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SUMMARY 
The electrostatic preorganization of the active site has been put forward as 
the general framework of action of enzymes. Thus, enzymes would position 
"strategic" residues in such a way to be prepared to catalyze reactions by 
interacting in a stronger way with the transition state, in this way decreasing 
the activation energy g‡

cat for the catalytic process. It has been proposed 
that such electrostatic preorientation should be shown by analyzing the 
electrostatic stability of individual residues in the active site.  
Ras protein is an essential signaling molecule and functions as a switch in 
the cell. The structural features of the Ras protein in its active state (ON 
state) are different than those in its inactive state (OFF state). In this thesis, 
an exhaustive analysis of the stability of residues in the active and inactive 
Ras active site is performed. 
 
 
La preorganització electrostàtica del centre actiu s’ha postulat com el 
mecanisme genèric de l’acció dels enzims. Així, alguns residus “estratègics” 
es disposarien per catalitzar reaccions interaccionant en una forma més 
forta amb l’estat de transició, baixant d’aquesta manera el valor de l’energia 
dactivació g‡

cat.  S’ha proposat que aquesta preorientació electrostàtica 
s’hauria de poder mostrar analitzant l’estabilitat electrostàtica de residus 
individuals en el centre actiu.  
Ras es una proteïna essencial de senyalització i actúa com un interruptor 
cel.lular.  Les característiques estructurals de Ras en el seu estat actiu (ON) 
són diferents de les que té a l’estat inactiu (OFF). En aquesta tesi es duu a 
terme una anàlisi exhaustiva de l’estabilitat dels residus del centre actiu de 
Ras en l’estat actiu i inactiu. 
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PREFACE 
The electrostatic preorganization of the active site has been put forward as 
the general framework of the mechanisms of action of enzymes (Warshel 
1978; Warshel et al., 2001). Several decades ago, Warshel (Warshel 1978) 
developed a theory on the origin of the catalytic effect of enzymes based 
solely on electrostatic effects. He realized that the most proficient enzymes 
catalyze reactions in which there exists a charge separation between 
reactants (RS) and the transition state (TS). According to this view, enzymes 
would have evolved to stabilize the TS of the reaction being catalyzed and 
the different polarity of reactants and products is used by the enzyme to 
accelerate the rate of the reaction with respect to what occurs in solution. 
However, water is, in fact, a very polar environment itself, and not much 
seems to be gained by restricting those types of reactions to occur in a 
different environment. To understand this apparent paradox, one should 
consider the fact that in polar solvents, during the transformation from RS to 
the TS, about half of the energy gained from charge–dipole interaction, 
Gq, is spent on changing the dipole–dipole interaction, G, (Warshel 
1991; Rouhi 2000; Villà and Warshel 2001). In proteins, however, the active 
site dipoles associated with polar groups, internal water molecules, and 
ionized residues are already partially oriented towards the transition state 
charge center (see Figure 1).  
Thus, G is smaller in the enzyme than in water, and less free energy is 
spent on creating the oriented dipoles of the protein transition state. The free 
energy term G is basically the so-called “reorganization energy” felt by 
the solvent during the process of forming the transition state solute charges. 
The reorganization energy that water has to pay to “follow” the change in 
charge distribution along the reaction coordinate from reactants to the 
transition state has been already “prepaid” by the enzyme during the folding 
process. The preorganization hypothesis has been corroborated as the main 
contribution to catalysis in many systems by extensive both theoretical and 
experimental studies (see a partial list in Bonet et al., 2006; Villà and 
Warshel 2001). 
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Figure 1: Water reorganization energy 
During a charge separation reaction in water (a model for lysine assisted orotidine 
decarboxylation in the example) the water molecules need to reorganize in order to 
follow the polarity change from a) reactants state to b) transition state. This 
reorganization energy is already partially payed when the reaction occurs in an 
enzyme, as the folding process has provided a preoriented environment for the 
reaction to occur, maximizing the electrostatic complementarity between the active 
site and the TS. To what extend this preorganization can be analyzed by simply 
studying the stability of the enzyme active site residues? This thesis tries to answer 
this question by careful analysis of the Ras active site in its different activation states 
(Figure adapted from Rouhi 2000).  

 
Following this hypothesis, the search for features related to stability in the 
protein/water environment may help us assigning functional roles to 
regions/residues in proteins or to improve protein docking protocols by 
locating electrostatics hot spots on protein surfaces.  
Estimations of the residual stabilization in a protein structure have been 
shown to provide a valuable tool to assess functionality of a given aminoacid 
residue in its environment. Stabilization in terms of differential free energy of 
solvation between the residue in water and in the protein environment has 
been extensively used to evaluate binding contributions in the ground state 
of receptor-ligand complexes (Muegge et al., 1998), in the transition state of 
enzymatic reactions (Warshel et al., 2000; Elcock 2001) or even in locating 
patches for protein-protein interactions (Bonet et al., 2006). In the study of 
enzyme reactivity, in particular, it has been proposed that the electrostatic 
preorientation of active site residues should be related with their electrostatic 
distabilization. In this thesis, an exhaustive analysis of the stability of 
residues in the ON-state and OFF-state Ras active site is performed. We 
choose this system because of the wealth of mutational and structural 
information that is available, due to its biological relevance.  

Semi-macroscopic solvation methods have provided useful insights into the 
electrostatic characteristics of residues in protein structures (Sham et al., 
2000; Shurki et al., 2004; Bonet et al., 2006; Scheper et al., 2008). Taking 
profit of this fact the linear response approximation version of the semi-
macroscopic protein dipoles Langevin dipoles method (PDLD/S-LRA) is 
used here to investigate the stability trends of Ras active site in its different 



 xi 

activation states.  A generalization of the use of such method for protein 
interaction induced activation in phosphate hydrolysis proteins is also given. 
Results confirm the ability of such semi-discrete methods to capture the 
essential electrostatic features of amino acid residues in complex 
environments, even responding to relatively small global movements leading 
to subtle conformational changes. 
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1 INTRODUCTION 

1.1 Ras proteins in the signaling context 
Ras is a founding member of a large superfamily (~150 members in human) 
of small GTPases. Members of the Ras superfamily proteins act as 
molecular switches (anchored in the internal leaflet of the plasma 
membrane) and cycle between GTP (guanosine triphosphate) bound active 
and GDP (guanosine diphosphate) bound inactive forms and control cell 
growth, proliferation, apoptosis and differentiation (Bos 1989; Peeper et al., 
1997; Shields et al., 2000; Cox and Der 2003; Rodriguez-Viciana et al., 
2004; Hancock and Parton 2005; Quatela and Philips 2006). This switching 
between two alternate conformations (GTP and GDP induced) is associated 
with several biologically important signaling pathways. During the flip over 
between active and inactive forms, some parts of the Ras protein (see  page 
7) exhibit significant conformational changes, which are obvious around 
amino acids 10-17, 30-38 and 60-76 (Mitin et al., 2005; Campbell et al., 
1998). These regions of Ras protein are referred as the P-loop, switch-I and 
switch-II region respectively. In fact, the P-loop region is a common motif 
among the phosphate hydrolysis proteins and contains some conserved 
residues that determine the GTP and ATP binding sites (Via et al., 2000). 

To convert inactive Ras to active state, GDP has to be substituted by GTP. 
This reaction requires guanine nucleotide exchange factors (GEFs) to 
accelerate the release of tightly bound GDP, and then GDP is subsequently 
replaced by GTP due to higher intracellular concentration of the latter (see 
 page 16).  While in its activate Ras interacts and activates downstream 
targets, called effectors, which in turn propagate the message and trigger 
cellular responses. After activation, GTP hydrolysis returns Ras protein back 
to inactive state, consequently ceasing downstream signaling.  The catalytic 
capability of Ras protein to hydrolyze GTP is intrinsically slow with reaction 
rate constants of 10–1 to 3·10–3 min−1 (Scheffzek and Ahmadian 2005). Ras 
protein catalytic capability can be accelerated up to five fold through 
interaction with GTPase activating proteins (GAPs) (see  page 11), and this 
way regulating the GTP hydrolysis process (Wittinghofer et al., 1997). Thus, 
GEFs and GAPs are essential modulators of the biological activity of Ras 
protein (see Figure 2). 
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Figure 2: Mechanism of Ras cycling between ON and OFF states  
Common principles of mechanism of Ras shuttle between active GTP bound 
(Red) and inactive GDP bound (Blue) states. The exchange of guanine nucleotide 
(from GDP to GTP) is facilitated by guanine nucleotide exchange factor (GEF) 
(Green) turning ‘ON’ the Ras switch. The activated state is turned ‘OFF’ by the 
action of GTPase-activating proteins (GAPs) that trigger the hydrolysis of GTP 
(Yellow). Once activated, Ras interacts with its effectors proteins (Pink) and 
propagates downstream signaling cascades.  Adopted from Kosloff and Selinger 
2001. 

 
The interest of this thesis is to understand the role of the different residues 
that form the active site region of Ras and how they are influenced by 
changes in the activation state of the protein. Thus, a detailed explanation of 
the primary through tertiary structure of Ras follows. 

1.2 Ras family primary structure 

The Ras superfamily proteins are broadly classified into six subfamilies, 
namely Ras, Rho, Arf, Rab, Ran and Rad proteins and these subfamilies are 
further divided (see Table 1) including over 100 related proteins (Giehl 
2005). The N-terminus catalytic domain of Ras superfamily GTPases share 
a set of five highly conserved G box motifs (Nucleotide binding elements) 
and abeled as G1, G2, G3, G4, and G5 boxes (Colicelli 2004; Wennerberg 
et al., 2005) with the following consensus sequences: G1, GXXXXGKS/T; 
G2, T; G3, DXXGQ/H/T; G4, T/NKXD; and G5, C/SAK/L/T where ‘X’ is any 
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natural aminoacid (Bourne et al., 1991, Wennerberg et al., 2005). 

 

Figure 3: Ras protein functional domain organization 
Ras protein conserved G box GDP/GTP-binding elements (Adopted from 
Wennerberg et al., 2005) 

Table 1: The Ras superfamily classification 
A detailed classification schema of Ras protein superfamily. Ras superfamily is mainly 
divided into six subfamilies with distinct cellular function. Adopted from Giel 2005.  

These G-box motifs are conserved in all Ras super and subfamily proteins 
(see Figure 3), as well as G in other GTPases (Wennerberg et al., 2005). 

Subfamily Family members Cellular function 

Ras 

H-Ras, K-Ras4A, K-Ras4B, N-
Ras M-Ras, R-Ras, Rheb, 
RalA, RalB Rap1A, Rap1B, 
Rap2A, Rap2B, TC21, Rin, Rit 

Regulation of cell cycle 
progression Regulation of 
apoptosis  

Regulation of exocytosis 

Rho 

RhoA, RhoB, RhoC, RhoD, 
RhoE, RhoG, RhoH Rac1, 
Rac2, Rac3,  Cdc42, Rnd1, 
Rnd2,  Rif, CHP, WRCH1, 
TC10 

Regulation of cell cycle 
progression Regulation of actin 
cytoskeleton Regulation of 
apoptosis 

Arf 
Arf1, Arf2, Arf3, Arf4, Arf5, 
Arf6 

Regulation of vesicle transport 
Regulation of actin 
cytoskeleton 

Rab Rab1–Rab63 Regulation of vesicle transport 

Ran Ran Regulation of nuclear import 

Rad Rad, Gem, Kir, Rem1, Rem2, 
Ges  

Mainly unknown  
Regulation of cell morphology 
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G1 motif: The Arf subfamily shows the following pattern of sequence 
conservation ‘GLDxAGKT’ while Rho family displays ‘K C/a VaVGDa V/C 
GKTxL’ residues. Rab suberfamily (having the largest members than rest of 
the subfamilies) displays ‘KaaaaGDxxVGK S/T’ pattern of conservation. Ras 
subfamily displays ‘aaaaGxxGVK S/T’ pattern in the G1 region. This is more 
similar behaviour that is reflected by the Ras subfamily. Ras subfamily 
displays ‘LVLVGDGGTGKT’ pattern. 

G2 motif: While in the G2 motif only amino acid ‘T’  was found to be 
conserved. In more detail the Arf subfamily the multiple sequence alignment 
retrive ‘PtaGF’ conserved residues. While, Rho subfamily displays ‘YaPTV’ 
sequence pattern. Rab subfamily displays ‘TIG’ pattern with the excemption  
of Rab20, Rab40 (A, B, and C ) and Rab5L.  More, Ras subfamily does not 
show more conserved pattern in this region except conserved ‘T’, where as, 
Ran subfamily shows ‘YVATLG’ pattern which resembles the Rho and Rab 
subfamilies. 

G3 motif:  In the G3-motif the consensus sequence found was ‘DxxGQ’ 
which lie mainly in the switch-II region of Ras protein and is mainly acidic in 
nature. Ras subfamily predominately shows the signature motif ‘LxaxDTxG’, 
the conserved Asp (D) and consensus Thr (T) and Gly (G). Rho subfamily 
also mimic such pattern in a signature motif like ‘Ar DT A/S/F G/E’. Where Ar 
means any aromatic residue e.g. Phe/Tyr/Trp. 
Arf subfamily displays conserved ‘aGG’ residues where ‘a’ is an aliphatic 
amino acid with an exception of Arl12. The consensus sequences were 
found to be ‘Ar D’. The overall signature for this subfamily could be 
represented by ‘Ar DaGGQ’. Ran subfamily signature motif is comprised of 
‘WDTAGQE’. 

 G4 motif:  In the G4 motif the signature motif found to be ‘NKxD’.  The Ras 
subfamily residues show ‘aaaGNKxD’ . The Rho subfamily residues show 
‘aaGx Amine xD’, where ‘Amine’ means either Glutamine or Lysine. While 
Ran subfamily shows signature sequences ‘VLCGGNKVD’ which can be 
rewritten as ‘aaCaGNKVD’. Rab subfamily residues show ‘axGNKxD’ pattern 
in the G4 Guanine binding region. More, the Arf subfamily shows ‘Lxx A/G 
NK Q/x’ pattern. 

G5 motif:  Ras subfamily shows ‘ExSa’ pattern of signature motif in the G5 
motif which is a Guanine nucleotide binding region. Rho subfamily shows 
‘YxECSa’ pattern of the signature motif. Ran subfamily displays ‘YDISA’ of 
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the signature motif. Rab subfamily shows ‘ExSaK’ pattern of conservation. 
Arf subfamily shows no specific pattern of conservation in the G5 motif.  

