nucleophilic water molecule to the  - phosphate oxygen 

occurs directly (1 water mechanism or 1W) or with the assistance of another water 

molecule (the 2W mechanism). The GTP hydrolysis reaction can proceed faster by 

the formation of six-membered ring. 

1.5 Suggested Mechanisms of GTP Hydrolysis in EF-Tu 

Although it is accepted that the proper positioning of His85 is a critical step for 

effective catalysis in EF-Tu in the literature, there are several proposals and debates 

about the catalytic effect of His85. Still the role of His85 in stabilizing the TS is 

entirely unclear. One of the most common proposals is the general base mechanism 

(Figure 1.9) where it is suggested that this residue serves as a base by abstracting the 

proton from the catalytic water molecule, converting it to OH
-
 which is a better 

nucleophile [4].  

 

Figure 1.9: Hydrolysis mechanisms corresponding to His84 acting as a general base. 

The general base role of His85 was proposed according to the crystallographic 

structures [4, 18] In these structures, His85 is oriented toward the active site and at 

hydrogen bond distance with the attacking water. In addition, computational studies 

by Nemukhin and its group concluded that His84 (E.coli numbering) of EF-Tu acts 

as a general base [49]. In their study they investigated energy barriers of GTP 

hydrolysis in EF-Tu by either locating His 85 in (His85in) or out (His85out) of the 

active site. In that study, His85 was assumed to be deprotonated. 
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The general base mechanism has been highly criticized over the years. One may 

assume that the GTP hydrolysis mechanism of all G-proteins is the same since their 

active site structures are similar. However, in the case of Ras, the main residue 

responsible of activating the water molecule is Gln61 which is less basic compared to 

His85. An experimental study has indicated that the GTP hydrolysis reaction in EF-

Tu has no pH dependence, suggesting that the protonation state of His85 is not 

important [50, 51]. If base proposal was real, His85 should be strictly in the 

deprotonation state and during the experimental study pH dependence must be 

observed.  On the other hand, according to many pKa calculations [3]. His85 should 

be protonated. If His85 is protonated, it is clear that it cannot abstract a proton from 

the attacking water molecule or any other residue, it can be concluded that His85 

cannot act as a base. In the computational study by Nemukhin and coworkers 

suggesting the general base mechanism, the catalytic water molecule has been 

already reoriented towards the GTP molecule in attacking position [49]. As a result 

the calculated activation energy does not include the unfavorable energy required for 

the reorientation of the water molecule in attacking position, leading to a decrease in 

the activation barrier. Moreover, until the TS formation the proton is still on the 

water, only after the TS formation the proton is abstracted by His85. Hence, even if 

His85 behaves as a base, this fact does not have any catalytic effect. 

In the studies arguing against the general base proposal [3, 7, 28], it is assumed that 

the water molecule donates a proton to the -phosphate of GTP instead of a residue 

on the protein. This mechanism is called a substrate-assisted mechanism which is 

associative in character (Figure 1.10). 

 

Figure 1.10: Substrate-assisted mechanism. 

The proposal about the function of His85 of EF-Tu was that this residue is 

responsible of repositioning of the catalytic water molecule. In order to attack, water 

must orient its oxygen toward the negatively charged - phosphate group of GTP, 

leading to an unfavorable charge-dipole interaction. His85 may form a hydrogen 
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bond with the catalytic water molecule and compensate for this unfavorable charge 

dipole interaction [34, 52].  

Recently Aleksandrov and Field have offered another mechanism in which His85 is 

involved in proton relay in which first it acts as an acid while in the later steps shifts 

to serve as a base. The histidine donates its proton to the - phosphate of GTP via the 

hydrolytic water molecule (Figure 1.11). Then, the hydroxyl group of the terminal 

phosphate of GTP reorients to a position where it interacts with the oxygen that links 

GTP‟s β- and γ-phosphates. In the last step of the proposed reaction, the water 

molecule donates its proton to His85 and attacks the phosphate of GTP [5].  

However Warshel has claimed that the method used by Field and his coworkers in 

their study cannot give the 1W barrier even in bulk water and the results were 

overestimated [7].  

 

Figure 1.11 : Mechanism where His85 is involved in proton  relay. 

In his recent studies Warshel and his coworkers proposed a different approach for 

GTP hydrolysis mechanism and for the role of His84 [28]. They suggested that the 

catalytic effect is generated by allosteric structural change (allosteric effect) when 

other residues of the catalytic domain are placed in an accurate catalytic 

arrangement, in which His84 has no direct catalytic effect. He suggests that ribosome 

interaction with EF-Tu will cause changes in the P-loop structure leading activation 

process. In this activation process, His84 is assumed to act as a conformational 

switch. Structural rearrangements in switch I, switch II, and the P loop alter in a 

tremendous way the stabilization of the transition state.  In contrast to Warshel et al., 

Åqvist et al.  suggested that the allosteric effect from the P-loop and other parts of the 

protein is unlikely to be important based on the structural rather than energy 

observations of their study where, in protonated form, His84 is pulled near the active 

site in the appropriate configuration due to the interaction with the sarcin–ricin loop 
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[3]. According to Warshel and his coworkers‟ study, during the transition state; a 

concerted attack by water molecules is initiated by the stretching of the bond 

between -P and bridge O bond, proton transfer from the attacking water is assisted 

by a second water molecule. This mechanism requires insertion of an additional 

water molecule to the active site of EF-Tu. It was concluded that the 2W assisted 

mechanism is energetically more favorable relative to the 1 W path [7].  

1.6 Aim of the Study 

In this study the GTP hydrolysis mechanism of EF-Tu has been investigated. The 

role of critical residues in the GTPase activity of EF-Tu, that we believe to be Arg57 

and His85 and the associative/ dissociative type of GTP hydrolysis mechanism was 

tried to be clarified. 

The exact role of His85 is not clear in literature. The general base proposal cannot be 

accepted because His85 is protonated inside the active site and hence cannot abstract 

a proton from the water molecule.  

Until now, no “Arg finger” has been observed in EF-Tu. Interestingly, although 

many studies in literature have been focused on the catalytic effect of His84, there 

are very few studies on the catalytic role of Arg57. It has been observed from the 

studies of Şeref Gül [33] that Arg57 can be situated near the active site. We assume 

that due to interaction with ribosome Arg57 can be pushed into the active site and 

perform its catalytic effect. Moreover, Arg57 is highly conserved, substituted only by 

a lysine, again a positively charged residue, in some species. We argue that Arg57 

can be a critical catalytic residue as His85 is in GTP hydrolysis mechanism. In this 

study we aim to identify the possible effect of Arg57 over the hydrolysis reaction  

The debate about the character of the TS will also be investigated. In order to 

understand whether the phosphate hydrolysis reaction proceeds via associative or 

dissociative path, enzyme‟s active site with respect to Arg57 and His85 will provide 

information to clarify the character of the TS. 

This computational study will provide evidence for the role of residues Arg57 and 

His85 for the GTPase activity of EF-Tu. GTP hydrolysis reaction of EF-Tu is 

modeled by applying QM/MM methods. Different model structures representing the 

associative or dissociative path of GTP hydrolysis have been optimized and the 
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energy values have been compared in order to state the best mechanism. In this study 

3 different model systems have been investigated in order to clarify the GTP 

hydrolysis mechanism of EF-Tu.   
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2.  MATERIALS AND METHODS 

All calculations were performed with ONIOM method [53-55] as implemented in 

Gaussian09 software [56]. MM calculation were performed using the Amber ff03 

force field [57], QM calculations were performed at the M06-2X level of theory, 

using the 6-31+G** basis set for oxygen atoms and 6-31G** for all other atoms in 

the model system. The choice of the M06-2X level was done according to the 

previous unpublished studies on phosphate hydrolysis reactions where high level QM 

methods were compared with various DFT methods. That study revealed that the 

M06-2X functional gave the most accurate results for phosphate hydrolysis reactions. 

Diffuse functions were only added to the oxygen atoms which can carry negative 

charges to reduce interelectronic repulsions and provide more accurate results. 

However, since our system is very large, diffuse functions were omitted on the atoms 

which do not carry a negative charge. For all atoms in the system the basis set is 

chosen to provide a polarization function (as a d-orbital) to the heavy atoms and p 

functions to the hydrogen atoms, leading to a more flexible wave function. 

All geometries were optimized with reactant parameters (GTP parameters) used 

during the MM part of the QM/MM calculations. However during our study single 

point calculations were performed either with reactant (GTP parameters) and product 

parameters (GDP parameters) to check the dependence of the results on the choice of 

parameters. A difference of ~2 kcal/mol in energy was observed between these 

calculations, suggesting that both parameters are suitable for our optimization study 

and provide appropriate results.   

Our first geometry optimizations were performed via mechanical embedding. 

However in some cases, it was observed that one of the hydrogen atoms of Lys24 

amino group was abstracted by the GDP molecule in the product. Moreover, the 

related geometries were also optimized via electronic embedding optimization 

approach. Electronic embedding optimizations located the proton on Lys24 even if 

the proton was put on GDP in the initial geometry. Therefore, all optimizations were 

performed using the electronic embedding approach. None of the atoms in the model 



20 

systems were kept frozen during optimizations neither in the reactant and product 

states nor for the transition state geometries. Furthermore the standard microiteration 

procedure was applied during optimizations toward minima, whereas both quadratic 

coupled algorithm and microiteration procedure were used during TS optimizations. 

We presume that, in the presence of the ribosome, the catalytic residues Arg57 and 

His85 are pushed into the active site and perform their catalytic role. Hence, 3 

different structures were designed. In the first geometry both catalytic residues were 

situated outside the active site, representing the situation in which ribosome is not 

interacting with EF-Tu. This structure is referred as ALLOUT during this study. In 

the other two geometries either Arg57 or His85 were brought to the active site in 

order to shed light on the roles of these residues. These structures will be referred as 

ArgIN and HisIN, respectively. The situation where both residues are in the active 

site would represent the case where the ribosome interacts with EF-Tu and will be 

considered in a future study. All initial geometries were taken from the previous 

molecular dynamics study performed by Şeref Gül with Thermus aquaticus [33] . 

The most critical step of the optimization was the definition of the high and low level 

regions for QM/MM. The QM/MM region of our model system is present in Figure 

2.1.  

 

Figure 2.1 : QM and MM regions of our model structures. (pink&red: the QM 

region represented in all model structures, blue: additional region for     

ArgIN model, yellow: additional QM region defined for HisIN 

model). 
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The QM region or high level region in all structural models consists of sequence of 

residues shown with pink color in Figure 2.1, which amino acid sequence is 

H
19

VDHGKTT
26

 and G
60

ITIN
64

 respectively. The triphosphate groups of the GTP 

molecule together with the Mg
2+

 ion are also present in the high level region. Water 

molecules in the active site were also included in the high level region. However 

only catalytic water molecule and the 2 water molecules, which coordinate the Mg
2+

 

ion are shown in Figure 2.1. In the HisIN model, the QM region also contains the 

His85 residue and the amino and carboxyl groups of the neighboring residues Gly84 

and Ala86, indicated with yellow color in Figure 2.1. In the ArgIN structural model, 

the QM region contains Arg57 and the amino and carboxyl groups of the neighboring 

residues Glu56 and Ala58, represented with blue color in Figure 2.1. The green 

colored region represents the MM region atoms. The dangling bonds were saturated 

with hydrogen atoms referred as link atoms. The scheme representing our QM region 

for all our models is present in Figure 2.2. 

Our final QM/MM model system contains 9351 atoms for all three models. The 

calculation of ALLOUT model includes a total of 143 quantum atoms, 9208 MM 

atoms, ArgIN model consist of a total of 162 quantum atoms, 9189 MM atoms and 

HisIN model includes a total of 156 quantum atoms, 9195 MM atoms. 

In the molecular dynamics simulations where the initial structures were taken from, 

Arg57 never entered the active site in an orientation suitable for catalysis as 

suggested by the crystal structures of the Ras-RasGAP complexes, although it was in 

a close arrangement to the active site. During the preparation step of our initial 

geometries Arg57 was moved towards the active site manually, leading its 

reorientation more closely to the GTP molecule. This initial structure was simulated 

twice to restore and optimize the atomic coordinates. First simulation procedure was 

performed by applying restrain to interactions of Arg57 with GTP molecule; 

distances of these residues were kept restrained at certain values while allowing all 

other geometry parameters to optimize completely. Second and final simulation was 

carried out without any restrains providing the necessary conformational freedom for 

all atoms of the model system 
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Figure 2.2 : QM  region of our model structures (red: the QM region represented in 

all model structures, blue: additional region for HisIN model, purple: 

extra QM region defined for ArgIN model). 
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EF-TU is a floppy molecule and we have large system. Moreover, ONIOM creates 

problems during the numeric update of the 2
nd

 derivative matrix. As a result we could 

not achieve the full convergence for transition state optimizations. The convergence 

criteria limits of Gaussian 09 are listed below:  

 The maximum components of force must be smaller than 0.000450 cut-off 

value ,   

 Below 0.000300 cut-off value for Root Mean Square of the forces, 

 The calculated displacement for the next step must be below the cut-off value 

0.001800  for Maximum Displacement and  

 Smaller than 0.001200 tolerance limit for RMS Displacement (Root Mean 

Square of the displacement) for the next step. 

During our optimizations RMS Force converged in most structures, the average RMS 

Force is 0.000095 whereas the maximum RMS Force of all transition structures is 

0.000239. Hence, although not fully converged, we believe that our results are of 

semi quantitative quality. 

2.1 Density Functional Theory 

Density functional theory is a quantum mechanical method [58-61]. In quantum 

mechanics, unlike classical mechanics, the position and the momentum of a particle 

cannot be known simultaneously without any uncertainty. Therefore the position of a 

particle is expressed as a probability function, Ψ
2
. Ψ is known as the wavefunction 

and is obtained by solving the Schrödinger equation: 

Ĥ Ψ(x)= EΨ(x)  (2.1) 

Ĥ is the Hamiltonian operator, and it provides the energy (E) and the wavefunction 

of the system. 

 

               
 

 
     

    
  

   

 
   

 
      

 

   

 
   

 
     

                    (2.2) 
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In 2.2, the first term gives the kinetic energy of electrons, the second term gives the 

attraction between electrons and nuclei, and the third term gives the interelectronic 

repulsion. ZA is the charge of any nucleus, N the number of electrons, M the number 

of nuclei, rij distance between electrons i and j, and riA distance between electron i 

and nucleus A. 

There are many acceptable solutions of the Schrödinger equations, identified by the 

quantum number n: 

Ĥ Ψn(x)= EΨn (x)  n=1,2,…  (2.3) 

The exact solution of the Schrödinger equation exists only for one-electron systems. 

For many-electron systems only approximate solutions can be obtained.  The first 

step to obtain these approximate solutions is the separation of variables by 

expressing the many-electron wavefunction Ψ(1,2,3..) as the product of one-electron 

wavefunctions χ1(1), χ2(2), χ3(3).. 

Such a separation is possible only if the electrons are independent from each other, 

which is of course not true in real systems. Therefore, the error introduced by the 

independent electron approximation must be corrected later in the calculations. 

On the other hand, according to Pauli Exclusion Principle, the wavefunction must be 

antisymmetric with respect to the exchange of the labels of any two electrons [58-

61]. Hence, expressing Ψ as the product of one-electron wavefunctions would violate 

the Pauli Exclusion Principle. Instead, Ψ is expressed as a Slater determinant: 

 

  

                         ΨSD =                                                                                    (2.4) 

 

 

which is constructed from a set of N single-electron wave functions (N being the 

number of electrons in the molecule) in Hartree-Fock theory. Every χi (xN) function is 

equal to the spin function multiplied by the spatial wave function. The Schrödinger 

equation with a Hamiltonian in (2.2), and Ψ given as a Slater determinant, can be 

reorganized as: 
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                                                                                  N                              N N 

EHF = ∫ Ψ0H0 Ψ0 dτ = Σ(i | ĥ | i) + ½ ΣΣ(ii | jj) – (ij | ji) 

                                                       
i                                 i  j

 

 

(2.5) 

                                    M 

(i | ĥ | i) = ∫ χi* (x1) (-1/2  i
2
 – ΣZA / riA) χi (x1) dx1                

                           A 

 

(2.6) 

(ii | jj) = ∫∫ |χi (x1)|
2
1/r12 |χj (x2)|

2
dx1 dx2 (2.7) 

(ij | ji) = ∫∫ χi (x1) χj
*
 (x1) 1/r12 χj (x2) χj

*
 (x2) dx1 dx2 (2.8) 

(2.6) gives the kinetic energy of a given electron and the interaction energy between 

this electron and the nuclei. The integral in (2.7) is known as the Coulomb integral 

(J), and gives the total Coulombic repulsion between any two electrons. The integral 

in (2.8) is called the exchange integral (K). It has no classical counterpart, and arises 

completely from the Pauli Exclusion Principle [58-61]. 

Each one-electron orbital (χi) can be approximated by using a linear combination of 

Gaussian functions, known as the basis set.  

                                                                                          N 

χi = ∑ cμi υμ 
                                                                                          μ=1 

 

 (2.9) 

The energy calculated with a wave function, which is described with a basis set, is 

always higher than the exact energy. Therefore cμi values (molecular orbital 

expansion coefficients) are calculated by minimizing the energy, with respect to 

these coefficients. This procedure is called as variation principle. 

The method described above is known as the Hartree-Fock method. Since this 

method starts with the independent electron approximation and the errors introduced 

by this approximation are never corrected, it lacks the electron correlation effects. 