 
 G1 G2 G3 G4 G5 

Ras AaaaGxxGVK S/T T LxaxDTxG aaGNKxD ExSa 

Rho K C/a VaVGDa 
V/C GKTxL 

YaPTV Ar DT 
A/S/F G/E 

aaGx YxECSa 

Arf GLDxAGKT PtaGF Ar DaGGQ Lxx A/G 
NK Q/x 

xxxx 

Rab KaaaaGDxxVGK 
S/T 

TIG DxxG N K/R xD ExSaK 

Ran LVLVGDGGTGKT YVARLG WDTAGQE axGNKxD YDISA 

Table 2: Ras protein concensus domain motifs 

The C-terminus region of Ras protein that goes beyond the G5 motif is 
termed as hypervariable region (HVR) involved in membrane localization 
(see appendix pp. 92 for details).  
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Figure 4: Multiple Sequence Alignment  of  human RAS subfamily members.  
G box motifs consensus sequence residues are colored in Blue. Cysteine residues 
(substrates for Posttranslational modification ‘Prenylation’) in either terminal (C 
and N) are colored Green. The N-terminal Glycine (substrate for Myristoylation) 
are colored in Yellow. The C-terminal basic residues (poly Lys) are colored in 
Pink. The highly conserved residues (in 90% of members in this MSA) are colored 
Gray. Adopted from Colicelli 2004. 
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1.3 Ras Protein secondary and tertiary structure 

1.3.1 GTP and GDP-bound standalone protein structure 

Crystal structures of Ras proteins show 5 helices and 6 -strands (see 
Figure 5b) (Pai et al., 1990; Milburn et al., 1990). Several functionally 
relevant regions can be identified in the Ras protein secondary structure: 

 The COOH-terminal region (residues 167 to 186/189) contains the 
HVR (see Section 1.2) that is involved in the protein’s membrane 
anchorage (for details, see Section 6.1). 

 The conserved P-loop (GxxxGKS/T, residues 10-17) (Scheffzek and 
Ahmadian 2005), a glycine rich motif involved in the stabilization of 
the substrate phosphate moiety. It is worth noting that the Gly12Val or 
Gly12Arg mutations, although yield much lower protein activity, do not 
distort ignificantly the protein structure.  

 The two regions, consistently termed switch I (approx. residues 31-
38) and switch II (residues 56-76), that interact with the phosphate 
moiety of the substrate in the GTP-bound form and that are frequently 
involved in the interactions between the GNBPs and their effectors 
or/and regulatory proteins. 

In addition, the crystal structure of H-Ras protein (Pai et al., 1990) shows 
nine water molecules within hydrogen bond distance to the nucleotide 
GppNp (a GTP analog; for simplicity, we will refer to Ras•GppNp and other 
Ras structures bound to triphosphate analogs as “Ras•GTP” as we proceed 
along this thesis). Two of such water molecules (Wat175 and Wat189 in 
Figure 5b) are found close enough to the -phosphate to suggest playing a 
role in the GTP hydrolysis. Indeed, after the appearance of Pai et al., 
structure, the 1990’s embraced a heated debate between the idea that such 
water should be activated by some protein residue and converted into OH- or 
the idea that the substrate itself served as the basis for the activation. Such 
controversy was in principle solved by careful analysis of the GTP pKa, 
which showed that it had better ability than protein residues to deprotonate a 
water molecule previous to the nucleophilic attack (see Aqvist et al., 1999 for 
a summary). 
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Figure 5 3D structure of GTP bound H-Ras (PDB code 5P21)  
 a) Ras secondary structure (DSSP information (Kabsch and Sander 1983) obtained 
directly from the PDB web site Berman et al., 2000; Berman et al., 2003) b) Ras protein 
secondary structure.. -sheets are shown in Green, -Helices are shown in Grey, and 
Loop structures are shown in Yellow color. Water molecules are represented as Blue 
spheres whereas Mg2+ is represented as Red sphere. The triphosphate analog is shown 
in stick. The  numbering of each secondary structural element of H-Ras are as under;  
(1-9), L1 (10-14),  (15-26), L2 (27-37), 2 (38-46), L3 (47-49), 3 (50-58), L4 (59-
66), 2 (67-75), L5 (76), 4 (77-84), L6 (85-86), 3 (87-104), L7 (105-109), 5 (110-
117), L8 (118-125), 4 (126-137), L9 (138-139), 6 (140-144), L10 (145-150) and 5 
(151-171)  (Milburn et al., 1990). Structure was generated using PyMol.  

 
In the crystal structure resolved by Milburn et al., (1990), the substrate’s -
phosphate is interacting with Ala18 and the -phosphate is interacting with 
the amide nitrogen atoms of residues 13 or 14 to 17 (loop-1 and following 1 
elements) and the side chain of Lys16 (all residues being part of the P-loop 
motif).  Such configuration in which, apart from the Lys16 positive charge, all 
residues are neutral, seems like a curious way for an enzyme to bind a 
triphosphate moiety. It is extrange, for example, that the Gly12Val leads to 
an important decrease in the activity of the protein. However, a close 
inspection of the structure reveals that all main chian dipoles of the P-loop 
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motif are pointing towards stabilizing the highly negative substrate, and in 
this way a small perturbation of the structure (like for example substituting a 
Gly residue Val) may disrupt the hydrogen bond network (Muegge et al., 
1996).  In addition, the coordinated Mg2+ ion forms an adduct with Ser17, 
Thr35 and with the -phosphate oxygen. Furthermore, Milburn’s crystal 
structure also shows that Lys16 is surrounded by the negative charge of 
carbonyl oxygens of residues 10 and 11, as well as one of the oxygen atoms 
of the substrate’s -phosphate.  
Comparison between Ras protein active and inactive state structures reveals 
that the positions of the -phosphate and the Mg2+ ion in the GDP complex 
appear to be shifted by a magnitude of 0.4Å from the corresponding GTP-
analog complex. On the contrary, the structural conformation of the ribose 
moiety and the guanosine base are similar both in the active and inactive 
Ras protein crystal structures. Similarly, by superposition of the P-loop in the 
GTP-analog complex of Raswt protein with the same motif in the GDP 
complex of oncogenic (RasG12V) protein, Milburn et al., (1990) found that 
position 12 contributes to the stability of the -phosphate. They showed that 
the side chain of Val12 in RasG12V may partially block the entrance of the 
guanine nucleotide pocket thus preventing the entrance of the attacking 
nucleophile or Pi after hydrolysis (or both). With respect to Gly13, which 
binds to the nucleotide’s -phosphate, it was shown that RasG13V or RasG12D 
mutations resulted in distortions of the P-loop structure. 

 
Figure 6: Ras protein ligand induced conformational changes 
Detail of the structural superposition of GTP- and GDP-bound Ras structures, 
showing the most important conformational changes occurring in the active site 
region 
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As shown in Figure 6 the largest differences between the active and inactive 
state structures are localized in the two switch regions. In the H-Ras crystal 
structure, switch-I region conformation “switches” when there is a 
substitution of GDP by GTP substrate with C RMSD values between 2.6 to 
2.7Å (Milburn et al., 1990). The structural differences that are associated 
with the flipping over of this switch region are;  (i) no hydrogen bond exist 
between the side chains of Tyr32 and Tyr40 in the active state structure, 
differing from what is observed in  the inactive state; (ii) Thr35 is coordinated 
in the active state to the Mg2+ ion and the –phosphate, which were absent 
in the inactive state; and (iii) the orientations of two switch-I region residues 
(36 and 38) in the active state conformation are significantly different than 
the inactive state conformation. The RasT35A mutant (a partial loss-of-
function mutation) was found to be insensitive to the interaction with the 
activating protein GAP (see next section) because the residue 35 side chain 
cannot interact, in the mutant protein, with Mg2+ or the -phosphate  and 
hence cannot induce the GAP required conformational changes in the 
switch-I region. Substituting Thr35 by Ser (conserving the hydroxyl side 
chain), shows partial sensitivity towards GAP.  Thus, one may conclude that 
methyl group of Thr35 is responsible for the dynamic behavior of the switch-I 
region (Spoerner et al., 2001).  

H-Ras switch-II region conformation also "switches" when there is a GDP to 
GTP substitution (see Figure 6). The switch-II region is necessary for 
GDP/GTP exchange, either by enhancing the dissociation of bound 
nucleotide and subsequent GTP binding (because of higher intracellular 
concentration) or by directly participating in the exchange process (Gln61). 
The region’s nine residues (60 to 68) show the largest conformational 
changes between the two structures with RMSD values ranging between 
3.6Å to 7.4Å. H-Ras residues 60 and 61 are highly conserved among all Ras 
and Ras related proteins while Glu62 and Glu63 are conserved in small 
nucleotide binding proteins and Ras proteins, respectively. Residues 60 and 
61 interaction with the -phosphate induces a conformational change in the 
entire loop-4 and reorients the helix 2. 

Since the conformation of switch-I and switch-II regions differ significantly in 
the active and inactive state, it was already assumed in the original 
publication that the two switch regions (switch-I and switch-II) are 
conformationally "linked" to the -phosphate and facilitate the H-Ras protein 
in effector recognition. 
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As for the guanine base, it is interacting with the side chains of residues 28, 
116, 117, and 119, and the backbone of residue 146, the ribose moiety is 
interacting with the side chain of residue 117 and the backbone of residue 
29. There is no significant conformational change for these residues 
between the Ras active and inactive states (see Figure 6).  

Finally, as extensively shown in the appendix, the C-termini of Ras proteins 
are posttranslationally modified by isoprenylation and farensylation, by which 
means the protein is anchored to the cytoplasmic membrane. The crystal 
structures for inactive and active Ras suggest that loops 3, 5, 7, and 9 and 
helices 2 and 5 are near the membrane and that some of them may be 
potential sites for interaction with membrane-bound upstream or downstream 
(or both) regulators.  

1.3.2 Ras interaction with GTPase Activating Proteins (GAP) 

The intrinsic GTPase activity of Ras is too low to promote formation of 
inactive Ras-GDP and a regulatory protein generally called GTPase 
activating protein (GAP) is needed for optimal hydrolysis of GTP to GDP. 
The activation free energy for the hydrolysis of GTP in water is  117 kJ mol-
1 (27.96 kcal mol-1), whereas the intrinsic GTPase reaction of Ras reduces 
only to   92 kJ/mol kJ mol-1 (21.97 kcal mol-1) (Kötting et al., 2008). This 
reduction in activation free energy by Ras is mainly due to electrostatic 
interactions (Kötting and Gerwert 2004). In addition, the Ras-induced charge 
shift in GTP lowers the activation enthalpy from 105 kJ mol-1  (25 kcal mol-1) 
to  83 kJ mol-1 (19.8 kcal mol-1). Thus, catalysis due to the Ras can be seen 
as mostly enthalpic. The additional term related to the interaction with GAP 
has been suggested to be mostly entropic (Kötting et al., 2008), although the 
effect of the Arg789 finger has been demonstrated to be purely enthalpic 
and to account for a big part of the increase in reactivity (see Scheffzek et 
al., 1997; Glennon et al., 2000). 

The intrinsic GTPase reaction of Ras is slow, with 4.7x10-4 s-1 at 37°C, but 
RasGAP catalyzes the reaction 105-fold to 19 s-1 (measured at 25°C at a 
pH of 7.4) (Schweins  et al., 1995; Kötting et al., 2008). In fact, mutations in 
hotspots either in RasGAP or in Ras proteins lead to malfunctioning of the 
catalytic process and ultimately results in cancerous cells.  It has been 
shown that Ras protein interactions with their regulatory proteins (GEF and 
GAP) are associated with conformational changes affecting the active site 
(Jeffrey et al., 1995; Scheffzek et al., 1997). Making use of the similarity 
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between the structure of AlF3 with the transition state inversion of the 
departing terminal phosphate during phosphate hydrolysis, Scheffzek et al., 
(1997) solved the crystal structure for the RasGAP/Ras complex, (PDB 
code: 1WQ1). The structure, comprising residues 718 to 1037 of GAP-334, 
residues 1 to 166 of H-Ras, GDP, AlF3, Mg2+, and 35 water molecules, 
shows AlF3 oriented such that the three fluoride atoms contact Mg2+, Thr35 
(NH), Lys16 (NH 

3 ), Gly60 (NH), Gln61 (NH2), and Arg789 (the so-called 

“arginine finger” provided by most GAP proteins). The interface of 
Ras•RasGAP complex consists of weak van der Waals interactions but 
stronger polar interactions including several bridging water molecules 
(Scheffzek et al., 1997 and references cited therein) (see Figure 7). 
Activated Ras binds in the shallow groove of the central catalytic domain 
GAPc of GAP-334, with the tip of its triangular shape penetrating most 
deeply into the groove. The overall structures of GAP-334 and Ras were 
reportedly similar to their unbound structures (C atoms RMSD difference  
were 0.9 Å for GAP-334 and 0.54 Å for Ras with comparison to 
corresponding individual structures) except switch-II region of Ras and the 
loop L6c of GAP-334. P-loop, switch-I, switch-II regions and, possibly, helix 
3 (residues 87 to 98) of Ras protein participate in the interaction with 
RasGAP. Conversely, RasGAP helices 6c and 7c and loops L1c and L6c 
are involved in the interaction with Ras.  
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Figure 7: Ras/RasGAP complex 
 a) RasGAP secondary (DSSP information (Kabsch and Sander 1983) obtained 
directly from the PDB web site Berman et al., 2000; Berman et al., 2003) b) 
Ras/RasGAP complex ribbon representation. The Ras protein is shown in pale 
green and the GAP protein is shown in light grey color. Ras protein P-loop region 
is shown in deep green, switch-I in red, switch-II in blue, Ras Helix3 in smudge 
blue colors. Ligand GDP is shown in stick. Aluminum (brown) and Magnesium 
(Green) metal ions are shown as spheres. Flouride ions are shown as cyan sphere. 
GAP functionally important regions L1c also called as Finger loop (light orange), 
L6c also called as variable loop (orange), Helix6 (Hot pink) and Helix7 (Violet) 
are shown. c) Details of the interaction of Ras with RasGAP are shown. Coloring 
schema is same as in b. The functionally important residues Arg789 of GAP (cyan 
color) and Glu61 of Ras (yellow) are shown in stick model of representation. These 
structures are made using RasGAP 3D structure (PDB: 1WQ1, Scheffzek et al., 
1997). Structure was generated using PyMol. 
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The RasGAP Loop-1 (L1c) is also called “finger loop” because it points into 
the active site of ras protein and L6c is called the “variable loop” because its 
length is variable in the structure-based alignments (Scheffzek et al., 1997 
and references cited therein). Ras protein switch-I region is negatively 
charged  and interacts with effector proteins and RasGAP (GAP-334) 
(Nassar et al., 1995). In particular, Ras switch-I residues interact with the 
GAP helices 6c and 7c and with the variable loop. On the other hand, The 
crystal structure from Scheffzek et al., (1997) emphasizes the importance of 
GAPK949 and GAPE950 (both L6c region residues) in the Ras•RasGAP 
complex formation. Thus, for example, GAPK949 (from the L6c region) points 
into this negatively charged surface of Ras switch-I region.  