This means that each electron moves in the average field created by all other 

electrons, without knowing their instantaneous positions. Therefore electrons can get 

unrealistically close to each other. There are methods which are based on the 

calculation of the wavefunction, and which can include the electron correlation 

effects, but these methods are computationally very expensive. Instead density 

functional methods offer a cheaper solution of this problem. 

DFT is based on Kohn-Hohenberg theorems, which state that the electron density 

ρ(r) includes all the information carried in Ψ. ρ(r), which can be obtained from a 

many-electron wavefunction Ψ, is given by: 
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ρ(r1) = N ∫ … ∫ dr2 … drN | Ψ(r1, r2, … rN) |
2
 (2.10) 

where r denotes both spin and spatial coordinates of electrons. 

The first Kohn-Hohenberg theorem (Existence theorem) states that the electron 

density ρ(r) determines the external potential v(r), i.e. the potential due to the nuclei. 

This means that for a given electron density, there exists only one particular 

distribution of nuclei with their given charges.  

The second theorem introduces the variation principle, i.e. the energy computed with 

an approximate density is always greater than the true energy. Therefore the energy 

is minimized with respect to ρ(r). 

Three variables in the energy, E(N, RA, ZA), can be known when electron density is 

known. The energy can be written as: 

           E[ρ] = ∫ v(r) ρ(r) dr + T[ρ] + Vee[ρ]                           (2.11) 

where T[ρ] is the kinetic energy of the interacting electrons and Vee[ρ] is the electron-

electron repulsion energy. Calculation of the kinetic energy of the interacting 

electrons is difficult. Therefore Kohn and Sham defined a reference system with non-

interacting electrons, such that the one-electron wavefunctions of these electrons give 

the true density [57-60]. The wavefunction of this system can be expressed as a 

Slater determinant of one-electron functions χi(r) and the density can be written as; 

                                                             
   

                                        (2.12) 

                                                                         
                                                                                   

 

The kinetic energy of this system can be calculated by using χi(r)‟s as in the Hartree-

Fock theory. Now the electronic energy may be rewritten as: 

                            E[ρ] = ∫ v(r) ρ(r) dr + Tni[ρ] + J[ρ] + Exc[ρ]               (2.13) 

with J[ρ] being the coulomb energy, Tni[ρ] being the kinetic energy of the non-

interacting electrons and Exc[ρ] being the exchange-correlation energy functional. 

The exchange-correlation functional is an unknown functional and expressed as the 

sum of an exchange functional Ex[ρ] and a correlation functional Ec[ρ], although it 

contains a correctional term, which accounts for the kinetic energy term arising from 

the kinetic energy difference between the interacting and non-interacting electron 

systems. 
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Minimization of the energy with respect to ρ(r), with the constrain that the one-

electron orbitals are orthonormal, yields: 

                                    [ (-1/2)  KS
2
 + Veff(r) ] χi(r) = εiχi(r)     (2.14) 

where εi is the orbital energy of the corresponding independent (χi) Kohn–Sham 

orbital. 
 

In (2.14), the one-body potential Veff can be defined as;  

Veff =v(r) + [ ∂J(ρ) / ∂ρ(r) ] + [ ∂Exc(ρ) / ∂ρ(r) ]               (2.15) 

Veff= v(r) +[ ρ(r') / | r-r'| ] dr' + vxc(r)                          (2.16) 

where vxc(r)is the exchange-correlation potential.  

The exact form of the exchange-correlation functional is not known. It is possible 

only for simple systems to derive these functionals. Therefore approximate forms are 

studied and improved. If we assume that the density is kept same everywhere, 

ρ=N/V, we can make our first approximation, i. e. the local density approximation 

(LDA). This approximation gives the energy of a uniform electron gas, i. e. a large 

number of electrons uniformly spread out in a cube accompanied with a uniform 

distribution of the positive charge to make the system neutral. The total energy of the 

system is expressed as a functional of the charge density as: 

E[ρ] = Ts[ρ] + ∫ ρ(r)vext(r)dr + J[ρ] + Exc[ρ] + Eb                (2.17) 

1. Ts is the Kohn–Sham kinetic energy functional, which is expressed in terms 

of the Kohn–Sham orbitals as: 

                              
       

 

 
     

                                    (2.18)
                                              

 

2. vext is the external potential which acts on the interacting system at minimum, 

3. Exc is the exchange-correlation energy, 

4. E
b 

is the electrostatic energy of the positive background and since the positive 

charge density is the negative of the electron density due to uniform 

distribution of particles, the energy expression is reduced to: 
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E[ρ] = TS[ρ] + EXC[ρ]       (2.19) 

E[ρ] = TS[ρ] + EX[ρ] + EC[ρ]     (2.20) 

The kinetic energy functional Ts can be rewritten as: 

TS[ρ] = CF∫ ρ(r)
5/3

dr                  (2.21) 

where CF is a constant equal to 2.8712. The exchange energy functional can be 

calculated exactly by: 

EX[ρ] = -CX∫ ρ(r)
4/3

dr                 (2.22) 

with Cx being a constant equal to 0.7386. Even for this simplest system, it is not 

possible to derive a similar approximation for the correlation energy, Ec[ρ]. Using 

Quantum Monte Carlo techniques, Ceperley and Alder (1980) calculated the total 

energy for uniform electron gases of several different densities to very high 

numerical accuracy. For each case, they were able to determine the correlation 

energy in these systems and the kinetic energy functional is obtained by fitting an 

analytical function to their results. 

A disadvantage of the LDA method is the underestimation of the exchange energy by 

about 10 percent and it does not have the correct asymptotic behavior. The exact 

asymptotic behavior of the exchange energy density of any finite many-electron 

system is given by:  

limUX
σ
= -1/r                           (2.23) 

 x  ∞ 

where UX is the Coulomb potential of the exchange charge and UX is related to total 

exchange functional, EX[ρ] by; 

EX[ρ] = ½ ∑ ∫ ρσUx
σ
dr                 (2.24) 

              
σ 

To correct this problem, exchange-correlation functionals are created to have a 

proper asymptotic limit by adding a gradient correction term. 

The adiabatic connection formula connects the non-interacting Kohn-Sham reference 

system (λ=0) to the fully-interacting real system (λ=1) and is given by: 

                   1 

Exc = ∫ Uxc
λ
 dλ                  (2.25) 

                   0 
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where λ is the interelectronic coupling-strength parameter and Uxc
λ
 is the potential 

energy of exchange-correlation at intermediate coupling strength. The adiabatic 

connection formula can be approximated by; 

EXC= ½ EX
exact

 + ½ UXC
LD

                 (2.26) 

The equation 2.26, which is known as adiabatic connection formula, is the sum of 

exact and approximated exchange-correlations. This provides an accurate theory of 

the exchange-correlation functional and is the starting point of many approximations. 

The functionals which include an exchange term, are called hybrid functionals. 

The functional used in this thesis is M06-2X. It belongs to a family of functionals, 

including also M06 and M06-L, where the main difference being the amount of the 

exact exchange. It is designed by Zhao et al. [62] and is a hybrid meta-generalized 

gradient approximation. The reason why they are called hybrid functionals is the 

addition of Hartree-Fock exchange functional into pure DFT functionals. They are 

also called latest generation functionals and used extensively in recent years because 

of their accuracy, and this accuracy of calculation depends upon the exchange-

correlation functional, Exc[ρ]. 

The pure DFT parts (meta-GGA) depend on spin density (ρ), reduced spin density 

gradient (x) and kinetic energy functional [T(ρ)]. The reduced spin density gradient 

(xσ) is shown in (2.27): 

xσ = |  ρσ | / ρσ
4/3

 (σ = α, β)                (2.27) 

The M06 functional family includes 3 additional terms; Z as a working variable, γ 

and h as working functions. 

Zσ = [2τσ / ρσ
5/3

] - CF, CF = 3/5 (6π
2
)
2/3

, γ(xσ, Zσ) = 1+ α(xσ
2
 + Zσ)   (2.28) 

h(xσ,Zσ)=[d0/γ(x, Z)]+[(d1xσ
2
+d2Z)/ γ

2
(x, Z)]+[(d3xσ

4
+d4xσ

2
Zσ + d5Zσ

2
)/γ

2
(x, Z)] (2.29) 

The exchange functional term (Ex[ρ]) of the M06-2X functional is kept same as in 

the M06-L functional: 

Ex
M06

 = ∑ ∫ [ Fxσ
PBE 

(ρσ(r),  ρσ(r))  f (ωσ) + εx
LDA

hx(xσ,zσ)] dr       (2.30) 
                   σ 

where hx(x,z) is defined in (2.29). Fx
PBE 

(ρσ(r),  ρσ(r))  indicates the exchange energy 

density, which is taken from PBE exchange model. According to Zhao et al., PBE 
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model satisfies the correct uniform electron gas (UEG) limit and also gives rather 

good results in the non-covalent interactions [58]. 