In addition to the polar interactions, hydrophobic interactions are formed 
between GAPL902, GAPL910 and RasP34, RasI36, RasY32, and RasY64. These 
interactions are presumably the target for inhibitory lipids such as 
phosphatidic acid and arachidonic acid. The arachidonic acid inhibits the 
Ras•RasGAP interaction in a partly competitive mode with respect to 
Ras•GTP (Sermon et al., 1996).  

L1c residue Arg789, also called as ‘‘arginine finger’’, is the key residue for 
GAP-mediated catalysis (Ahmadian et al., 1997).  The x-ray structure of the 
Ras•GDP•AlF3•RasGAP complex mimics the transition state structure for 
the GAP mediated catalysis and shows arginine finger pointing to the GTP 
binding site of Ras. GAPR789 stabilizes the position of the catalytic RasQ61 
and neutralizes the negative charge on the ,  phosphates that are 
developed during the phosphate hydrolysis process (Scheffzek et al., 1997; 
Glennon et al., 2000). The catalytic arginine finger is a highly conserved 
motif among several GAP proteins for small G proteins (Kosloff and Selinger 
2003), although it has been shown to be missing in some systems. For 
example, p85 showed how a subunit in PI-3K is homologous to GAP 
proteins (including the Arg finger), but does not act as a GAP (Fidyk and 
Cerione 2002; Scheffzek and Ahmadian 2005). While on the other hand, it 
was shown that mutation of Arg74 to R74K and R74M in (E. coli strain 
L7/L12) ribosomal protein does not cause a major change in GTPase activity 
for EF-G and conclude that arginine residue is not essential for the 
activation, excluding an "arginine finger"-type mechanism (Savelsbergh et 
al., 2002; Scheffzek and Ahmadian 2005). Finally, and perhaps more 
strikingly, Seewald and colleagues in RanGAP ternary complex (Ran, 
Guanine nucleotide and RBD of RanBP1) found no arginine in the active site 
vicinity (Seewald et al., 2002; Scheffzek and Ahmadian 2005). The positive 
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charge of the arginine guanidinium group is delocalized (Heesen et al., 
2007). Since, coulombic interactions drive the Arg789 towards the negatively 
charged GTP. Hence, Arg789 alone is not capable to induce specific charge 
distribution in GTP, although it plays a major role (Glennon et al., 2000; 
Heesen et al., 2007). 

GAP specific function is to stabilize the orientation of RasQ61 by a complex 
network of hydrogen bonds (see Figure 7). RasQ61 is essential for GTP 
hydrolysis, its mutation to any other amino acid (except Glu) blocks Ras-
mediated GTP hydrolysis (Polakis and McCormick 1993; Bollag and 
McCormick 1991). RasQ61 position a water molecule for in-line nucleophilic 
attack on the -phosphate. The arginine finger forms a hydrogen bond with 
RasQ61 (Kötting et al., 2008). In addition, the RasGAP crystal structure 
suggests an indirect role of Arg903 in catalysis.. RasGAP crystal structure 
also reveals that Gln61 contributes to the stability of the GTPase reaction 
transition state.  

After hydrolysis, the protein-bound Pi intermediate is still in the ON 
conformation. Then the movement of switch-I is reversed to OFF and Arg789 
moves out of the binding pocket. Thus an efficient GAP should not only 
catalyze the bond breakage but also the release of the phosphate (Kötting et 
al., 2008).  

An interesting alternative view of the entropic contributions of RasGAP to 
catalysis is given by Heesen et al. (2007). The arginine finger movement 
changes active site dielectric by pushing out waters from the binding pocket. 
This results in an increase in the Ras-induced charge shift on the GTP 
moiety. In principle any residue that can move into Ras protein binding 
pocket and push the waters out may be able to catalyze the Ras GTPase 
reaction (Kötting et al., 2008), which is in agreement with Seewald et al 
2002(talks of RanGAP Asp225 and Lys130 of Ran and Q61 is equivalent of 
Q69). Thus, the loss of protein-bound structured water is most likely the 
source for a positive activation entropy S‡. The cost of entropic change by 
relocating one protein bound water; into the bulk water is up to 8 kJ mol-1 
(1.91 kcal mol-1). In their MD simulations study, Heesen et al., (2007) 
showed that the coordination of the arginine finger with the GTP displaces 
five water molecules, and thus would provide an overall entropy change of 
up to 40 kJ mol-1 equivalent to 9.5 kcal mol-1 (very close to the experimental 
value of 39 kJ mol-1 equivalent to 9.1 kcal mol-1). Kötting et al., (2008) 
suggests that this decrease of entropy after arginine interaction may be 
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counter balanced by the structured waters formerly coordinating the arginine. 
The free energy gained by displacing the water molecules may be used to 
induce the electrostatic interactions to stabilize the transition state for bond 
breakage.  

1.3.3 Ras interaction with Guanine nucleotide Exchange Factor 
(GEF) 
We have seen above how Ras proteins are tightly controlled by dynamic 
switching between the GDP- and GTP-bound activity dependent 
conformational states. Guanine nucleotide exchange factors (GEFs) 
stimulate the intrinsic GTP/GDP exchange activity of Ras and promote 
formation of active Ras-GTP.  There are three main classes of RasGEFs: 
son of sevenless protein (SOS), Ras-GRF, and RasGRP (Wennerberg and 
Der 2004).  In brief, all RasGEFs have a common ~250 amino acid CDC25 
homology catalytic domain (also called the RasGEF domain) and an 
adjacent ~50 amino acid N-terminal Ras Exchange Motif (abbreviated as 
REM and also called the RasGEF N-domain) see Figure 8 (Margarit et al 
2003; Mitin et al., 2005). The interface between the REM domain and the 
helical hairpin of the CDC25 domain is known to be important for SOS 
activity (Hall et al., 2001).  

 
 

Figure 8: Domain organization of SOS 
 a) Complete domain organization of Human SOS1 protein b) A 
comparative analysis of different Ras specific GEFs.  
 

Ras-GTP binds with high affinity to distal (REM) and allosteric site (CDC25 
homology domain), which is a SOS1 regulatory region (Margarit et al., 2003) 
(see ). Binding of Ras-GTP has a stabilizing impact on active state 
conformation of SOS, whereas binding of Ras-GDP to this SOS1 regulatory 
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site results in a lower SOS activity (Sondermann et al., 2004).  The crystal 
structure of SOSDH-PH-cat resolved by Sondermann et al., (2004) reveals that 
the allosteric Ras binding site in SOS is blocked by the DH domain, which is 
located far from the active site of SOS. It appears that the DH domain has no 
direct inhibitory effect on the Ras-specific nucleotide exchange reaction but 
rather functions as a gate for Ras binding to the allosteric site. 
The crystal structure of Ras-GEF (PDB code: 1NVV) shows Ras residues 
Pro34, Ile36, Glu37, Met67, Tyr64, and SOS residues Leu687, Met726, 
Trp729, Arg688, Asn691, His695 to be relevant for the interaction (see ). 
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Figure 9: Figure showing details of Ras/GEF 
 a) RasGEF (SOS cat domain) secondary (DSSP information (Kabsch and Sander 
1983) obtained directly from the PDB web site Berman et al., 2000; Berman et al., 
2003) b) Ras/GEF complex ribbon representation. The Ras protein (pale green) and 
two domains of GEF protein (cdc25 domain in light grey and the REM domain in 
light yellow) are shown. Ras protein P-loop region is shown in deep green, switch-I 
in red, switch-II in blue colors. Ligand GTP is shown in stick. Magnesium metal 
ions (Green) is shown as sphere. Empty Ras protein is shown as dark grey color. c) 
Details of the interaction of Ras with GEF are shown. Coloring schema is same as 
in b. The functionally important residues of Ras protein P34, I36, E37, Y64 and 
M67 are shown. Similarly, important residues of GEF 
(L687,R688,N691,H695,W729) are shown in the stick model of representation. 
These structures are made using Ras/GEF/Ras 3D structure (PDB: 1NVW, Margarit 
et al., 2003). Structure was generated using PyMol. 
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In particular, Figure 9b shows how residues Pro34 and Ile36 of the switch-I 
region of Ras pack against hydrophobic side chains in SOS (Leu687, 
Met726, and Trp729) and Met67 of switch-II region of Ras packs against a 
hydrophobic crevice formed by Leu687 (which is also part of the binding site 
for switch-I) and Arg688. Tyr64 of switch-II is also located in this region. A 
central aspect of the Ras-GEF interface is the formation of a tight bidentate 
hydrogen bonding interaction between Glu37 and Arg688 (see Figure 9c). 
Glu37 also forms hydrogen bonds with the side chains of Asn691 and 
His695 (Margarit et al., 03).  

1.3.4 Ras interaction with Effectors 

Both switch regions in Ras are involved in interactions with downstream 
effector proteins.  All Ras effectors share a region of ~100 amino acids 
known as the Ras-binding domain (RBD). RBDs in all Ras effectors reported 
so far share a ubiquitin fold  (Herrmann et al., 2004). Despite their structural 
similarity, the binding affinity between the different RBDs and Ras varies 
among the different members of the subfamily. This observed difference 
provides an evidence of differential amino acid effects on the Ras-effector 
interface, stressing the understanding of the energetics of the interaction. 
Moreover, the RBDs are reported to be important but not sufficient in order 
to explain the activation of the downstream cascade.  

1.4 Ras structure-function relationships 

1.4.1 GTP hydrolysis mechanism in solution and in enzyme 
Ras and other small GTP-binding proteins cycle dynamically between an 
inactive GDP-bound state and an active GTP-bound state. GEFs stimulate 
the intrinsic GTP/GDP exchange activity enabling GTP loading of the protein 
and promoting the formation of an active state Ras-GTP complex (see page 
1). Once activated, these proteins interact with downstream effectors and 
propagate the signaling response. We have also seen how the intrinsically 
slow GTP hydrolysis in Ras is potently augmented by GAPs that increase 
the reaction rate by several orders of magnitude (see Section  1.1.2). The 
exact nature of GTP hydrolysis has been the target of a heated scientific 
debate (Schweins et al., 1994; Warshel and Florian 1998; Glenon et al., 
2000; Du et al., 2004; Topol et al., 2004; Grigorenko et al., 2005). It is still 
controversial whether the transition state of the GTPase reaction is 
dissociative or associative. The dissociative reaction path for the transition 
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reaction involves a metaphosphate-like PO 2
3  state, in which upon 

nucleophile arrival the , -anhydride bond breakage occurs. Contrarily, in 
the associative mechanism, a SN2-like reaction is followed, making a bond 
between the nucleophile and the -phosphate the  phosphates cleavage. 
Whatever is the proposed mechanism, a nucleophile has to be created by 
deprotonating a water molecule. What is the general base for such 
deprotonation became the center for the scientific argument in the 1990’s. 
Biochemical studies of wild and mutant Ras proteins have helped state that 
the phosphate hydrolysis in Ras works via a substrate assisted catalysis 
(SAC) mechanism (see Figure 10) where a proton transfers from 
nucleophilic water to the -phosphate of GTP, favoring an associative 
reaction path (Schweins et al., 1995; Pasqualato and Cherfils 2005). In 
addition, Wittinghofer (2006), analyzing on different crystal structures of Ras 
and Ras-like proteins, found that Ras-like proteins structures in the GTP 
bound state, show a consensus water molecule 3.5Å from the -phosphate 
in a position ready for in-line attack on it. 

 
Figure 10: Figure showing two types of substrate assisted catalysis (SAC) 
Natural and Engineered 
  a) Natural SAC: In some enzymatic reactions the catalytic functional group (in 
this figure marked as X) is part of the substrate itself.  Any change in the 
substrate that removes or changes this functional group results in the impairment 
of the catalytic activity.  b) Engineered SAC. Taking profit of the above effect, a 
functional group that may have been removed from the active site by means of 
some mutation, can be restored into the catalytic site by the substrate itself. 
Adopted from Kosloff and Selinger 2001. 

 
But as discussed above, this is not the end of the story and many other labs 
based on their computational (pKa shifts, binding affinity or activation free 
energy calculations) and experimental (FTIR, real time atomic resolution 



 21 

techniques) studies reached conflicting conclusions (i.e. dissociative 
transition state) (Cepus et al., 1998; Du et al,. 2000; Allin et al., 2001; Du et 
al,. 2004).  

In the two families of G proteins (Heterotrimeric G-proteins and Ras-like 
monomeric proteins) two residues, glutamine (Glncat) and arginine (Argcat), 
are of vital interest because both are directly involved in catalysis. Both 
residues are conserved throughout the G protein family and relevant GAPs 
and their side chain orientation with respect to substrate is highly similar 
(Sprang 1997; Kosloff and Selinger 2001). In heterotrimeric G proteins, both 
residues originate in cis, while in Ras proteins with crystal structures it 
became apparent that Ras proteins lack Argcat. This dogma was resolved 
when RasGAP protein was crystallized and it was found that in Ras proteins 
the Argcat is supplied in trans by the GAP proteins (the Argcat is called 
‘arginine finger’, as seen in previous sections) (Scheffzek et al., 1997; 
Rittinger et al., 1997; Albert et al., 1999;  Wittinghofer 2006). 