εxσ
LDA

 is the local spin density approximation for exchange; 

εxσ
LDA

 = -3/2 (3/4π)
1/3

ρσ
4/3

(r)           (2.31) 

and the f (ωσ) is the spin kinetic energy density factor; 

       m 

     f (ω) = ∑ ai ωσ
i
       (2.32) 

      i=0 

where the variable ωσis the function of tσ, and the tσ is the function of spin kinetic 

energy density (T) and spin density (ρσ). 

ωσ = (tσ – 1) / (tσ + 1)                 (2.33) 

tσ = Tσ
LDA

 / Tσ                        (2.34) 

where 

Tσ
LDA

 ≡ 3/10 (6π
2
)
2/3

ρσ
5/3

                (2.35) 

The correlation functional form of the M06-2X functional is again kept same as in 

their M06-L functional family. However, in this new correlation functional, the 

opposite spin and parallel spin correlations are treated differently by Truhlar and co-

workers. 

The opposite spin M06 correlation energy is given by; 

EC
αβ

 = ∫ eαβ
UEG

 [ gαβ(xα, xβ) + hαβ(xαβ,zαβ)] dr        (2.36) 

where gαβ(xα, xβ) is described as: 

                       N 

gαβ(xα, xβ) = ∑CCαβ,i  [γCαβ (xα
2
 + xβ

2
) / 1+ γCαβ (xα

2
 + xβ

2
) ] 

i
   (2.37) 

                              
i=0 

and hαβ(xαβ,zαβ) is described in (2.29) with xαβ
2
≡ xα

2
 + xβ

2
  and zαβ ≡ zα + zβ. 

The parallel spin correlation energy is; 

EC
αα

 = ∫ eαα
UEG

 [ gαα(xα) + hαα(xα,zα)] Dα dr                (2.38) 
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where this time gαα(xα) is described with: 

                            N 

gαβ(xα, xβ) = ∑CCαα,i  [ γCαα (xα
2
) / 1+ γCαα (xα

2
) ] 

i
                (2.39) 

                             
i=0 

In (2.38), Dα is the self-interaction correction term for avoiding self-interactions: 

Dα = 1 – ( xα
2
 / 4 [ zα + CF] )                  (2.40) 

If the system is a one-electron system, Equation 2.39 will be meaningless. The terms 

eαβ
UEG

 and eαα
UEG

 are the uniform electron gas correlation energy density for opposite 

spinned and parallel spinned systems.  

The total M06 correlation energy can be written as the sum of opposite spinned and 

parallel spinned components: 

EC = EC
αβ

 + EC
αα

 + EC
ββ

                  (2.41) 

The γCαβ and γCαα terms in the (2.37) and (2.39) are constants equal to 0.0031 and 

0.06, respectively [61]. 

All of energies form the hybrid meta-generalized functional. The hybrid exchange-

correlation energy (EXC[ρ]) now can be written as; 

EXC = (X/100) EX
HF

 + [1-(X/100)] EX
DFT

 + EC
DFT

                (2.42) 

Where EX
HF

 is the nonlocal Hartree-Fock exchange energy and X is the percentage of 

this Hartree-Fock exchange energy in the hybrid functional. The X value is 

optimized to obtain the best results. In addition to X value, all the parameters in the 

equations are optimized against accurate data too [64].  

For observing the accuracy of the M06-2X method, some comparisons were done. 

These comparisons consisted of hybrid functionals, pure DFT functionals and 

functionals with full Hartree-Fock exchange. According to Zhao et al., it performed 

better than all other functionals for calculation of the atomization energies, ionization 

potentials, electron affinities and proton affinities [62]. The M06-2X method also 

performed better to calculate the alkyl-bond dissociation energies, proton affinities of 

conjugated π systems, binding energies of a Lewis acid-base complex, heavy-atom 

transfer barrier heights [62, 65]. 
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2.2 Basis Set 

A basis set is a set of functions used to build the molecular orbitals. In the first 

quantum mechanical calculations using the Hartree-Fock theory, molecular orbitals 

(MO) were calculated with the Linear Combination of Atomic Orbitals (LCAO) 

technique, which is described in (2.9). 

The approximation of molecular orbitals as the sum of one-electron atomic orbitals 

provided an easiness. These atomic orbitals are typically Slater-type orbitals (STO), 

defined by; 

Snlm(r,θ,υ) = Nr
n-1

e
- δ

Yl
m
(θ,υ)               (2.43) 

where N is a normalization factor in the radial part, n is the principal quantum 

number of the orbital, δ is called the orbital exponent (which controls the width of the 

orbital) and Yl
m

 is the spherical harmonic. These orbitals can also be written with the 

Cartesian coordinates: 

Sabc(x, y, z) = Nx
a
y

b
z

c
e

-δr
                 (2.44) 

One can see that these functions depend on quantum numbers (n,l,m) and decrease 

exponentially with distance from the nuclei. The difficulty of the integration process 

of this type of orbitals, led to some approximations. If the exponential term is written 

as exp(-δr
2
), thefunction becomes a Gaussian type function (GTO): 

Nx
a
y

b
z

c
exp(-δr

2
)                        (2.45) 

which is called a primitive, an individual Gaussian function. With Gaussian functions 

the electron integrals can be solved analytically. Except that the Gaussian functions 

decay faster than Slater-type functions at large r values, this approach was better than 

STO‟s, yet it was still taking longer to solve these integrals. To cure this problem, 

Pople and his co-workers proposed the minimal basis sets. They determined optimal 

contraction coefficients and exponents for mimicking STOs with contracted GTOs 

for a large number of atoms.  

With this approximation, a linear combination of Gaussian functions is treated as a 

single function. This linear combination of primitive Gaussian functions is called a 

contracted Gaussian function. Therefore this type of basis sets are called STO-nG 

basis sets, where n is the number of primitive Gaussian orbitals mimicking a single 
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STO, varying from 2 to 6 (2.45). Higher the number of these primitive Gaussian 

functions better is the accuracy. 

              n 

Sabc(x, y, z) = N ∑ ci x
a
y

b
z

c 
exp(-δr

2
)                                    (2.46) 

              
i=1 

This summation of linear combinations of Gaussian functions made the computation 

much easier, but the minimality was the problem. As one can see, there is only one 

contracted basis function defined for each type of orbital, either core or valence. A 

split-valence basis uses only one contracted basis function for each core atomic 

orbital, and multiple basis functions for the valence atomic orbitals. Therefore these 

types of basis sets are called split-valence basis sets. The simplest split-valence basis 

sets are called Pople basis sets, which are created by Pople and co-workers, and they 

used the X-YZG notation. X is the number of primitives for the core orbitals, but Y 

and Z indicate that the valence orbitals are composed of two contracted basis 

functions, the first one is composed of a linear combination of Y primitive Gaussian 

functions, the other one is composed of a linear combination of Z primitive Gaussian 

functions.  

Basis sets can be modified with two functions, which are polarization functions and 

diffuse functions. The first one, polarization functions add higher angular momentum 

orbitals for any heavy atom in the system. This addition permits polarization of the 

wave function and gives flexibility to electrons.  

The second function is the diffuse function, which is useful for systems which have 

anions, weak interactions, lone pairs. The diffuse function permits the orbitals to 

occupy larger spaces. Basis sets with diffuse function are important for systems 

where electrons are relatively far away from the nucleus, as systems with significant 

negative charge and so on.   

The selection of a basis set for quantum chemical calculations is very important and 

calculations can often be improved by the addition of diffuse and polarization 

functions [63, 66]. 
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2.3 ONIOM 

Hybrid methods are methods which combine two or more computational techniques 

in one calculation and allow analyzing the chemistry of very large systems with high 

precision. Most hybrid methods combine a quantum mechanical QM method with a 

MM method, which is generally referred to as QM/MM methods. The other class of 

hybrid methods combines (QM) method with (QM) method. The ONIOM (Our own 

N-layered Integrated molecular Orbital and molecular Mechanics) scheme can 

combine any number of molecular orbital methods as well as molecular mechanics 

methods. The region of the system where the chemical process takes place, as bond 

breaking or bond formation, is treated with an appropriately accurate method, while 

the rest of the system is treated at a lower level. QM/MM schemes provide 

opportunity to investigate enzyme reactions by treating the active site via a high level 

method, such as DFT, and the protein environment with less expensive method, by 

molecular mechanics.  

Hybrid methods have some more differences, not only the different methods they 

combine but the treatment of covalent interaction between the QM and MM region 

(high and low level region) could change according to the method used. During the 

QM calculations dangling bonds are formed which must be saturated. Simplest 

approach to solve this problem is to use link atoms (LAs). Link atoms could be any 

atom that mimics the part of the system it substitutes but usually hydrogen atoms are 

used. Link atoms are used in a large proportion of QM/MM implementations as well 

as ONIOM scheme. 