1.4.2 Stability and function  
As explained in the preface of this work, various theoretical studies of the 
energetics of enzymatic reactions and the corresponding reactions in 
aqueous solutions indicate that electrostatic stabilization is the most 
important factor in enzymatic catalysis (Warshel 1978). This provided the 
initial hint towards establishing the relationship between stability and 
function. This is, electrostatic preorganization can be related to the instability 
of the residues that are important for catalysis. Elcock (2001), showed how 
functionally important residues in proteins are charged residues that are 
located in electrostatically unfavorable environments. In another work, the 
stability profile is added to the information on position conservation and 
shape in order to discriminate between catalytic and non-catalytic residues 
(Ota et al., 2003). Recently Dessailly et al., (2007) also used energetic 
criteria to identify functional sites in protein.  
These studies served to establish a central hypothesis for the computational 
component of this PhD thesis. Namely, if we were able to design a simple 
but robust protocol to analyze residue stability in a protein environment we 
could provide a medium- to high-throughput method to analyze series of 
proteins in search of functional regions. To reach this ambitious goal, the 
linear response approximation version of the semi-macroscopic protein 
dipoles Langevin dipoles method (PDLD/S-LRA) was adopted to evaluate 
the solvation free energies for individual residues. The rest of the sections in 
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this manuscript include a brief overview of the PDLD/S-LRA method and the 
description some statistical tests used to assess the significance of the 
solvation free energy values. Following this methods section, a results 
section is presented, in which we mainly discuss the values obtained for 
relevant residues in the active site of the Ras protein in different 
conformational states. In addition, we include a brief subsection expanding 
the method to study a more complex problem, the preorganization of protein 
interfaces in protein protein interactions of phosphate hydrolysis enzymes.  
For completeness on the discussions on the Ras structures, although out of 
the scope of this thesis, the conclusions section is followed by an appendix 
containing an additional review on the posttranslational modifications leading 
to different Ras protein localizations. 
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2 Objectives 
The general aim of this thesis is double: 

1. To characterize the active site of Ras by getting the interaction energy 
fingerprint in different states (GTP/GDP and bound/unbound to 
partners) 

2. To find a general protocol to produce medium- to high throughput 
structure-function correlations in proteins 

These main objectives unfold into several more precise milestones: 

1. On the ras active site fingerprint: 

a. To analyze the level of distabilization of different key residues 
in the Ras active site between the GDP- and GTP-bound 
systems 

b. To assess the effect of interacting partners in the Ras active 
site stabilization energies 

2. On the generalization of the PDLD/S-LRA based method 

a. To set up a protocol suitable for fast check of all relevant 
residues in a single protein 

b. To compare stability values in sets of residues for different 
proteins using a proper statistical test 

c. To extend the method to study hot spots in protein-protein 
interfaces 
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3 METHODOLOGY  

3.1 Structure selection and classification 

3.1.1 Sequence Selection and Multiple Sequence Alignments  

We took HRas (PDB Code: 5P21) as our query sequence. We searched the 
NCBI-NLM ‘Protein Blast’ Non-redundant database (Altschul et al., 1990; 
Altschul et al., 1997) against our query HRAS protein sequence and selected 
only Human Ras-subfamily member proteins (Giel et al.,2005). In order to 
explore the pattern of sequence conservation within the Ras-subfamily, we 
took the obtained protein sequences in fasta format and used ‘MUSCLE’ 
(Edgar 2004) for the multiple sequence alignment (MSA). MUSCLE aligns 
sequences  using a pair-wise algorithm that through a progressive multiple 
alignment provides a distance matrix. This procedure is iterated until the tree 
stabilizes or until a specified maximum number of iterations is reached. 

3.1.2 Protein Classification and Active Site Delimitation 

We selected 3D structures of all Ras related Ras-subfamily proteins from the 
Protein Data Bank (Berman et al., 2000; Berman et al., 2003). We classified 
the selected structures in a 2x2 table (see Figure 11), labeling them as 
follows: 

 Group A includes unbound proteins with a triphosphate ligand 

  Group B includes unbound proteins with a diphosphate ligand 

 Group C contains the GTP-bound structures in complex with a partner 
(regulators, effectors…)  

 Similarly, Group D contains GDP-bound proteins in complex with 
partners. 
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Figure 11: Classification of Ras structures used in this study. 
Group-A has following PDBs (5p21, 1qra, 121p, 221p, 421p, 521p, 621p, 721p, 
821p, 6q21, 1lf0, 1jai, 1iaq, 1gnr, 1ctq, 1gnq, 1plj, 1p2s, 1agp, 1p2u, 1jah, 1p2t, 
1p2v, 1plk, 1gnp, 2cl0, 2cl6, 2cl7, 2clc, 2evw, 1xcm, 1x1s, 1zw6, 2pmx, 2rga, 
2rgb, 2rgc)  Group-B PBDs (1q21, 2q21, 4q21, 1ioz, 2cld, 2ce2, 1x1r, 1xj0, 1zvq, 
1crr, 1lf5, 1pll, 1crq, 1crp, 1aa9, 2quz) , Group-C with following PDBs (2C5L, 
1lfd, 1he8, 1nvv, 1nvw, 1nvu, 1nvx, 1k8r, 1wq1), and Group-D with  PDB (1xd2). 

One of the main goals of the thesis is to relate the stability of individual 
residues in the active site of Ras to their function in different states of 
activation of the protein. Thus, the first step after having collected the PDB 
structures corresponding to Ras and Ras with its effectors is to determine 
which residues are forming part of the active site region. In lack of a precise 
biological criteria we defined the residues to be included in this study by 
selecting all residues in a sphere of 12.5Å sphere (to be consistent with 
typical electrostatic cutoffs in MOLARIS version alpha9.06.01) (Chu et al., 
2003) around each substrate heavy atom in the PDB structure 5P21. 

3.2 Evaluating the stability of single residues by solvation 
calculations 
In this work we focus on the calculation of the electrostatic stabilization of a 
given residue by the protein environment. Electrostatic stability is a vague 
concept that we formalize by assigning to each residue a free energy value 
that describes the energy gained or lost by the residue when moving it from 



 27 

the solution environment to its protein environment. In a way, we are 
interested in moving “bulky” charges and dipoles from one environment to 
another. To get such free energy value one could use in principle any 
method that allows the calculation of solvation energies. In particular, we 
evaluate the solvation energy by means of the linear response 
approximation version of the semi-macroscopic protein dipoles Langevin 
dipoles (PDLD/S-LRA) method (Sham et al., 2000). The PDLD/S-LRA 
method evaluates the electrostatic group contribution by averaging the 
effective potential of transferring a group from solvation to protein  (Lee et 
al., 1993; Sham et al., 2000; Schutz and Warshel 2001). The method is 
described elsewhere with great detail, but in order to understand the 
implications its use have in our work we will briefly introduce the main points 
here. 

3.2.1 The PDLD solvation model 
It is an increasingly accepted fact that electrostatic energy is one of the most 
important structure-function correlators for biomolecules. It is far from trivial, 
though, obtaining reliable estimations of such energy. One may in principle 
use one of the following approaches: 

1. A fully microscopic model which represents explicitly all the solvent 
and/or proteins atoms. This option is extremely attractive because 
one may rely on solid developments in statistical mechanics to 
produce free energy values using rigorous formulations. However, the 
amount of computer time needed to explore efficiently the potential 
energy surface is huge and even the arrival of new hardware (Cell 
processor, GPU graphical cards) and specialized algorithmics it is not 
possible to reach converged results when strong environment 
reorientation occurs. This is the typical situation when studying charge 
separations in proteins or in general processes between different 
charging schemas. In addition, the definition of the potential energy 
surface itself is typically problematic. 

2. One can represent the solvent molecules by dipoles that would 
account for the main physics of the solute-solvent interaction. 

3. The solvent region can be divided into relatively large volume 
elements and the average polarization, as well as the average field, of 
each volume element can be treated within the continuum 
approximation, which typically involves the use of a macroscopic 
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dielectric constant. 

In this work we use a combination of the three approaches, as the PDLD/S-
LRA method includes the use of a discrete representation of protein and 
solvent to generate configurations that are later treated using a dipole-based 
solvation model. The continuum approach is reserved for the description of 
the bulk solvent properties and how this affects the inner system. In 
particular, the protein dipoles Langevin dipoles (PDLD) approach is a 
simplified microscopic approach that retains the clear physics of the 
microscopic world, where one does not have to assume an arbitrary 
dielectric constant (the dielectric is just the vacuum dielectric constant). 
However, the solvent is drastically simplified and the time average 
polarization of each solvent molecule is represented by a Langevin type 
dipole. 
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parameter, and 0 is taken as 1.8D. The equation is solved iteratively at 
each given Langevin dipole site. A useful alternative is provided by assuming 
a linear polarization law that replaces the Langevin equation 
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Although this equation can, in principle, lead to over polarization of the 
solvent molecules near highly charged sites, it has been found to behave in 
a stable way and to converge faster than Eq.  3-1. The PDLD model does not 
try to reproduce the exact position of the solvent atoms but places the 
solvent dipoles on a simple spherical grid. The microscopic results of the 
PDLD model might involve convergence difficulties which should require 
extensive averaging over the dipoles configurations. We will introduce in the 
following sections how to do such averaging. 

3.2.2 Molecular mechanics and molecular dynamics 
Computer modeling of macromolecules is based on using a mathematical 
description of the dependence of their energy on their structure, the so 
called potential energy surface (PES). Its definition rigorously comes from 
the use of quantum mechanics. However, to answer a number of relevant 



 29 

questions in biochemistry, a description in terms of classical interaction 
between fragments of the macromolecules (atoms bonded to other atoms, 
residues interacting with other residues…) suffices.  Thus one can describe 
large molecules as a collection of small molecular fragments where the 
overall potential surface is expressed as a sum of contributions from bonded 
atoms and interactions between nonbonded atoms.  Such a representation 
is usually done by sets of analytical functions that present an approximation 
to the true potential surface and are called potential functions or force fields.  
The functional forms and parameters of molecular force fields are taken from 
studies of small molecules with the implicit assumption that these functions 
are transferable from small to large molecules. 
Molecule potential functions are usually given in the form 
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Where r  represents the set of Cartesian coordinates of the whole system. 
The description of the functional forms for the different terms in Eq.  3-4 can 
be found in many sources and is not given here. For a historical perspective 
see Levitt 2001. 
Here we simply mention that the non-bonded terms can be described by an 
atom-atom interaction potential of the form 
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Where the dielectric constant r  represents the factor for the screening of 
electrostatic interactions due to the presence of a dielectric with respect to 
what should happen in vacuum and rij  is the distance.  

Simulation of macromolecules must reflect solvent effects which are not just 
small perturbations but major contributors to the overall energetics and force.   
In fact, modeling of macromolecules in a vacuum is quite irrelevant as much 
as the behavior of such molecules in solution and proteins is concerned. 
Molecular Dynamics (MD) simulations evaluate the motion of the atoms in a 
given system and provide the positions or trajectory of these atoms as a 
function of time. The trajectories are calculated by solving the classical 
equation of motion for the molecule under consideration. One obtains the 
relevant forces on each atom from the first derivatives of the given potential 
functions. The actual evaluation of classical trajectories is done numerically, 



 30 

expressing the changes in coordinates and velocities at a time increment, t, 
by 
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where the dot designates a time derivative and we use Newton’s law: 
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Starting with a given set of initial conditions for the position and velocity 
vectors, ri t  0  and  0tri ,  one can evaluate the trajectory by 

numerical integration of Eq.  3-5. There exist several variants for the equation 
to be integrated that are more efficient and accurate than Eq.  3-5 (see, e.g. 
Allen 1987) but the essentials of MD are included in the above minimal set of 
equations. If we consider a global system (ensemble) with a constant total 
number of particles, a constant volume and integrate the above equations 
we are running simulations in the so called “microcanonical (or NVE) 
ensemble”, with constant energy determined by the initial conditions. 
However, in order to simulate a given macroscopic property at a specified 
temperature we must introduce some type of “thermostat” in the system that 
will keep it at the given temperature. In this way we will be working on the so 
called “canonical (or NVT) ensemble”. One may profit from the fact that the 
kinetic energy of a system of N particles is related to the temperature by 

means of E k 
3
2

NkBT  in order to force T to be a given value through the 

simulation. Again, there exist several variants for such thermostat, but in this 
work we use a simple scaling of velocities in order to adjust T at each step of 
the integration. The mean squared displacement provides a means to 
establish how the simulation is evolving: 
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For a fluid without structure, the RMSD (MSD of the square root) increases 
with time. MD simulations allow one to sample the potential energy surface 
of a given macromolecular system and from this we can perform statistics 
and, in principle, obtain macroscopic quantities comparable with 
experimental data. In fact, such sampling is nearly impossible to be made 
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complete in real systems with a large number of degrees of freedom and 
some strategies need to be done in order to accelerate the convergence of 
our results. In the next section we discuss how to sample the PES for for a 
process using free energy perturbations method as an introduction to the 
linear response approximation method employed in the PDLD/S-LRA 
method. 

3.2.3 Free energy perturbations 
Absolute value of A (the Helmholtz free energy, the “natural” quantity in the 
canonical, NVT, ensemble) is difficult to get, but obtaining its relative value is 
and easier task: 

X

Y
BXY Q

Q
TkAAA ln  

where QX  is the so called partition function of state X and can be obtained 
from the sampled data from, let’s say, a long enough MD run on the region 
of the PES that describes X. Zwanzig in 1954, developed a better way to 
evaluate this quantity (Valleau and Torrie 1977): 
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XBXYB TkUUTkA /expln     Eq.  3-6 

based on running simulations on the state X and evaluating, on each of the 
sampled points, the energy of the system by the expressions describing the 
PES for both X and Y states. Most times X and Y do not overlap in phase 
space and thus the evaluation of the above average is difficult (see Figure 
12a). However, as A is a thermodynamical state function, which implies we 
can use any path to go from one state to the other with identical result. 
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Figure 12 Free energy perturbations.  
Zwanzig’s formulation allows one to obtain a free energy change between two 
different states by evaluating the energy of a given sample point on one state by 
the PES functions associated with both states (vertical blue lines in the rihght 
hand side picture. However, the overlap between the trajectories sampled in two 
different states is not always optimal (left hand side picture). B) The FEP method 
allows on to create “alchemical” intermediate states and to use them to increase 
the overlaps needed for the Zwanzig formula to succeed in providing a converged 
A. 

 
Thus, we can envisage an imaginary path that slowly leads from X to Y: To 
efficiently implement a Free Energy Perturbation method, we need to move 
the systems from X to Y in small steps (even if they have no real physico-
chemical meaning!) through a mapping potential: 

  XmYmm VVV   1  

where m  goes from 0 to 1. This expression allows us to create small 
perturbations to the initial state PES in our way to reach Y. Thus, we are 
able to use Zwanzig’s formula for “alchemical” surfaces that have better 
overlap. The final free energy difference is then evaluated by the sum of all 
individual free energy differences between consecutive mapping potential 
states. It must be emphasized here that the convergence of FEP approaches 
is quite slow and that obtaining meaningful results requires proper treatment 
of long-range electrostatic effects. 

3.2.4 The Linear Response Approximation (LRA) 
FEP calculations of solvation free energies or related properties for large 
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cofactors or ligands are expected to converge extremely slowly.  
A promising strategy may be provided by exploiting the fact that electrostatic 
effects in solutions (and probably proteins) seem to follow the linear 
response approximation (LRA). From Figure 13 it easily follows that: 

AXY 
1
2

Ub Ua a
 Ub Ua b  

 
Figure 13 Linear response approximation.  
Schema for the graphical interpretation of the linear response approximation formula. 
For two states represented by parabolic PES, the free energy difference may be easily 
related to the average differences between the state energies at the minima of the two 
(taken from Sham et al 2000). 

 
This equation has been found to provide a powerful way of estimating the 
results of FEP calculations of large solutes and drugs. Although rigorously 
the Helmholtz free energy difference A  is the one directly obtained from 
NVT simulations, and the Gibbs free energy difference G  should be 
obtained from NPT simulations, we can assume that the error introduced by 
this approximation is negligible with respect to the rest of error sources we 
face. So, from this point we will just use the Gibbs free energy in our 
notation, for clarity. 

3.2.5  PDLD/S-LRA 
In order to obtain the solvation energy values that will be associated with the 
stability of each individual residue in the protein we need first to establish a 
proper thermodynamic cycle of the process we want to study. In our case, 
Figure 15 is used. In the cycle, the free energy difference of solvation 
between the water and protein system can be evaluated by the expression: 
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where  Gself
x

 is the self-energy associated with charging the ith group in its 
specific environment. In the case of a charge in a protein we decompose 
_this value into the interaction between the charge and its surrounding 
permanent dipoles_and induced dipoles, _as well with the water molecules 
in and around the protein. Gij

p  is  the free energy of interaction between the 

ith and jth ionized residues. We can envisage the above equation as the 
sum of the loss of “solvation” energy associated with removing the charge 
from water_plus the “solvation” of the charge by its surrounding protein 
environment (the protein dipoles and water molecules) and finally the 
interaction between the charge and the ionized groups 
The picture of the solvation energy just described involves the use of a 
single protein structure for the evaluation of the solvationm energy. Of 
course, we are interested in having a proper average of solvation energies 
obtained from a set of conformational states of the protein and ligand. This is 
accomplished by the use of the LRA method, in what would be a PDLD-LRA 
method. 
In addition, the above formula involves adding big values with different sign, 
which involves having a very large source of error in the calculations. On the 
other hand, macroscopic models can lead to more precise (though not 
necessarily more accurate) results since they implicitly assume the above 
compensation by using a large dielectric constant (see Schutz et al., 2001 
for discussion). Considering the high precision of the macroscopic 
approaches, it is useful to find a way to scale the large energy contributions 
of the PDLD model, and to obtain similar precision while retaining the clear 
energy-based concepts of the microscopic approach. Such a “scaled 
microscopic” model, which is referred to here as the semi-microscopic or 
PDLD model and is designated by the abbreviation PDLD/S (Sham et al., 
2000). 
In the PDLD/S method (see Figure 15) the solvation energy is obtained by  
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Where Gp
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_

i) represents the change in the microscopic (all-

atom) solvation energy of the entire protein plus its bound ionizable group 
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upon changing the charge of this group from zero to its actual charge q . 
Note that we use the term for energy (U) instead of free energy (G) here, to 
emphasize we still need to do their proper average by making use of the 
LRA approach described above. 
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A strong discussion can be found in the literature about the actual value for 
the dielectric constant  p  to use in the PDLD/S expression. The answer to 

such question lies in the understanding that  p  represents all the factors not 

included in an explicit way into our MD simulations. Thus, if one would 
consider all possible microscopic behavior (from water penetration to 
induced dipoles treatment through a consistent quantum mechanical 
approach) during the sampling procedure the value of  p  would be 1, the gas 

phase value. As this is not the case, depending on the simulation performed 
a reasonable value for  p  is 2 to 6. In this work we have used the value 

 p=4, that has provided good results in previous works (Sham et al., 2000; 

Schutz et al., 2001; Bonet et al., 2006). We have used 5 configurations of 
PDLD/S-LRA with step at 300°K each were run, This protocol was followed 

for all 71 residues and 63-structures (total of 4391 residues). For each 
residue whose solvation was evaluated the following protocol was used. In 
all simulations a sphere of water molecules with a radius of 16Å was located 
centered in the residue whose solvation was evaluated (both including or not 
the protein environment) The surface constrained all-atom solvent (SCAAS) 
protocol (already implemented in Molaris) (Warshel and King 1985) was 
used to restrict the water molecules within the boundary of the sphere to 
behave as in an infinite solvent. The local reaction field (LRF) method (Lee 
and Warshel 1992) was used to treat long range electrostatic effects. Figure 
14 shows an schema of the way PDLD calculations are done in the protein 
environment. A similar schema (but simple, as we lack protein atoms) is 
carried out for the evaluation of the solvation free energy in water.  
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Figure 14: Schema of regions in the PDLD/S-LRA calculations 
 a) MD is used to explore the conformational space of a sphere of atoms (including 
explicit water) around the region of interest (in our case a given protein residue whose 
stability we try to analyze). b) for selected snapshots during the MD run (typically 5-
10 separated by several picoseconds of simulation) we take the current protein 
conformation and evaluate the PDLD free energy of solvation for the system in RI. 
Note that the SCAAS method for spherical boundary conditions already includes a 
layer of Langevin dipoles surrounding the inner sphere of explicit water molecules 
(taken from Villà-Freixa, J. Biomolecular Simulations CRC Press in preparation). 

 
After a heating protocol to relax the structure, a total of five production 
simulations of 10 ps each were performed for the residue in solution and the 
residue in the protein environment (5000 steps and 2.0-fs time), in each case 
in the charged and the uncharged states.  
 



 37 

 
 
Figure 15: The PDLD/S-LRA thermodynamic cycle for the evaluation of solvation 
free energy  
The cycle involves the change of the dielectric constant around the protein, moving the 
charge from solvent to protein environment, changing back to the solvent dielectric and 
uncharging the ionized group inside the protein. The energy contribution of each step is 
indicated (see the text in figure). The LRA process is designated by the reorientation of 
the protein permanent dipoles. Adopted from Schutz and Warshel (2001) 

 

3.3 Statistical Tests 
We have evaluated the stability values for a big number of residues and we 
have performed several averages between functional states of the Ras 
protein. Thus, it is obvious that we need a proper statistical test to assess if 
the differences we find in different calculations correspond to a real effect or 
are simply due to a random process. We have used two different scores, a 
parametric vs. a non-parametric one. While parametric tests assume an 
underlying probability distribution and, thus, are more accurate only if the 
data really follows such distribution, non-parametric tests are more robust 
and can be applied to a wider range of situations without any underlying 
assumption for the probability distribution. 
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3.3.1 Z-score Test  
Given two sets of results, representing data averaged over two 
conformational states of the protein, we used the parametric ‘Z statistics’ in 
order to test the null hypothesis ( H0 ) H Othat any difference between the two 
state, based on the nature of ligand is due to random variation or chance. 
While alternate hypothesis ( HA ) state that the difference in the Z-score is 
due to the nature of the ligand- or partner protein induced conformational 
change. 
The statisctics for the Z-scoe test reads: 

Z 
x  


   Eq.  3-10 

Where we assume a normal distribution of the data. Using 95% probability 
that if the mean of the PDLD/S-LRA value for our samples are so low that 
the chance of obtaining that value from a sample selected at random from 
the population is less than 5 percent, we’ll reject the null hypothesis in favor 
of the alternate hypothesis and conclude that there is evidence to support 
the null hypothesis that there is no effect of ligand or/partner protein on the 
thermodynamic properties of the protein. 

3.3.2 Wilcoxon Rank test 
The Wilcoxon test is a nonparametric test that compares the median 
distribution of two paired groups. It is also called the Wilcoxon matched pairs 
signed ranks test. The Wilcoxon test tests the null hypothesis that scores are 
distributed symmetrically around a specified center C. It is here applied to 
gain or difference scores. Thus, in our case we deal with data obtained for a 
given residue in two different conformational states of the protein and we use 
the Wilcoxon test to test the null hypothesis that the gain scores are 
distributed symmetrically around zero--a result that would be expected if the 
conformational change had no effect. Thus, the test calculates the difference 
between each set of pairs, and analyzes that list of differences. The 
Wilcoxon test analyzes only the differences between the paired 
measurements for each subject. the statistics to be analyzed by the 
Wiilcoxon test reads; 

Z  1W  eW
w

   Eq.  3-11 

We classified those structures based on an ex-ante criteria i.e. nature of 
ligand, into two groups (either Group-A if the ligand is in Triphosphate or 



 39 

Group-B if the ligand in Diphosphate bound state) and the nature of 
association (A-extended and B-extended if the HRAS protein is attached to 
partner protein with the same criteria for the ligand as discussed earlier). We 
preceded further with the solvation free energy calculations that are 
discussed elsewhere in the methodology section, analyzing each position in 
A vs. B and A-ext. vs. B-ext groups 
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4 RESULTS AND DISCUSSION 

4.1 Introduction 
The generic goal of this thesis is to unravel the energetic fingerprint of the 
Ras active site. Thus, the first task is to report a detailed analysis of the 
electrostatic characterization of the active site residues of the protein, by 
studying different clusters of conformational states manually curated from 
the PDB. The clusters are built taking into account the functional state of the 
structure, thus distinguishing between those bound to GTP or GDP and 
those interacting with different partners (see Figure 11). We base our 
analysis on the stability of the active site residues in the protein environment 
with respect to solution for the different structures. Then we perform a 
statistical analysis to classify them according to their electrostatic 
characteristics. The results appear to give a consistent picture of the stability 
pattern of the active site regions in all systems, while the use of parametric 
and non-parametric statistical analysis yields a list of residues that 
significantly explain the differences between the clusters of structures and 
how these residues are strongly correlated with mutations responsible for 
different types of Ras-related diseases. To do so we performed a detailed 
analysis of the literature and compare our results with those found by others. 
Our results demonstrate the ability of semimacroscopic methods to explain 
the electrostatic features for this family of enzymes and provide a clue for 
further simplifications of the protocol to be used in the medium to high-
throughput search of functional residues in proteins with a rigorous but 
efficient physico-chemical framework. 
A final section of this chapter includes the results obtained using an 
analogous method in which we focused on the extension of the 
semimacroscopic calculations and the stability hypothesis applicability to 
unravel hot spots in protein interfaces for complexes including a phosphate 
hydrolysis enzyme as a partner. 

4.2 Analyzing conservation in the Ras family of proteins 
In order to analyze the conservation trends of the functional characteristics in 
the family of Ras proteins, we generated a multiple sequence alignment of 
the Ras sub-family members in the Human genome. We started by 
performing a Blast search with the default parameters in the NCBI server for 
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our query sentence extracted from the structure of H-Ras by Pai et al (PDB 
code 5P21).  
After getting the sequences we performed a multiple alignment calculation 
with program MUSCLE (Edgar 2004), based on the physico-chemical 
properties of the active site amino-acids. Thus, in addition to the specific 
amino acid conservation we also looked at the side chain chemistry. 
The multiple alignment shows, among other results, the already known 
highly conserved residues of the P-loop region (around L1) as well as the 
less conserved switch I and switch II regions. We will discuss  in more detail 
the conservation results from this figure in the next sections. 

 
Figure 16: Multiple Sequence Alignment of Ras subfamily genes 
Multiple Sequence Alignment of Ras subfamily genes found in Human, obtained 
with Muscle (Edgar 2004) and viewed with alignment editor (Clamp et al., 2004) 

4.3 Correspondence between functional and structural 
classification 
We are interested in the identification of energetic patterns that allow us to 
distinguish between Ras protein structures at different conformational states. 
To do so, we come back to Figure 11 in the methodology chapter and decide 
to distinguish between 4 main groups of structures. On the one side, we aim 
at classifying the structures by their substrate binding state, being GDP or 
GTP bound. A preliminary attempt to obtain structures that bind the transition 
state of the hydrolysis reaction in order to achieve more precise results for 
the reactivity trends yielded too few structures to be considered in this work 
and those are included as GTP-bound structures. On the other side, Ras 
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structure is present in the PDB as a standalone structure or as a partner in 
protein complexes, both with effectors and regulators. 
As we deal with several structures of just one protein sequence, the first 
analysis one could think that will yield a useful result is the RMSD value of 
the superposition of all those structures. In structural bioinformatics one 
typically is interested in the superposition of the subset of C  that are shared 
among the different structures. After initial inspection we found that the C  
RMSD matrix did not bring any signifficative difference between the different 
clusters of protein structures (data not shown). In fact, even if one may 
believe that the superposition of all the main chain heavy atoms (CA, N, C, 
O) would provide a better description of the orientation of the main chain 
permanent dipoles of the protein (see Figure 18), neither this was able to 
distinguish between the different clusters of structures. 

 
Figure 17: CNO RMSD matrix  
RMSD matrix of the superposition of all shared main chain heavy atoms for the 
Ras protein structures analyzed in this work. Clearly the functional 
(conformational) clusters do not follow any clear structural pattern. Results 
obtained with the structural alignment plugin in Adun (Johnston et al 2005), 
developed by Sai Phanindra (unpublished results) 

Thus, it is obvious that whether some difference should occur this would be 
mainly related with the active site residues side chains which are, obviously, 
much more flexible, discarding this way the direct use of the X-ray structures 
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for structural comparison. The approach taken here is, instead of searching 
for the conformational space explored by the side chains, directly use such 
conformational sampling to perform free energy calculations of residue 
solvation by means of the PDLD/S-LRA method. 

4.4 Stability analysis of the active site residues 
As we realized in section ‘Correspondence between functional and structural 
classification ' (page 40) there is not any significant global structural 
difference between the different clusters, even when considering just the 
main chain dipoles. In the following sections we move to an electrostatic 
description by means of the analysis of the stability of all active site residues. 
We performed the solvation free energy calculations using PDLD/S-LRA 
method (see pp. 26 for detail) and tried to classify residues, regions and 
conformations with a realistic statistical measure that shows the significance 
of the differences in free energy. Figure 18 contains the raw data obtained for 
the active site residues selected by using the criteria described in the 
Methods section above. 

 
Figure 18: Solvation energy matrix. 
Solvation free energy Gsolv

w p  values for all active site residues (columns) in the 
selected Ras protein structures (rows). Blue is used for residues that contribute to the 
stabilization of the structure. Destabilizing solvation energies are shown in red (the 
energies were calculated in kcal mol-1). The different classes of 3D structures are 
represented with different colors (see right hand side panel) 
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By eyeballing we found that some positions show a clear thermodynamic 
stability pattern (e.g. 119 or 143) while others yield the opposite trend, 
although some of them present in fact a mixed behavior. As expected for a 

iological macromolecule, most of the residues are stabilizing the structure, 
and only some residues seem to provide hints for functional behavior from 
the free energy values. 
If now we analyze the mean of solvation free energy calculations within each 
column, we expect obtaining a way to compare the Ras GTP bound state 
(Group-A) to GDP bound state (Group-B)1. Considering that a difference in 
the average free energy of solvation of 1 kcal mol-1 enough to distinguish 
between residues more stable in one of the two groups, we clustered the 
residues in: 

 a “pro-ON cluster”, containing the residues that show more stability in 
Group-A than in Group-B PDB structures, this is, that favor the Ras 
protein to be in the ON state: residues 10, 11, 20, 22, 30, 31, 32, 36, 
62, 63, 92, 117, 123, 146, 147 and 149. 

 a “pro-OFF cluster”, containing the residues that show more stability 
in Group-B than in Group-A PDB structures: residues 37, 57 and  68 .  