The second main difference between various QM/MM methods is the way the 

electrostatic interaction between the two layers is managed. Two different 

approaches are used to evaluate the electrostatic interaction. In classical or 

mechanical embedding approach the electrostatic interaction is evaluated as the 

interaction of the MM partial charges with partial (point) charges assigned to the 

atoms in the QM region. 

In the second approach referred to as electronic embedding, the charge distribution of 

the MM region interacts with the wave function of the QM region. As a result 

electrostatic interaction are more accurately described in electronic embedding since  
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the partial charges from the MM region are included in the QM Hamiltonian, by 

allowing the wave function to respond to the charge distribution of the MM layer 

[53-55, 67]. 

The ONIOM energy expression is written as an extrapolation, in contrast to the 

merged Hamiltonian of traditional QM/MM methods. The ONIOM method works by 

approximating the energy of the whole system as a combination of the energies 

computed by less computationally expensive means: 

                                                           (2.47)                                                                                                                                     

In ONIOM, the real system contains all the atoms and is calculated only at the MM 

level. The model system contains the part of the system which is treated at the QM 

level with the link atoms that are used to cap dangling bonds resulting from cutting 

covalent bonds between the QM and the MM regions. Both QM and MM 

calculations need to be performed for the model system (see Figure 2.3. for the 

definition of the real and model systems and link atoms). 

 

Figure 2.3 : The components of the ONIOM scheme [55]. 
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2.4 MM Force Fields 

Force fields can be described by parameters for all of the bonds, angles, dihedrals, 

and atom types in the system. In the context of molecular modeling, a force field 

refers to a collection of equations and related constants designed to reproduce 

molecular geometry and to describe the potential energy of a system.   

Force field functions and parameter sets are derived from both experimental work 

and high-level quantum mechanical calculations. A force field is composed of 

bonded terms and non-bonded terms. Bond stretching, angle bending and torsion 

angle represent bonded terms, while, van der Waals and Coulomb forces are 

classified into non-bonded terms contributions (Figure 2.4). 

 

Figure 2.4 : Force field elements. 

 

 

 

http://en.wikipedia.org/wiki/Molecular_modeling
http://en.wikipedia.org/wiki/Potential_energy
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A general form for the total energy in an additive force field can be written as 

                                (2.48) 

the components of the covalent and noncovalent contributions are given by the 

following summations: 

                                                                                                               (2.49) 

                                                                      (2.50)              
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                                 (2.51)                                              

The functional form of the AMBER force field is the sum of the equations (2.49) and 

(2.50) shown as equation (2.51) above [57, 68, 69]. The force is the derivative of this 

potential with respect to position. 

The bonded interactions, formed by all chemical bonds, angles, and dihedrals which 

are present in the system are described respectively by the first three terms of the 

equation shown above. First term represents the energy between covalently bonded 

atoms. This harmonic force is a good approximation near the equilibrium bond 

length, but becomes increasingly poor as atoms separate. The second term represents 

the energy due to the change of an angle between two consecutive covalent bonds. 

Third term represents the energy for twisting a bond due to bond order (e.g. double 

bonds) and neighboring bonds or lone pairs of electrons.  

The fourth term of the equation describes the van der Waals interactions between 

each pair of atom in the system. The form of the van der Waals energy is calculated 

using the equilibrium distance (r0ij) and well depth ( ). 

The fifth term represents the electrostatic interactions between atom pairs and is 

evaluated using Coulomb‟s law. The partial charges on atoms qi and qj are 

parameters. 

Etotal = Ebonded + Enonbonded 

Ebonded = Ebond + Eangle + Edihedral 

Enonbonded = Evan der Waals + Eelectrostatic 
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The non-bonded interactions are not calculated between two covalently bonded 

atoms or between the first and third atoms in a covalently bound sequence because 

these interactions are already accounted for in the bond stretching and angle bending 

terms. The 1-4 non-bonded interactions are calculated but scaled. 
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3.  RESULTS AND DISCUSSION 

To investigate the GTP hydrolysis mechanism in EF-Tu, three different models have 

been prepared according to whether His85 or Arg57 are in the active site. For each 

model, results will be presented in different sections below.  

The mechanism for GTP hydrolysis in EF-Tu might be associative or dissociative. 

Associative pathway proceeds by formation of a pentavalent phosphorane 

intermediate or transition state while dissociative pathway proceeds by formation of 

a metaphosphate intermediate [6].  The associative and dissociative mechanisms are 

shown in Figure 3.1. 

 

Figure 3.1 : GTP hydrolysis mechanisms. 

The products of GTP hydrolysis reaction are inorganic phosphate (Pi or H2PO4
2-

) and 

GDP. After the hydrolysis reaction, one of the H atoms of the attacking water should 

be transferred to an O atom of γ-phosphate. The -phosphate group has three oxygen 

atoms that can accept a proton. In order to understand the most appropriate oxygen 

atom on which the proton is transferred from the nucleophilic water, two different 

structures for the product have been optimized for all models. Similarly, in some 

models, two different associative transition states have been located depending on 
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the position of the proton. Since one of the oxygen atoms of the -phosphate is 

coordinated to the Mg
2+

 ion, we have assumed that the proton transfer would not be 

favorable and we have omitted to test this possibility. The structure where the 

oxygen atom close to the P-loop accepts the proton is named as Product 1 while the 

structure where the proton is transferred to the oxygen atom near Switch I will be 

referred to as Product 2 for all the models in this study. In some product structures, 

the proton shifts to GDP from Pi. In such cases, the nomenclature reflects the oxygen 

atom of γ-phosphate which receives the proton at the beginning of the reaction. A 

similar nomenclature is used for the transition structures (TS1 and TS2, 

respectively). The bridging oxygen atom between the -phosphate and -phosphate 

of GTP will be referred to as bridge O even after the hydrolysis when GDP is 

formed. General 1 water path will be referred as 1W and 2 water assisted path will be 

described as 2W in this study. 

Relative energies of the optimized products and transitions structures with respect to 

the corresponding reactant complexes are given in Table 3.1. 

Table 3.1:  Relative energies of the optimized products and transitions stucures with 

respect to the corresponding reactant complexes 

Relative energy 
(kcal/mol) ALLOUT ArgIN HisIN 

PRODUCT 1  12.8 9.5 -2.1 

PRODUCT 2 15.2 7.7 1.5 

1W  associativeTS1 46.2 34.3 40.2 

1W  associative TS2 48.6 34.0 43.7 

2 W associativeTS2 43.5 46.5 * 
*2 wat associative TS is not modeled 

3.1 The ALLOUT Model 

The first model of our study is the control structure in which both catalytic residues 

are placed out of the active site. The related optimized structure of the reactant is 

presented in the Figure 3.2. It is shown in the figure that the -phosphate and bridge 

oxygen distance is 1.68 Å while the distance between the -phosphate and 

nucleophilic water is 3.43 Å in the reactant state. This water molecule donates 

hydrogen bonds to one of the oxygens of -phosphate and backbone oxygen of 

Thr62. 
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Figure 3.2 : The optimized reactant structure in the ALLOUT model 

In both Product 1 (Figure 3.3) and Product 2 (Figure 3.4), the proton is situated 

between GDP and Pi. This situation shows that the proton is minimizing the 

electrostatic repulsion between the Pi and GDP molecules. However, it has been 

observed that the proton is located either on GDP or Pi, depending on the oxygen 

atom which receives the proton. In Product 1, the proton prefers to be bound to the 

oxygen atom of GDP which was formerly the bridge O of GTP (Figure 3.3). In the 

case of Product 2, the proton is on Pi but makes a strong hydrogen bond with the 

bridge O as indicated by the short H…Obridge distance (1.41 Å, Figure 3.4). The 

proton moves to GDP in Product 1 probably because in this structure the proton 

accepting oxygen of Pi is close to Lys24 and hence has a low pKa. The relative 

energy of Product 1 with respect to the reactant is 15.2 kcal/mol whereas that of 

Product 2 is 12.8 kcal/mol (Table 3.1). The close proximity of the proton to Lys24 

may be responsible of the relatively higher energy of Product 1. The hydrolysis of 

the γ-phosphate of GTP into guanosine diphosphate (GDP) and Pi, inorganic 

phosphate is well known to be exothermic. However, in the active site of EF-Tu, the 

negatively charged GDP and Pi molecules create a repulsive effect and the reaction 

shows an endothermic character. As the Pi molecule leaves the active site, the overall 

reaction will be exothermic. 