We may repeat the classification but considering the “extended” groups (A-
ext=A+C) and (B-ext=B+D), and we find 

 an “ext-pro-ON cluster” , formed by residues 10, 11, 30, 31, 36, 62, 
63, 84, 92, 117, 123, , 146, 147 and 149 

 and “ext-pro-OFF cluster”, formed by residues 16, 37, 57, 68 and 119 
It is worth noting that the standard deviation is less than 1.5 kcal mol-1 only in 
the case of residue 10, while the dispersion of results for the rest of the 
values listed above is much wider.  
Concerned about the conservation pattern of the residues and its 
relationship with their stability, we noted that residues highly positionally 
conserved may belong to the set of stable residues (16, 20, 22, 40, 56, 58, 
68, 115, 116, 117, 119, 143, 145). The same occurs with sequence positions 
that conserve the character of the aminoacid side chain (8, 21, 33, 79, 82, 
84, 112, 113, 114, 149). 
More interesting are the residues that show instability and are conserved 
positionally (10, 14, 15, 18, 28, 34, 35, 57, 60, 120, 146) or 
physicochemically (29, 32, 64, 89 and 152).  

                                                
1 recall that all calculations are done in absence of the substrate, which ensures a 
consistent direct comparison of the stability trends for all different structures in a 
systematic way. 
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From the above qualitative description we were able to see what are the 
positions that show thermodynamic stability and sequence conservation 
pattern (both at amino acid level and based on the nature of the side chain) 
and further can we see any pattern-change in the mean of the solvation 
energies across each group. It is encouraging to note how a catalytically 
important residue like Lys16 is stable in all functional groups except in C, the 
one corresponding to the activated complex RasGAP/Ras, confirming our 
previous results in (Bonet et al., 2006) (see section  4.7). 

4.5 Statistical tests 
The qualitative analysis should be followed by a quantitative characterization 
of the data, trying to find signifficatively informative patterns in the 
calculations. 

4.5.1 Z-test  
 Generally a Z-test is employed when one wants to compare two means to 
suggest whether the samples come from the same population. A ‘Z-test’ 
reflects the number of standard deviations above or below the mean a 
particular score is. One-sample Z-test can be used to assess whether a 
sample drawn at random from a population tends to have the same 
characteristics as the population from which it is taken. This implies one 
needs to assume a given underlying probability distribution, which limits the 
applicability of the method. Here, thus, assuming that the data follows a 
normal distribution, we test the difference between the means of Group-A 
and Group-B. The underlying null hypothesis, H 0, was that there is no 
difference in the distribution of the solvation free energy between the two 
groups based on the nature of ligand, and that any variation is due to 
random variation or chance: H0 :A  B .Our alternate hypothesis ( H A) was 
that the difference in the Z-score is due to nature of the ligand attached 
( HA :A  B ) Similarly our assumptions were same for the A-ext and B-ext 
groups 

extBextAA

extBextA

H
H










:
:0  

The Z-score yielded the solvation energies for the following residues to be 
statistically significant: 

 When comparing groups A vs B: 
o P-Loop: 10 11 16 
o switch-I:  30 36 37 
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o switch-II: 56 57 68 
o G4: 112 
o G5: 146 147 149 

 When comparing groups A-ext vs B-ext: 
o p-Loop: 10 11 16 
o switch-I: 27 30 36 
o switch-II: 56 57 68 
o miscellaneous: 84 
o G4: 122 
o G5: 146 149 

 

4.5.2 Non parametric Wilcoxon Rank test 
As described in the previous section the use of parametric tests involves 
assuming an underlying probability distribution. We have also applied a non-
parametric test, the Wilcoxon rank-sum test, to assess whether two samples 
of observations are from the same distribution. The null hypothesis assumes 
that the two samples are drawn from a same population, and therefore both 
have equal probability distributions.  
Wilcoxon test take the paired observations, calculate the differences, and 
rank them from smallest to largest by absolute value. Finally, the p-value 
associated with this statistic is found from the table. The Wilcoxon test is an 
R-estimate (robust estimation based on rank test). Thus our null hypothesis 
is that the median difference between pairs of observations of solvation free 
energy ratings both in Group-A vs. Group-B as well as Group A-extended vs. 
B-extended are same. On the contrary, the alternate hypothesis is that the 
median difference between pairs of observations of solvation free energy 
ratings in both the groups are not same. 
The residues found to be signifficanly differents are: 

 When comparing A vs. B: 
o  P-Loop: 10  
o switch-I:  30 36 37 
o miscellaneous: 96 
o G4: 123 
o G5: 146 147 149 

 When comparing A-ext vs. B-ext:  
o P-Loop: 10  
o switch-I: 30 36 37 



 48 

o miscellaneous: 96 
o G4: 123 
o G5: 146 147 149 

In the next sections we will try to rationalize the meaning of such values. 
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Wilcoxon Test Results  A-B (53) 

position 
Wilcox- Z-

value 
p-

value significance region aminoacid 
Physico-
chem conservation 

A vs 
A-ext 

A vs 
B 

A vs B-
ext 

10 -2.379 0.017 significant p-loop Gly Hydrophobic Conserved : + + 
30 -2.689 0.007 significant sw-I Asp Acidic Semi-cnserved : + + + + + + 
36 -2.726 0.006 significant sw-I Ile Hydrophobic Conserved : + + 
37 -2.272 0.023 significant sw-I Glu Acidic Conserved - - - - - - - 
96 -2.896 0.004 significant misc Tyr Aromatic Semi-cnserved : : : 
123 -1.810 0.070 significant Guan_bind Arg Basic Conserved : + + + 
146 -3.258 0.001 significant Guan_bind Ala Hydrophobic Conserved : + + 
147 -2.095 0.036 significant Guan_bind Lys Basic Conserved + + + + + 
149 -2.689 0.007 significant Guan_bind Arg Basic Semi-cnserved : + + + + 

Table 3: Summary of Wilcoxon Test  of A-B group (53-members)2 

                                                
2 The number of positive or negative signs represents a qualitative measure of the weight from the test. The data only refers to 
active site residues. Other resdues that are signifficantly over estabilized in some of the conformations, although are not 
directly involved in substrate binding are listed in the detailed analysis section 
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Wilcoxon Test Results  A-B extended 

position 
Wilcox- Z-

value p-value significance region aminoacid Physico-chem conservation 
A-ext vs 

B 
A-ext vs B-

ext 
10 -2.485 0.013 significant p-loop Gly Hydrophobic Conserved + + 
30 -2.296 0.022 significant sw-I Asp Acidic Semi-cnserved + + + + + + 
36 -2.637 0.008 significant sw-I Ile Hydrophobic Conserved + + 
37 -2.430 0.015 significant sw-I Glu Acidic Conserved - - - - 
96 -2.509 0.012 significant misc Tyr Aromatic Semi-cnserved : : 
123 -1.965 0.049 significant Guan_bind Arg Basic Conserved + + + + 
146 -2.722 0.006 significant Guan_bind Ala Hydrophobic Conserved + + 
147 -2.273 0.023 significant Guan_bind Lys Basic Conserved + + 
149 -2.864 0.004 significant Guan_bind Arg Basic Semi-cnserved + + + + 

Table 4: Summary of Wilcoxon Test A-B-extended (63-members)..2 
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4.6 DETAILED ANALYSIS OF RAS ACTIVE SITE RESIDUES 
This extended section includes the detailed description of all the active site 
residues, selected to be (see Methods section) those that are at an 
electrostatic cutoff distance from the substrate or those that are known to be 
functionally relevant plus those whose stabilization energies show 

estabilize differences with other residues. Thus, in some cases the results 
for the solvation free energy was not included in the analysis of the previous 
section, but is given here (see Table 5). 
In what foloows, as a rule of thumb, a estabilized residue indicates a 
favorable interaction with the substrate. Thus, a residue that is unstable in 
the GTP bound system may indicate that participates strongly in the binding 
of such substrate. One would like to have a number of structures for 
transition state analogs in order to assess if previous results on the role of 
active site residues in reactivity (Glennon et al, 2000) are generalizable by 
getting more statistics, although unfortunately that was not possible in this 
work. 

4.6.1 Beta sheet 1 (  1 ) 
Lys5 

Our results show significant difference in the thermodynamic solvation 
energy values between active (GTP) and inactive (GDP) state at position 5 
(Gsolv

w p  is -12.6, -10.0, -14.0 and -10.5 for groups A, B, C and D).  Lys5 is 
thermodynamically more stable in the active state than in the inactive state. 
More, this position shows an overall stability pattern in the Ras•Regulator 
bound state (Guanocine Exchange Factor – GEF) protein in either active or 
inactive state. Thus we can show how this residue is important for the overall 
structure stability of Ras and relevant for the interaction with bothe effectors 
and regulators. 
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4.6.2 Flexible turn 1 ( L 1 ) 
Gly10 

 
Figure 19: Gly10 

 
Pai et al., 1990, showed Ramachandran diagram for the Ras protein refined 
structure and reported that Gly10 is in a conformation which is not allowed 
for other amino acids. Based on this they postulated that this could be a 
possible reason for the sequence conservation at this position in 
GXXXXGKS/T motif in nucleotide binding proteins and explained why the 
structure of the Phosphate binding loop (P-loop) is conserved between these 
proteins.  
Interestingly, the Wilcoxon test identifies this residue as being different 
between the A and B structures, more stable in A. This may suggest this is a 
Pro_OFF residue, that is destabilized in the GDP bound structured, favoring 
this way the diphosphate when this is bound. 
Gly12 

 
Figure 20: Gly12 
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Despite the relevant role of Gly12 in many mutational studies no significant 
difference in the thermodynamic energy was reported earlier (Bonet et al., 
2006) and no ifference  changes in . Similarly we were also unable to see 
any significant thermodynamic pattern at this position in four different states.  

Gly13 

 
Figure 21: Gly13 

The backbone of Gly13 donates an H-bond to the --- bridging oxygen of 
GTP and this H-bond is catalytic. Hence such hydrogen bond is expected to 
be stronger in the transition state (Maegley et al. 1996) and correspondingly 
we expected finding a pro-OFF residue (more unstable in the GTP-bound 
conformation). As occurred for Gly12, we are unable to find any ifference  

ifference between conformations, though.

4.6.3 Helix 1 ( 1 
Gly15 

Although a similar irregular Ramchandran plot position is found for this 
residue as occurred for Gly 10, no ignificant difference in the electrostatic 
stability was found in our calculations. 

 

 

 

 

 

 

 



 54 

Lys16 

 
Figure 22: Lys16 

Lys16 helps the GTP molecule to take the correct conformation inside the 
Ras active site (Paduch et al., 2001). The -amino group of Lys 16 
binds/coordinate to the - and --phosphate oxygens but is closer to the 
gamma and therefore it is assumed that this could assist GTP hydrolysis 
(Pai et al., 1990). Hence Lys 16 is important in the catalytic mechanism 
interacting with the phosphate (Scheffzek et al., 1997; Maegley et al., 1993). 

Simulation study show thermodynamic ignificant of Lys16 in Ras•GAP 
(Bonet et al., 2006) and we confirm that ignificant was more than 2-kcal 
mol-1 stronger than the one found in standalone Ras . In addition, we also 
found thermodynamic ignificant of at least 2-kcal mol-1 when compare the 
same residue to the average thermodynamic values/stability of GTP bound 
structures with Ras•GEF Y64A:SOS:Wild (Margarit et al., 2003 PDB: 1NVV), 
Ras•RalGDS complex (Huang et al., 1998 PDB: 1LFD), Ras•PI3K- complex 
(Pacold et al., 2000 PDB:1HE8) and lower eukaryotic Byr2 kinase in 
Ras•Byr2RBD complex, a homolog of mammalian Raf-kinase (Scheffzek et 
al., 2001 PDB:1K8R) bound states. This seems to be a clear indication of the 
(as expected) strong participation of the residue in the phosphate hydrolysis 
reaction. 

Ser17  

This position was determined to be the part of Helix-1 and an important 
element of the active site (Pai et al., 1990) and a member of GXXXXGKS/T 
motif (Bourne et al., 1991; Colicelli 2004; Wennerberg et al., 2005). Ser 17 
also binds to Asp 57 via its side chain (Pai et al., 1990). Ser17 has been 
reported to be an active mutagenic residue (Polakis & McCormick 1993) 
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S17A mutation restricts magnesium binding (Farnsworth & Feig, 1991; 
Kraulis et al., 1994). Bonet et al., in their simulation studies found that the 
effect of Ras•GAP complex formation cause the PM1 region to be ~10 kcal 
mol-1 higher in energy in the complex state than that in free Ras,  and hence 
concluded that Ser 17 can help in the reactive process (Bonet et al., 2006). 
However, our present calculations brought the conclusion that this residue 
does not present ignificant differences between the different 
conformational states. More work is needed to understand the origin of this 
discrepancy. 

 

Gln22 

RasGln22 in Ras•PI3K- complex (Group D) shows an overall thermodynamic 
instability of at least 2-kcal mol-1 when compare the same residue to the 
average thermodynamic stability of wild Ras GTP bound form.  Although the 
values are not statistically ignificant, this may imply an important role of this 
residue for complex formation. 

Asn26 

Position-26 of Ras•PLCcomplex Bunney et al., 2006 PDB:2C5L), 
Ras•RalGDS complex (Huang et al., 1998 PDB:1LFD), lower eukaryotic 
Byr2 Kinase in Ras•Byr2RBD complex, a homolog of mammalian Raf-kinase 
(Scheffzek et al., 2001 PDB:1K8R) and with GTPase activating protein 
(GAP) show instability of at least 2-kcal mol-1 when compare the same 
residue to the average thermodynamic stability of GTP bound structure. 
Thus, based on our MD simulation studies we may say that this position is 
playing a role in restructuring the complex structure. However, we were 
unable to see any visible difference in the thermodynamic profile of this 
position with other effectors and GEF proteins.  
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4.6.4 Flexible turn 2 ( L 2 ) 
His27 

 
Figure 23: His27 

The Ras loop 2 (L2) has an overall impact on the conformational capability of 
the Ras protein (Pai et al., 1990). In our current thermodynamic solvation 
energy studies we found this position overall destabilized. We found 
position-27 shows extra destabilization in Ras•GEF complex, which is 
around 2-kcal mol-1. Although we could not find relevant literature discussing 
the thermodynamic feature of this position, we predict it having a relevant 
role in both reactivity and GTP/GDP exchange. 

Phe28 
Phe28 form an aromatic interaction with the nucleotide base which results 
tight binding of the base (Burley and Petsko, 1988), Asp33, Pro34 and Thr35 
(Pai et al., 1990). More, Phe28 is held in place by an aromatic-aromatic 
interaction with Lys147, which is stretched out over the plane of the phenyl 
ring (Pai et al., 1990). Mutation at this position reduces GEF driven 
stimulation and GTP dissociation (Polakis & McCormick 1993).  Bonet et al., 
(2006) reported no significant change in the stability of this position/residue 
upon binding to GAP, what we observed and confirm in this study. Moreover, 
we found that RasPhe28 does not show any visible change in the 
thermodynamic solvation energy except Ras•PLC complex, where overall 
thermodynamic instability of at least 2-kcal mol-1 when we compare the 
same residue to the average thermodynamic stability of GTP bound 
structures vs effector bound GTP state. It appears that this residue may play 
a similar role as His27 in both reactivity and GTP/GDP exchange. 
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Asp30 

 
Figure 24: Asp30 

Crystal structure of Ras wild type active state protein shows that Asp30 
makes weak hydrogen bond with the 2’- and 3’-hydroxyl groups of the ribose 
sugar of the nucleotide (Pai et al., 1990). Asp30 and Glu31 residues of 
switch-I and loop L2 are very important as these two residues determine 
target specificities of Rap and Ras proteins toward the RBDs of Raf (Nassar 
et al., 1996) and RalGDS (Herrmann et al., 1996). 