 

http://en.wikipedia.org/wiki/Phosphate
http://en.wikipedia.org/wiki/Guanosine_diphosphate
http://en.wikipedia.org/wiki/Inorganic_phosphate
http://en.wikipedia.org/wiki/Inorganic_phosphate
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Figure 3.3 : Product 1 in the ALLOUT model 

 

 

Figure 3.4 : Product 2 in the ALLOUT model 

The model structure which represents the traditional 1 water (1W) associative 

transition state has been modeled (Figure 3.5 and Figure 3.6). The bond distances of 

-phosphate and bridge oxygen atom is 2.14 Å for 1W TS1 while the distances of the 
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attacking water molecule to -phosphate is 1.72 Å respectively. In the case of TS1 

the late associative transition state was observed and the proton transfer is fully 

completed, the computed distance between the proton and the target oxygen atom is 

0.97 Å. The barrier for this reaction has been found to be 46.2 kcal/mol (Table 3.1).  

 

Figure 3.5 : 1W associative TS1 of the ALLOUT model. 

 

Figure 3.6 : 1W associative TS2 of the ALLOUT model. 
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The activation barrier is higher about 2.4 kcal/mol for TS2 in comparison to TS1 type 

associative mechanism (Table 3.1). The activation barriers for TS1 and TS2 type 

mechanisms are high for the intrinsic GTPase activity. This transition structure 

displays a 4-membered ring structure which is expected to increase the activation 

energy. We also modeled a water assisted transition state (2W) forming a 6-

membered ring structure (Figure 3.7). The 2W-type mechanism has a significantly 

lower barrier than that of the 1W mechanism (43.5 kcal/mol, Table 3.1). However, 

the second water molecule was placed in the active site in an appropriate position 

during the study. The positioning of this water molecule is expected to lead to an 

entropy decrease. However, the entropy effect is excluded in the calculated energy. If 

we add the effect of the entropy, probably in both cases the free energy values would 

be close to each other. 

 

Figure 3.7 : 2W associative TS of ALLOUT model. 

The bond distances of -phosphate and bridge oxygen atom is 1.80 Å for both 1W 

TS2 and 2W transition states whereas the distances of the attacking water molecule 

to -phosphate is 2.12 Å for 1W TS2 and 2.17 Å for the 2W TS. Interestingly the 

bond distances suggest an early associative path and the TS is represented as a 

pentacoordinated structure around the phosphorus atom.  
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According to the optimized transition structures, it is clear that Lys24 makes a 

stronger interaction with the -phosphate. With respect to the reactant state, the bond 

distances of -phosphate oxygen atoms with their neighboring residues almost 

remain the same (except Lys24). Another observation is that Gly84 helps to position 

the nucleophilic water by hydrogen bonding with its NH group and during TS it also 

stabilizes the negative charge on the hydroxide. In addition to that, Thr62 makes a 

closer interaction with one of the hydrogen atoms of the water molecule and assists 

in the stabilization process of the transition state. 

3.2 The ArgIN Model  

The reactant structure of ArgIN model is presented in Figure 3.8. According to the 

optimized reactant structure of “ArgIN” model, the distance between -phosphate 

and leaving oxygen is 1.69 Å while the distance of -phosphate and attacking water 

is 3.46 Å in the reactant state. The distances obtained for ArgIN model are quite 

similar with the ones of our control model in the reactant state. In the optimized 

reactant geometry, it was observed that the Arg57 residue is interacting with one of 

the oxygen atoms of -phosphate at a distance of 2.02 Å and the bridging oxygen 

atom at 2.51 Å. 

 

Figure 3.8 : The optimized reactant structure of ArgIN model. 
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Optimized product structures of “ArgIN” model are shown in Figure 3.9 and Figure 

3.10. Like the ALLOUT model, the proton prefers to be placed on different 

molecules in different product states according to the oxygen atom it has been 

attacked by. In the case of Product 1, the proton was donated to the negatively 

charged GDP molecule. As it can be observed from Figure 3.9, in the case of Product 

1, both Arg57 and P-loop residues are much closer to GDP and Pi. The bonds 

distances of Arg57 with - and -phosphate oxygen atoms are 2.17 Å and 2.32 Å 

respectively, whereas in the case of Product 2 the distances increase to 2.46 Å and 

2.35 Å. For both product models, Arg57 makes shorter bond with the bridge oxygen 

atom with respect to reactant state.  It is clear that it has a role in the stabilization of 

the -phosphate. 

The relative energies of Product 1 and Product 2 with respect to the reactant are 9.5 

and 7.7 kcal/mol, respectively (Table 3.1). Compared to ALLOUT, the presence of 

the positively charged Arg57 in the active site appears to reduce the electrostatic 

repulsion between negatively charged GDP and Pi (-3 for GDP, -1 for Pi 

respectively). 

 

Figure 3.9 : The optimized Product 1 of ArgIN. 
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Figure 3.10 : The optimized Product 2 of ArgIN. 

The structures which represent the traditional 1 water (1W) associative transition 

states have been modeled (Figure 3.11 and 3.12). The breaking bond distances are 

2.1 Å as in the transition state TS1 of our control model. Also it was seen that the 

distance between the -phosphate and the hydroxide is 1.7 Å as in the TS1 of the 

ALLOUT model. Like Arg57, the P-loop is involved in electrostatic interactions. 

Lys24 is stabilizing the -oxygen atom by 1.89 Å distance in comparison to 1,95 Å -

1.97 Å of our control ALLOUT model. Generally the residues closer to the hydroxyl 

and both - and - phosphate were positioned in closer position to the reactive 

species. However when the two associative models  of ArgIN are compared, it can be 

stated that in the case of TS 1 model, both Arg57 and Thr62 are oriented closer to the 

-phosphate in order to stabilize the Pi molecule. In this case Lys24 of P-loop is 

located relatively away from the -phosphate. The distance of Lys24 with oxygen 

atom of -phosphate in TS 1 is 1.99 Å whereas 1.79 Å in TS 2.  
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Figure 3.11 : 1W associative TS1 of the ArgIN model. 

 

 

Figure 3.12: 1W Associative TS2 of the ArgIN model. 
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The activation barrier in the ArgIN model is 34 kcal/mol for both TS1 and TS2. In 

comparison to our control structures (46.2 kcal/mol in the ALLOUT model), it is 

clear that the presence of the catalytic residue Arg57 significantly decreases the 

activation energy (Table 3.1). 

In the optimized TS structures, it was observed that in the case of the ArgIN model, 

the proton is already transferred to one of the oxygen atoms of GTP and the cleavage 

of the Obridge-Pβ bond is significantly advanced. The distance between -phosphate 

and OH group is only ~0.1 Å longer with respect to optimized product structures, 

indicating that Pi being almost formed. Nevertheless, the Obridge-Pβ bond is not totally 

broken. Hence, the optimized TS structures of ArgIN model can be considered as a 

pentacoordinated arrangement around Pγ, one of the substituent (GDP) being loosely 

bound. This TS structure can be described by two different mechanisms. The fact 

that the bond between the leaving group and the -phosphate is long can be taken as 

indicative of the dissociative character. However, this optimized geometry could also 

represent late associative TS where the bond formation between the nucleophile and 

the central phosphate is already completed and the reaction proceeds by the cleavage 

of the bond between the phosphorus atom and the leaving group. As will be shown in 

Section 3.5 below, the region of the potential energy surface that must be visited at 

the early stages of the dissociative mechanism displays very high energy values. 

Therefore, a dissociative mechanism is highly unlikely and the TSs in the ArgIN 

model must be considered as late associative TSs. 

The effect of the second water molecule also is investigated in this study in order to 

determine whether the assistance of the second water molecule will decrease the 

energy barrier by forming a 6-membered ring. This optimization is still running and 

therefore will not be discussed here. Nevertheless, in the TSs of the 1W mechanism  

proton transfer is already completed (Figures 3.11 and 3.12). Since proton transfer 

occurs before the TS and, by definition, the TS is the highest energy point on the 

reaction coordinate, the assistance of a second water molecule to the proton transfer 

is not expected to have any catalytic effect. 
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3.3 The HisIN Model 

The reactant structure of our final model, which represents the case where His85 is 

pushed to the active side, is present in Figure 3.13 below. According to the optimized 

reactant structure of “HisIN” model the distance between the -Phosphate and bridge 

oxygen is 1.67 Å while the distance of -phosphate and nucleophilic water is 3.37 Å 

in the reactant state. His85 makes a hydrogen bond with water at a distance of 1.65 

Å.  The distance between the water molecule and the -phosphate is almost the same 

when compared with the reactant state of the ALLOUT model. The interaction 

distance changes from 3.43 Å (in ALLOUT) to 3.37 Å. Similarly, distance between 

the -phosphate and the bridging oxygen is almost identical in both the ALLOUT 

and HisIN models. 

 

 

Figure 3.13 : The optimized reactant complex in the HisIN model. 

The product geometry optimization studies revealed interesting results. In both 

Product 1 (Figure 3.14) and Product 2 (Figure 3.15), the proton is located on GDP, 

leaving Pi as HPO4
2-

. Presumably, the positively charged His85 near Pi makes this 
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ion more acidic, resulting in a proton transfer to GDP. During the product 

optimization studies it was seen that the His85 is not as close to the hydroxyl group 

as it is to the attacking water in the reactant state. The bond distance of His85 and 

oxygen atom of the water is 1.65 Å in reactant state whereas it is ~1.9 Å in both 

product models. 