Scheffzek et al., (1997) in the crystal structure of the Ras•GAP complex 
found that Asp30 is not directly involved in the Ras•GAP interaction but 
along with other nearby residues, namely Glu31, Asp33, Glu37, and Asp38 
creates a negatively charged surface and this negative charged surface is 
latter used for interaction with effectors. In the current study we see similar 
stability at this position between Ras•GAP complex and Ras∙GTP bound 

conformation/state. It was also found that Asp30 makes a direct hydrogen 
bond with Lys602 of GEF, thus is involved with the Ras•GEF complex 
interaction (Margarit et al., 2003) and more thermodynamic stabilization. In 
current study this position also displays difference in the stability between 
GDP and GTP state and shows more stability in GTP than GDP bound 
structure. We observed a dramatic pattern of thermodynamic stability in the 
Ras-effector interaction where all the interaction is via the Ras Binding 
Domain (RBD). Marked estability was observed in the thermodynamic 
solvation energy of Asp 30 in Ras•GTP vs. Ras•PLC- complex while 

estability was also observed Ras•Byr2RBD complex. Strikingly marked 
stability was observed in Ras•PI3K- complex. 
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In the Ras•PLC complex crystal structure it was shown that D30E Ras 
mutant has a lower affinity for RA2 domain (Bunney et al., 2006). It seems 
confirmed, then, the role of this residue in the reaction process, but also in 
the GTP/GDP exchange. 

Glu31 

Glu31 shows an overall thermodynamic estability in the GEF bound 
conformations. This member of the loop region shows a mixed trend of 
stability in effector bound states. This may imply a Pro-OFF character of the 
residue, although further binding calculations are needed to ensure this 
point. 

In the Ras•PLC complex crystal structure it was shown that E31K ras 
mutant has a lower affinity for RA2 domain (Bunney et al., 2006). We 
observed marked stability at this position when Ras•GTP is in complex with 
RalGDS and PI3K-while on the other hand Ras Glu31 shows marked 

estability when Ras•GTP vs.  RasGTP•PLC complex are compared. 
Similarly Ras Glu31 shows thermodynamic estability when Ras•GTP vs. 
Ras•Byr2 Kinase and Ras•GAP complexes are compared.  

Tyr32  

Tyr32 is very flexible and may exhibit different conformations as could be 
shown in crystal structures of p21 complexed with different GTP analogues 
(Franken et al., 1993 1AGP). Milburn et al. (1990) reported that in the 
complex p21 –GppCp, Tyr 32 binds to the --phosphate of the nucleotide 
analogue and RasQ61G mutant also adopt this conformation, makes a direct 
hydrogen bond contact with the --phosphate of the nucleotide (Ford et al., 
2006) while in RasA59G mutant the -phosphate contact is not direct rather 
through a water molecule (Hall et al., 2002). Pai et al., (1990) proposed the 
roles for such a side chain that either could be to desolvate part of the active 
site, or it could increase the positive potential created by the main chain 
nitrogens of loop L1 and the side chain of Lys16. In the wild-type p21 Ras 
structure, Tyr32 points to the solvent, whereas both in the RasA59G and 
RasQ61G structures, the bulky phenol group of Tyr32 rests above the 
phosphates in a crevice between switch-I and the P-loop (Hall et al., 2002; 
Ford et al., 2006). Both in RasA59G and RasQ61G structures, the hydroxyl 
group of Tyr32 is making a water-mediated hydrogen bond with the -
phosphate, and its bulky phenol group is protecting the phosphates from the 
surrounding solvent (Hall et al., 2002). 



 59 

Using fluorescence labeling technique, the effect of various Ras mutations at 
position-32 on GTP hydrolysis were studied and it was found that Y32W ras 
(quasi-wild-type) mutation has only a small effect on the kinetic properties of 
Ras (Polakis & McCormick 1993; Rensland et al., 1995).  In order to 
investigate the Ras•Gap interaction Scheffzek et al., (1997) found that Tyr32 
makes van der Waals interactions with (GAP) Leu902. However, negligible 
change in solvation energy of Ras Tyr32 upon binding to GAP was shown in 
previous studies (Bonet et al., 2006). In the current calculations a non-
signifficant estability on trend for partner-bound conformations is 
detected. 

Asp33 

Asp33Ras is a member of switch-I region negative patch (Scheffzek et al., 
1997), being part of the estability  sphere of Mg2+. Asp33Ras makes a 
direct contact with the solvent exposed part of loop L6c (GAP) specifically 
with Lys949GAP. More, from the invariant residues of GAP on helix -7c, 
only Asn942GAP makes a direct contact with Ras protein making a hydrogen 
bond with Asp33 of Ras, and Asn942GAP, being is stabilized by the 
carbonamide group of Gln938GAP (Scheffzek et al., 1997). Interestingly, 
results from Bonet et al., (2006) show that even being stabilized by the GAP 
(from residues Ser936-Glu950), the overall effect of complex formation is 
unfavorable and assume a probable implication in catalysis. Mutational 
studies of Asp33Ras show partially reduced GTPase activity although a 
similar affinity with GAP (Polakis & McCormick 1993). More, relationship 
between Asp33 of Ras and catalytic Gln61 has been reported earlier 
(Scheffzek et al., 1997; Shurki & Warshel 2004). Interestingly, this study also 
show an overall thermodynamic instability when compare the 
thermodynamic stability of this residue in Ras•GTP bound structure with 
Ras•GAP complex. Thus, based on our MD simulation studies we suggest 
that this residue is essential for the mechanism of GTPase activation by 
GAP, although the results are not conclusive (not statistically estability) 
and further calculations with a bigger dataset are needed . 

In this study we also studied the role of Asp33 of p21ras with the effectors. 
Crystal structure of Ras•Byr2RBD complex reveals that three residues play 
an important role for the interaction with Byr2 kinase, namely Asp33, Asp38, 
and Tyr40 (Scheffzek et al., 2001). The side chain of Lys101Byr at the C-
terminal end of helix –-1 is in an orientation where a salt bridge may be 
formed with Asp33Ras or Asp38Ras (Scheffzek et al., 2001). Mutational 
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analysis of the Ras•Byr2RBD complex interface reveals that RasD33A and 
D38A mutants exhibit 10-fold increase of the KD value for each mutant. 
While, no significant change in the solvation free energy of this residue in the 
Ras•GTP vs. Ras•Byr2RBD complex was seen hence supporting probability 
for the latter residue.   

When compared the solvation free energy of Ras•GTP vs. 
Ras•PLCcomplex, we observed marked thermodynamic estability in 
complex state.  Thus, based on our MD simulation studies we may say that 
this position is playing a role in restructuring the Ras•PLCcomplex 
structure. More, we also observed 2-kcal mol-1 thermodynamic estability in 
the solvation free energy calculations of Ras•RalGDS complex while 
Ras•PI3K- complex shows thermodynamic stability. In fact we see more 

estability trend of switch-I region in Ras•PLC complex while on contrary 
more stability trend in the Ras•PI3K-.  

An important aspect of this study was the thermodynamic solvation free 
energy of Asp33Ras in Ras•GEF complex, we found that Ras Position-33 
shows thermodynamic stability in all GEF bound structures more obviously in 
the GDP bound state and then in wild type Ras bound GEF. Finally, we see 
Asp33Ras is more stable in the GDP bound state than GTP bound state.    

Pro34  

Pro34 is reported to stiffen the loop L2 in Ras protein (Pai et al., 1990) and 
that the X-ray crystallographic structure of c-H-Ras shows that Pro34 is 
always in a trans conformation, which could possibly increase the transition 
state activation (John et al., 1988; Pai et al., 1990). 

Ras•GAP complex structure shows that Pro34Ras makes hydrophobic 
interactions with Leu902GAP (Scheffzek et al., 1997) while Bonet et al., 
(2006) reported an overall gain of >1 kcal mol-1 during the Ras•GAP binding 
process confirmed by the current study. More, Ras•GEF crystal structure 
shows that Pro34Ras and Ile36Ras of the switch-I region pack against 
hydrophobic side chains in SOS (Leu687, Met726, and Trp729). While in this 
study we see thermodynamic solvation free energy estability in RasY64A : 
SOS: RasWild structure.  
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Thr35 

 
Figure 25: Thr35 

Thr35 is well conserved in Ras family proteins (Wittinghofer and Nassar 
1996). In the triphosphate active state Hydroxyl side chain (OH) of Thr35Ras 
is coordinated to magnesium ion (distance 2.2 Å) and its methyl packs 
against the effector loop, and where Tyr32Ras is close to the phosphates 
(closest approach to -Phosphate 5.2 Å) (Spoerner et al.2001). In GDP 
bound state Thr35Ras swings away from Mg2+ (Milburn et al., 1990. 
Schlichting et al., 1990) as a result the hydrophobic side chain of Ile36 which 
in the triphosphate form is exposed to the solvent move towards the surface 
of the protein in the GDP form. This arrangement might balance the loss of 
the interaction energy when Thr35 leaves the Mg2+ and --phosphate 
coordination, by removing the isoleucine side chain from the solvent (Pai et 
al., 1990).  Carbonyl group of Thr35Ras assists Gln6l to activate Wat175 and 
subsequent GTP-Hydrolysis (Pai et al., 1990; Scheffzek et al., 1997; 
Glennon et al., 2000) interacting with the phosphoryl group in the Ras•GAP 
transition state (Scheffzek et al., 1997). 

Thus, dynamics of the switch-I region appear to be responsible for the 
conservation of Thr35Ras in GTP-binding proteins (Spoerner et al.2001). 
Minor changes in the switch region, such as removing the side chain methyl 
group of Thr35Ras, drastically affect dynamic behavior and as well as 
interaction with effectors (Spoerner et al., 2001). Crystal structure of Ras 
T35S mutant (partial loss-of-function mutant) shows distortion of switch-I and 
switch-II regions, and these two regions are invisible in the crystallography. 
More, in T35SRas Mg2+ slips somewhat (0.3 Å) further away from - and -
phosphate oxygens as compared with wild type Ras (Spoerner et al., 2001).  
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It was found only 3-fold decrease in Mg2+ binding affinity for the T35S and 4-
fold decrease in T35A mutant as compared with wild type (Spoerner et 
al.2001). The T35S mutation is however compromised in its ability to interact 
with all effectors, even though it is not involved in any direct interaction 
(Scheffzek et al., 2001). Similarly, in the Ras•Byr2RBD complex Ras Thr35 
does not make any direct contact with Byr2 Kinase, nevertheless T35S 
mutation increases the KD 12-fold, most likely due to a change in the 
dynamic properties of Ras (Spoerner et al.2001). However, in this study we 
could not see any behavioral change in the solvation free energy values of 
Ras in GEF and effector bound states, which may advocate for its sequence 
conservation. 

Thr35Ras makes a water-mediated polar contact with Lys949GAP (Polakis and 
McCormick 1993; Scheffzek et al., 1997) and in this study we also notice 
almost 2-kcal mol-1 destabilization in the thermodynamic free energy values 
of Thr35Ras in Ras vs. Ras•GAP complex, suggesting that it is the interaction 
with GAP, which makes this residue participate more in the reaction, in 
agreement with Glennon et al., (2000). Bonet et al., (2006) report no 
significant changes in the free energy values of Thr35Ras. 

Ile36  

 
Figure 26: Ile36 

In the wild-type GTP-bound structure of Ras (active state labeled as state-
A), Ile36 is solvent exposed, whereas in the GDP-bound structure (inactive 
state labeled as state-B) Ile36 moves towards the surface (Pai et al., 1990) 
thus Ile36 is essential for substrate specificity. In wild type Ras structure, 
main chain carbonyl of Ile36 interacts with the hydroxyl group of Tyr64, 
whereas the side chain of Arg68 is stabilizing the loop L4 (60-62) through 
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direct or water mediated hydrogen bonds (Hall et al., 2002). Whereas, the 
side chains of Glu37, Tyr64, Arg68, Tyr71, Leu56, Ala59, and Thr58 form a 
pocket that is stabilized by van der Waals interactions and water-mediated 
hydrogen bonds (Hall et al., 2002). In the RasA59G GppNp structure (PDB: 
1LF5), this pocket unfolds and side chain of Arg68 adopts a new 
conformation in which the guanidinium group is making strong hydrogen 
bonds with Glu37, Ile36 and Gly59 (Hall et al., 2002). These interactions with 
guanidinium group pull the Ile36/Glu37 polypeptide (by 1Å) towards the 
switch 2 region (Hall et al., 2002). Consequently, Tyr64 and Tyr71 point to 
the solvent and the phenol group of Tyr71 at van der Waals contact 
distances from the carboxylic group of Glu37 (Hall et al., 2002).  

In the Ras•GAP complex, Ile36Ras forms a hydrophobic contact with 
Leu902GAP (Scheffzek et al., 1997).  Bonet et al.,(2006) did not observe any 
(de)stabilization effect of this residue upon Ras•GAP binding and in this 
study we also could not see any (de)stabilization effect.  

In case of Ras•GEF complex it was found that Pro34Ras and Ile36Ras of the 
switch-I region pack against hydrophobic side chains of Leu687SOS, 
Met726SOS, and Trp729SOS (Margarit et al., 2003), whereas in this study we 
could not see any change in the solvation free energy values in the 
Ras•GEF complex structures. More, we also could not see any change in 
the solvation free energy values in Ras•Effector(s) complex. 

Glu37 

 
Figure 27: Glu37 

Glu37Ras is solvent exposed in wild-type Ras, whereas in RasA59G Glu37 
makes hydrogen bonds with Arg68 and van der Waals interactions with 
Tyr71, which protects it (via bulky phenol group) partially from the 
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surrounding solvent (Hall et al., 2002). While in RasQ61G mutant, Glu37 
does not make any contact with Arg68 (Ford et al., 2006). In our calculations 
we also see a marked thermodynamic stability in RasA59G (GDP bound state: 
state-B ) than the GTP bound Ras wild type as well as RasA59G mutant. 