The relative energies of Product 1 and Product 2 with respect to the reactant are -2.1 

and 1.5 kcal/mol, respectively (Table 3.1). Compared to ALLOUT, the presence of 

the positively charged His85 in the active site reduces the electrostatic repulsion 

between negatively charged GDP and Pi significantly and makes the reaction slightly 

exothermic. 

 

 

Figure 3.14 : The optimized Product 1 of HisIN model. 

  

 



52 

 

Figure 3.15: The optimized Product 2 of HisIN model. 

The associative transition states have been modeled for HisIN (Figure 3.16 and 

Figure 3.17). The distance of His85 from the hydroxide is 1.75 Å for TS1 and 1.87 Å 

for TS2, respectively. The main catalytic role of His85 seems to be the electrostatic 

stabilization of the negatively charged OH
-
 formed upon proton transfer from water 

to GTP. The proton is transferred to the oxygen near Lys24 in TS1 and to the oxygen 

near His85 in TS2. Although both cases involve unfavorable electrostatic interactions 

between positive charges, in TS1 the -phosphate is situated between Lys24 and the 

proton, reducing the repulsion, whereas in TS2 the proton faces directly His85. 

Hence, TS1 (40.2 kcal/mol) has a lower activation barrier with respect to the TS2 

(43.7 kcal/mol). Interestingly, the bond length between the bridge oxygen and the -

phosphate is 1.91 Å in TS1, whereas it is 2.13 Å in TS2, showing the bond cleavage 

is more advanced in TS2. Lys24 is at the same distance for both the - and - 

phosphate oxygen as seen in Figure 3.16 and Figure 3.17 (the average distances are 

~1.8 Å for TS2 and ~1.9 Å for TS1, respectively). The proton on TS1 leads Lys24 to 

be placed relatively away from -phosphate with respect to TS2. In order to stabilize 

the transition state Thr62 is also located in much closer position relative to the 

reactant state, from 1.91 Å to ~1.8 Å for both TS structures. Thr62 is involved for 

stabilization of hydroxide in all models. 
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It can be pointed out that since the bond is not cleaved and a new bond is being 

formed partially (1.8 Å) in the TS1, the mechanism shows an early associative 

character while the TS2 shows a late associative character. The proton is also fully 

transferred in the TS2 with the bond distances of 0.97 Å between the proton and the 

target oxygen atom, and the bond distances between the OH
- 
and the -phosphate is 

1.75 Å, almost 1 Å longer with respect to optimized product structures. 

 

 

Figure 3.16 : 1W Associative TS1 for the HisIN model. 
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Figure 3.17 : 1W Associative  TS2 for the HisIN model. 

3.4 Comparison of the Associative Mechanisms 

According to the results of Table 3.1, it can be pointed out that the catalytic effect of 

Arg57 is definitely larger than His85. His85 also lowered the activation barrier for 

the associative path around 6 kcal/mol. If the catalytic effects of these two residues 

are additive, an activation energy of 28 kcal/mol would be obtained for a system 

where both of them are in the active site. This value is higher than the known 

activation energy in the presence of the ribosome.  

This suggests that the catalytic effect of these residues is not additive but synergistic. 

It is also possible that His85 may have a different catalytic role as proposed by 

Aleksandrov and Field [5]. This mechanism will be considered in a further study 

together with a model where both His85 and Arg57 are in the active site. 

When none of His85 and Arg57 is inside the active site, the computed activation 

energy is even higher than the activation energy in aqueous solution in the absence of 

EF-Tu. However, it is known that the intrinsic GTP hydrolysis of EF-Tu is faster 

than the uncatalyzed hydrolysis. Hence, even the intrinsic GTP hydrolysis of EF-Tu 

must involve the participation of these residues. However, in the absence of 

ribosome, these residues probably spend most of their times outside of the active site. 
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Consequently, the intrinsic hydrolysis reaction occurs rarely. In the presence of the 

ribosome, these residues are expected to be situated in the active site all the time, 

increasing the hydrolysis rate. 

According to the bond distances of our TS structures the reaction shows associative 

character. The associative path proceeds by different steps. When the attacking water 

molecule comes nearby the GTP the reaction is initiated.  Proton is transferred to the 

GTP and as the new bond is formed the leaving group starts its departure (Figure 

3.18).  

 

Figure 3.18 : Representation of an associative path. 

Since reaction is described as associative or dissociative according to the bond orders 

we also performed Natural bond orbital analysis (NBO studies) in this work to define 

the bond orders of leaving group and incoming nucleophile [70]. In the case of 

ALLOUT model, the results showed that the bond order of leaving group is 0.56 in 

reactant state while it was calculated as 0.44 for the TS2. The bond orders between 

the attacking water and the -phosphate are 0 and 0.29 for the reactant and TS 

structures respectively. In the case of ArgIN model the bond order of the leaving 

group is 0.53 in reactant state while it is ~ 0.2 for TS structures. The bond order 

results are in accordance with our geometries. In the case of ArgIN model the bond 

order corresponding to the leaving group decreased with respect to TS2 of the 

ALLOUT model and partial bond cleavage is observed in the geometry optimization. 

In the case of HisIN model the bond order of the leaving group is 0.56 in reactant 

state while it is 0.37 for TS1 and 0.28 for TS2. The bond orders for attacking water 

and the -phosphate are 0, 0.46 and 0.53 for reactant, TS1 and TS2 structures, 

respectively (Table 3.2).  
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Table 3.2:  Results for Natural Bond Orbital Analysis 

NBO 

Bond Order 

ALLOUT model ArgIN model HisIN model 

Reactant 

1 W 

TS2  

2W 

TS2  Reactant 
1W 
TS1  

1 W 
TS2  Reactant 

1W 
TS1  

1 W 
TS2  

R1 0.56 0.44 0.44 0.53 0.23 0.21 0.56 0.37 0.28 

R2 0.00 0.29 0.26 0.00 0.56 0.58 0.00 0.46 0.53 

* R1 and R2 forming and breaking bonds (R1: -Phosphate and Bridge- O; R2: Attacking water and -Phosphate ) 

Considering the forming and breaking bond lengths and the bond orders, TSs can be 

characterized as early or late. In TS2 of ALLOUT, the proton is not fully transferred 

to the GTP while the bond order of the breaking bond is higher in contrast to other 

models, indicating that it is an early TS. In the case of ArgIN and HisIN models the 

proton is fully transferred on the Pi. In ArgIN, the bond order between the bridge O 

and the -phosphate is lower than the other models. Therefore, it can be considered 

as a late TS. HisIN exhibits features between those of the other two models. 

The location of the transition states on the potential energy surface and the barrier 

heights in different models can be explained at least in part by the electrostatic 

interactions between the negatively charge hydroxide and positively charged Lys24, 

His85 and Arg57. The formation of the hydroxide upon proton transfer from water to 

GTP requires a high activation energy because of the low acidity of water and low 

basicity of GTP. Electrostatic interactions with Lys24 only is probably not enough to 

stabilize OH
-
 sufficiently, therefore in ALLOUT the activation energy is high at the 

TS. On the other hand, when one more positively charge residue comes into the 

active site in HisIN or ArgIN, hydroxide is more stabilized and proton transfer from 

water to GTP is completed at the TSs. 

3.5 Search for a Dissociative Transition State 

In traditional dissociative mechanism, first step of the reaction is the cleavage of the 

bond between bridge oxygen and -phosphate, forming a metaphosphate moiety. 

This step is assisted by the attack of nucleophilic water molecule. Next, the proton of 

the nucleophilic water shifts to the metaphosphate, yielding inorganic phosphate. 

Since in the products, the proton is always between GDP and Pi, it must rotate 

toward GDP after the formation of Pi. Those 3 different steps represent 2 different 

intermediates and 3 transition states (Figure 3.19). However in the presence of the 

enzyme the reaction path might show differences, the activation barrier can be 
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lowered. In this study the presence of those minimum points has been investigated. 

The final product H2PO4
-
 has been designed with its protons oriented away from 

GDP (toward the hydrophobic gate) and the related structures were optimized for all 

three models. It was observed that optimizations lead to the products with a proton 

oriented toward GDP (or shifted to GDP). On the other hand, when structures 

containing the H2O.PO3
-
 charge transfer complex (the intermediate between TS1 and 

TS2 in Figure 3.19) were optimized, the reactant structures were obtained. Our result 

showed that in this reaction transition states TS1 and TS3 are absent. Searches for 

TS2 either lead to the reactant or to an associative TS. 

 

Figure 3.19 : Representation of a dissociative path. 

In order to explain why the traditional dissociative pathway is not favourable in 

protein environment, forming and breaking bonds (R1 and R2 in Figure 3.19) have 

been scanned for all 3 models. Interestingly we observe that the energy has increased 

at the points where the dissociative path is most probable to occur. The most critical 

observation was that as the distance between water molecule and the Pi decreases the 

reaction becomes more unfavourable. The energy values for all 3 models are 

presented in Table 3.3, Table 3.4 and Table 3.5. The lowest energies were observed 

at the distances where the breaking bond is short and water is at large distances. This 

observation is in consistent with the previous findings of Hasan İnce‟s QM/MM 

study for ALLOUT model [71]. 
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Figure 3.20 : Representation of bond orders R1 and R2 of GTP 

Table 3.3:  Energy Data of ArgIN model for Dissociative TS  path relative to  

                          the reactant state. 

ArgIN model 

 R1 distance in Å 

2.10 2.20 2.30 2.40 2.50 2.60 2.70 

R
2

 d
is
ta
n
ce

 (
in
 Å

) 
 

 

1.75 60.5 59.4 58.3 58.6 59.0 59.8 61.0 

1.85 52.1 51.5 51.0 52.8 53.8  

 1.95  

 

45.6 

  

 

 2.05  

 

41.8 42.6 

 

 

 2.14  

 

38.8 40.5 

 

 

 2.25  

  

38.5 

 

 

 
 

Table 3.4:  Energy Data of HisIN model for Dissociative TS  path relative to  

                          the reactant state. 

HisIN Model 

  R1 distance in Å 

2.10 2.20 2.30 2.40 2.50 2.60 2.70 

R
2

 d
is
ta
n
ce

 (
in
 Å

) 
 

 

1.75  

    

   

1.85  

    

   

1.95  

 

46.3 

  

   

2.05  

 

42.2 43.5 

 

   

2.14  37.6 39.5 41.2 

 

   

2.25  

 

37.5 39.8      

 

Table 3.5:  Energy Data of ALLOUT model for Dissociative TS  path relative to  

                        the reactant state. 

ALLOUT Model 

  R1 distance in Å 

2.10 2.20 2.30 2.40 2.50 2.60 2.70 

R
2

 d
is
ta
n
ce

 (
in
 Å

) 
 

 

1.75  

    

 

 1.85  

    

 

 1.95  

 

48.8 48.5 
 

 

 2.05  

 

45.8 47.0 
 

 

 2.14  

 

43.5 45.4 
 

 

 2.25             



59 

The unfavorable dissociative mechanism might be the result of charge distribution. 

At the reactant state the -phosphate contains -2 charge while the charge on the  -

phosphate is -1. The charges are more delocalized during the TS. In TS each oxygen 

of the -phosphate contains -1/3 with respect to -2/3 in the reactant state. The 

negative charge increase on the -phosphate in TS, each oxygen (including the 

bridge O) carry approximately -2/3 charge. The charges are delocalized in the TS 

structure. Lys24 is coordinated to a -oxygen carrying a -2/3 charge and a -oxygen 

carrying a -1/2 charge in the reactant, whereas the corresponding charges are -1/3 

and -2/3, respectively, at the TS (Figure 3.21). A similar situation occurs also for 

Mg
2+

.  

. 

 

Figure 3.21*:  Charge distribution on the  - and - Phosphate 

*In rectant state the bridge O is not free; it makes bond with the -phosphate. -phosphate includes 2 

free non-bridiging oxygen atoms in the reactant state. 

The decrease in attractive electrostatic interactions is expected to increase the 

activation energy. In the uncatalyzed hydrolysis reaction in aqueous solution, the 

decrease in solvation energy upon charge delocalization at the TS is partially 

compensated by a charge transfer interaction between PO3
-
 and water. However, as 

seen in Table 3.5, 3.6 and 3.7, in the active site of EF-Tu, when water approaches to 

the phosphate (no matter what the breaking bond distance is) the energy increases, 

indicating that charge transfer from water to phosphate is unfavorable. We assumed 

that in the lower dielectric environment of the protein, PO3
-
 is less polarized, i.e. the 



60 

partial positive charge on P is smaller than in aqueous environment, and therefore P 

is a worse electron acceptor. To investigate the difference of those environments we 

have performed geometry optimizations on H2O.PO3
-
 charge transfer complex in 

water and benzene (representing a low dielectric environment). In the case of water 

environment we observe that the charge transfer complex is stable. In benzene 

environment where the dielectric constant is 2, it was observed that the complex 

dissociated. The benzene is non-polar solvent and decreases the partial positive 

charge on P so the charge transfer complex interaction with attacking water molecule 

is lost. The protein environment also has a lower dielectric constant. This probably 

explains why water cannot approach to the phosphate and facilitates the bond 

cleavage. Of course, enzymes contains some polar groups as well that favor the e
-
 

donation to the phosphate but apparently this e
- 
donation is not enough to favor the 

dissociative path. Hence, it seems that the reaction proceeds by a different 

mechanism with respect to the water environment. 

We also tested the possibility of the unimolecular dissociative mechanism. When the 

attacking water is deleted and metaphosphate is located at a distance of 3 Å from 

GDP, geometry optimization converged to the reactant. When the breaking bond 

distance is frozen at 3 Å an energy value of 41.6 kcal/mol is obtained. We have also 

inserted a water molecule between the Pi and the GDP molecules. However, during 

unconstrained optimizations, the water was pushed from the active site and at the end 

of the optimization the reactant structure was obtained. 

Although the data presented above shows that a dissociative mechanism is unlikely, 

we cannot exclude the possibility that, in the model where both residues are 

positioned in the active site, a different hydrolysis reaction mechanism can take 

place. As a team they can work synergistically and the reaction path would be 

different. 
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4.  CONCLUSIONS AND RECOMMENDATIONS 

The GTP hydrolysis mechanism of EF-Tu has been analyzed in this study. We have 

tried to clarify the characteristic of the reaction mechanism by investigating whether 

the reactions proceeds via an associative or dissociative path and try to answer the 

question if the proton transfer from the nucleophilic water to GTP takes place 

directly or in a water assisted manner. We have investigated 3 different models in our 

study where either Arg57 or His85 are in the active site, or both are situated outside 

of the active site. Geometry optimization studies have been performed for the 

reactant, product states and the TS structures. The optimized structures revealed that 

Arg57 and His85 must be involved in the GTP hydrolysis. 

When both Arg57 and His85 are outside of the active site, activation energy of ~46 

kcal/mol is observed. The presence of His85 in the active site reduces the activation 

energy by 6 kcal/mol. The catalytic effect of Arg57 is more important, a decrease by 

12 kcal/mol in the activation energy has been detected. The optimized TSs in all 3 

models have an associative character. Part of the catalytic effects of Arg57 and His85 

are thought to arise from the attractive electrostatic interactions between these 

positively charged residues and the OH
-
 ion formed by proton transfer from water to 

GTP. In the model where both Arg57 and His85 are outside of the active site and the 

model where His85 is present in the active site show two different transition 

structures. In one transition structure the proton transfer from the nucleophilic water 

to GTP is not completed or partially completed and the cleavage of the Pγ-Obridge 

bond is not advanced, suggesting and early transition state while the second 

transition structure shows a late associative character by formation of Pi moiety. The 

transition structures optimized in the presence of Arg57 in the active site display a 

late character, indicated by a long Pγ-Obridge distance and almost formed Pi moiety. 

In the literature, there is evidence that the uncatalyzed phosphate hydrolysis reactions 

in aqueous solution pass through a dissociative TS. However, all TSs that could be 

located in the present study have an associative character. To search for dissociative 

TS, a potential energy surface scan has been carried out by scanning the forming and 
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breaking bonds. In a dissociative mechanism, a H2O.PO3
-
 charge transfer complex 

must form. However, in the present calculations, when water approached to PO3
-
 

with the water oxygen oriented toward the phosphorus atom, the energy increased 

significantly, independent of the breaking bond distance. This observation indicates 

that a dissociative mechanism does not exist at least for the three models studied 

here. 

In the products, the proton coming from the nucleophilic water can be located either 

on Pi or GDP, depending on the system studied. In the case of HisIN model the 

proton was transferred to GDP. In the ArgIN model the proton was either on GDP or 

on the Pi oxygen near Arg57. In the ALLOUT model, the proton is situated either on 

GDP or on the Pi oxygen away from Lys24 and Mg
2+

. 

In all tested models the proton transferred to the GTP without any assistance of 

another residue. In this reaction GTP acts as a base and abstracts the proton from the 

nucleophilic water leading to the substrate as a base mechanism. 

The catalytic effects of Arg57 and His85 can be additive or synergistic. In order to 

understand that, a model where both residues are in the active site must be 

considered. This will be done as a future work. 

In geometry optimizations, the results depend on the initial structures. In the present 

work, these structures are taken from molecular dynamics simulations. In the future 

work, alternative snapshots will be taken from molecular dynamics simulations and 

will be used as starting geometries for QM/MM calculations.  
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