Ras switch-I contain five acidic residues which are Asp30, Glu31, Asp33, 
Glu37, and Asp38. All these negatively charged residues create a negatively 
charged surface patch (Scheffzek et al., 1997). This negatively charged 
surface patch is used for interaction with effectors (Nassar et al.,1995) and 
with GAP-334 (Scheffzek et al., 1997). Lys949 of conspicuously exposed 
loop L6c of GAP points into the highly negatively charged surface patch. 
More, Scheffzek et al., (1997) also reported that the side chains of Asp30, 
Glu31, and Glu37 (members of the negatively charged surface) are not 
directly involved in the interaction with GAP. Differential solvation of Glu37Ras 
in the three systems (Ras alone, Ras’ and Ras•GAP complex) indicates that 
Glu37Ras is stabilized by the conformational change but not so strongly by 
the interaction with GAP itself (Bonet et al., 2006). In our thermodynamic 
solvation energy calculations, we found a marked thermodynamic stability at 
this position in the in the Ras•GAP complex.  

On one hand Glu37Ras form a hydrogen bonding with Arg688 of SOS and at 
the other hand Glu37Ras also forms hydrogen bonds with the side chains of 
Asn691 and His695 of SOScat (Margarit et al., 2003).  This bidentate 
hydrogen bonding is a central aspect of the Ras•SOS interface (Margarit et 
al., 2003). Sequence alignment data of four different species GEF shows 
that Arg688, which forms hydrogen bonds with Glu37Ras , is conserved.  
Thus sequence conservation at this position raises the possibility that the 
distal interaction with Ras•GEF may also be conserved (Margarit et al., 
2003). In this study, we see a strong thermodynamic stability at this position 
in all Ras•GEF complexes when compared to Ras•GTP. The 
RasA59G:SOS:RasA59G and  RasGDP:SOSDH-PH-cat:Ras complexes show 
marked thermodynamic stability.  

The role of Glu37 with the Ras effectors could be explained as that salt 
bridge is formed between Lys223 of PI3Kand Glu37Ras in the crystal 
structure of Ras•PI3Kcomplex (Pacold et al., 2000), while our calculations 
shows thermodynamic estability at this position in Ras•PI3Kcomplex. 
More, in the Ras•Byr2RBD complex the Arg74Byr in strand β1 forms a salt 
bridge with the carboxylate group of Glu37Ras (Scheffzek et al., 2001). The 
E37G mutation was one of the first partial loss of function mutant that fails to 
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interact with Raf but is unimpaired for Byr2 binding (White et al., 1995). Our 
calculations, show thermodynamic stability at this position in Ras•Byr2RBD 
complex than Ras in active state. 

4.6.5 Beta sheet 2 ( 2) 
Asp38 

 
Figure 28: Asp38 

Asp38Ras is thermodynamically more stable in the triphosphate bound active 
state than inactive (diphosphate bound) state. Asp38 plays a significant role 
in Ras•GAP interaction, allowing us to classify it as a pro-ON residue, Ras 
D38E mutation has been shown to have a pronounced effect on Ras•GAP 
interactions (Polakis & McCormick 1993). Bonet et al., (2006) found that this 
residue gain an extra stability upon binding to GAP, probably due to a water-
mediated polar contact between Asp38Ras and Lys949GAP  (Scheffzek et al., 
1997).  We also found the same pattern of thermodynamic values as 
reported by Bonet et al., (2006). This, then, involves that the residue does 
not participate directly in reactivity, but indirectly b y helping the GAP partner 
to position in the complex. I makes, then, an analogous role to residues that 
for the folding core stable proteins. 

In general, Asp38 shows thermodynamic instability when Ras protein is 
bound with effector proteins, here few effectors of Ras are discussed. The 
side chain of basic residue Lys101Byr at the C-terminal end of helix 1 is in 
an orientation where a salt bridge may be formed with acidic residues of 
Asp33Ras or Asp38Ras (Scheffzek et al., 2001).  Scheffzek et al., (2001) also 
report that mutating D38E shows rather large effects on Ras•Byr2RBD 
binding even the charge being unaltered. In our study we found 
thermodynamic instability in the solvation free energy values when compare 
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the Rasactive state with the Ras•Byr2RBD complex. More, here we also report 
thermodynamic instability in the solvation free energy values at this position 
when compare Rasactive state with Ras•PIK- and Rasactive state with Ras•PLC 
complex. 

Ser39 

In this study Ser39 does not show any difference in the solvation free energy 
values between Ras active (GTP) and inactive (GDP) bound state.  
Ras•GAP complex crystal structure shows that Lys935GAP forms an 
intramolecular salt bridge with Glu950GAP in loop L6c. Glu950GAP as well via 
carboxylate group, contacts main chain amide group of Ser39Ras (Scheffzek 
et al., 1997). In this study we could not see any change in the 
thermodynamic energy values in RasAlone vs. Ras•GAP complex.  

The 2 strand residues of Byr2RBD contact Ras switch-I region amino acids 
in the stretch from residue 38 to 41 (Scheffzek et al., 2001). In Ras•Byr2RBD 
complex, the guanidinium group of Arg83Byr is in close proximity of the 
effector loop main chain region, allowing a polar contact with the carbonyl 
oxygen of Ser39Ras. More, Scheffzek et al., (2001) report that the side chain 
of Ser39 provide no contribution for Byr2 binding, since the alanine mutation 
increases the Kd value only 3-fold (which reported and cited else where in 
case of D33A and D38A to be 10-fold) and the contribution of the main chain 
contacts originating from Ser39 are not accessible by mutational analysis. 
Our thermodynamic calculations of Ras•Byr2RBD complex shows that Ser39 
gains stability in Ras•Byr2RBD complex than in Ras alone. More, we also 
observed that Ser39 in Ras•RalGDS complex gains more stability than 
Ser39 in Ras alone. 

Tyr40 

Scheffzek et al., (2001) showed that Tyr40 play an important role for the 
interaction with Byr2 kinase, and Y40C mutation show rather large effects on 
Ras•Byr2RBD binding. Surprisingly in Ras Y40F mutants, greater than 10-
fold increase of the KD value is observed despite the reality that hydroxyl 
group is not likely to form polar contacts within the interface (Scheffzek et al., 
2001).  In this study we were unable to see any thermodynamic pattern.  

Arg41 

Arg41 is highly conserved within the Ras subfamily and shows strong 
thermodynamic stability in Ras protein either alone or partner bound state. 
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Solvation free energy values in the active state Ras was found to have extra 
stability as compared to inactive state. We compare the solvation free 
energy values of this residue in Ras alone vs. Ras effector, GEF, and GAP 
bound form. Arg41Ras shows gain of stability in thermodynamic values in 
complex form when compare Rasactive state vs. Ras•GEF bound form.  In the 
Ras•Byr2RBD complex and Ras•GAP complex, we found this position 
comparatively destabilized yet stable, while in Ras•PIK- complex Arg41 
shows gain of stability. More, Arg41 has a modest contribution to the 
interaction with Byr2 kinase and Arg41 R41A mutant show a 7-fold reduction 
of affinity (KD) (Scheffzek et al., 2001). 

The residue is clearly related with the overall stability of the protein and in 
addition helps in the formation of complexes. 

Lys42 

This residue, in a similar way to Arg41, shows thermodynamic stability in 
Ras protein either alone or partner bound form. Solvation free energy values 
in the active state Ras was found to gain extra stability as compared to 
partner bound form. We compare the solvation free energy values of this 
residue in Ras alone vs. Ras effector, GEF, and GAP bound complexes. 
Lys42Ras shows gain of stability in thermodynamic values in complex form 
when compare Rasactive-state vs. Ras•GEF, Ras•GAP, Ras•Byr2RBD, 
Ras•PIK-, Ras•RalGDS, and Ras•PLC complexes.  

4.6.6   Beta sheet 3 ( 3) 
Asp54  

Crystal structure of Ras•Byr2RBD complex reveals that Arg160Byr of C-
terminal helix is in proximity to Asp54Ras and that Arg160Byr moderately 
contributes to binding to Ras (Scheffzek et al., 2001). In this study we report 
thermodynamic stability at position-54 (Asp54Ras) in Ras•PLC , 
Ras•Byr2RBD, Ras•GAP complexes, Ras•GEF ternary complex (A59G: 
SOS: A59G) meaning that this position may play some role in binding in 
above cited complexes. More, we also found Asp54Ras to be 
thermodynamically unstable in the complex with Ras•PIK- and Ras•RalGDS 
complexes, which may involve an active role in the binding of GDP.  
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Asp57  

 
Figure 29: Asp57 

Asp 57Ras is the part of  strand 3 of Ras protein, a completely conserved 
residue of the 57DXXG60 motif in guanine-nucleotide binding proteins, is 
completely rigid (Pai et al., 1990). The X-ray structures of the C-terminal 
truncated GDP bound form of Ras reveals that the interaction between the 
carboxylate group of Asp57Ras and the Mg2+ appears to be direct (Schlichting 
et al., 1990), while in the intact Ras (aa: 1-189) in GDP form and several 
GTP-analogue complexes (Milburn et al., 1990; Pai et al., 1990), via an 
intervening water molecule. Kraulis et al., (1994) in their NMR structural 
studies also favours the indirect interaction, showing the distance between 
the closest oxygen in the carboxylate group of Asp57Ras and the Mg2+ in the 
solution structures is 4.3 ± 0.9 Å. More, crystal structure also reveals that 
Asp57Ras binds to the side chain of Ser17Ras (Pai et al., 1990). Mutation of 
this residue diminishes the intrinsic rate of GTP hydrolysis (Polakis and 
McCormick 1993). In this study we also found GTP bound form Asp57Ras 
more stable than GDP bound form augmenting the idea that this residue 
plays role in GTP hydrolysis. 

More, it is reported that Asp57Ras contributes to catalysis both in Ras` and 
Ras•GAP complex (Glennon et al., 2000) and this residue becomes more 
unstable upon Ras binding to GAP (Shurki and Warshel 2004; Bonet et al., 
2006). While in this study we did not see any change in the solvation free 
energy values in the Ras vs. Ras•GAP complex, we can see the trend of a 
more unstable residue in GTP bound systems, which advocates for its 
possible role in reactivity. Further work is neede to assess more clearly the 
effect of GAP binding on this residue. 
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Thr58 

 
Figure 30: Thr58 

In this study we found that Thr58Ras in Ras•PIK- and Ras•GAP complexes 
shows thermodynamic stability when compare the same residue to the 
average thermodynamic values in Ras•GTP bound form (state-A). 

4.6.7 Flexible turn 4 ( L 4 ) 
Ala59 

 
Figure 31: Ala59 

Ala59 is located in the conserved 57DXXGQ61 motif that is important for Mg2+ 
coordination, GTP hydrolysis, and nucleotide binding. This motif is part of an 
important loop/flexible turn (L4) connecting strand 3 and helix 2 of Ras. 
The flexibility of this loop is essential for the conformational change that 
accompanies GTP hydrolysis and -phosphate release (Milburn et al. 1990; 
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Pai et al., 1990). However, we are unable to see any estabilize trend in our 
calculations. 

Gly60 

 
Figure 32: Gly60 

The 57DXXG60 sequence motif (where X is any amino acid) in the GTP 
binding pocket of Ras is conserved in all GTPase proteins (Pai et al., 1990). 
In this study we could not see any significant change in the thermodynamic 
energy vlues in Ras either in GTP or GDP bound conformation and Ras vs. 
Ras•GAP, Ras•GEF, and Ras•Effector complexes. 

Gln61  

 
Figure 33: Gln61 

Both Gln61 and Glu62 are highly conserved in the small nucleotide binding 
proteins. In the triphosphate bound conformation of Ras protein, the -
carboxamide of Gln6l, was initially suggested to  activate Wat175 (Pai et al., 
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1990) although it has been seen later that glutamine is a poor general base 
and argued that Gln61 is not required to fix this water molecule at the 
attacking position (see refs in Glennon et al., 2000).  

Crystal structure of Ras•GAP complex reveals that Gln61 points toward the 
phosphate chain of the nucleotide and is stabilized in its orientation by a 
hydrogen bond with the main chain carbonyl group of the invariant Arg789 
(Scheffzek et al., 1997). Ras Gln61 is coupled to other residues in the P-
loop, switch-I, 3, and switch-II regions and seems to play an important role 
in the preorganization of active site since mutation of this residue destroys 
catalysis and leads to major changes in the interaction of Ras in the 
Ras•GAP complex (Shurki and Warshel 2004). Here we report no 

estabilize trends in solvation energy, in agreement with previous 
electrostatic calculations (Glennon et al 2000). 

Glu62 

Interaction of Ras Glu62 with (GAP) Arg749 was suggested to stabilize the 
switch-II region (Scheffzek et al., 1997)  Our results confirm the participation 
of this residue in the stabilization of both C and D groups structures. 

Glu63  

Ras Glu63 is an important mutagenic residue (Polakis & McCormick 1993). 
The finding that a E63K mutation partially activates the transforming 
potential of Ras p21 (Fasano et al., 1984) seems to implicate this residue, at 
least indirectly, in GTP hydrolysis (Pai et al., 1990; Shurki & Warshel 2004) 
though the role of Glu63 is debatable (Privé et al., 1992).  

Ras Glu63 interacts with (GAP) Arg903, stabilizing the Ras switch-II region 
(Scheffzek et al., 1997). Arg903 (turn L1c of GAP) is vital part of highly 
conserved FLR fingerprint regions and has an indirect role in catalysis, 
whereby it stabilizes the position of the crucial arginine i.e Arg789GAP 
(Scheffzek et al., 1997) and mutating R903K results in only a small reduction 
of GAP activity. Simulation studies shown that Ras Glu63 becomes more 
stable upon binding to GAP (Bonet et al., 2006), and this extra-stabilization 
is partially attributed to the conformational changes (Bonet et al., 2006). In 
this study we also confirm the previous studies and observed marked 
stability at this position in Ras•GAP complex than GTP and GDP bound 
conformations of Ras protein..  
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In Ras•PI3K- complex crystal structure, Lys234PI3K- makes hydrogen bonds 
with Ras switch-II region residues Glu63Ras and Tyr64Ras (Pacold et al., 
2000). While in this study we observed marked thermodynamic stability at 
position-63 (Glu63) in Ras•PI3K- complex than Ras•GTP conformation and 
we assume that this extra-stabilization in Ras•PI3K- complex is partially 
attributed to the conformational changes after complex formation. Crystal 
structure of Ras•PLC- complex reveals that a polar contact is made 
between RA2 region Lys2154PLC- and Glu63Ras (Bunney et al., 2006). Some 
how similar interaction as discussed above with Ras•PI3K- complex.  Thus, 
the crystal structure of Ras•PLC- (RA2/ras) complex reveals unique 
properties compared to other RA/RBD interactions with Ras protein, 
particularly, the involvement of Ras switch-II region. This binding to switch-II 
region in Ras•Effector complex is a mutual property in RA2 and PI3KRBD, 
while, in complexes formed with effectors other than RA or RBD, only switch-
I region was found interacting (Bunney et al., 2006). More, in this study we 
also observed thermodynamic stability in the solvation free energy values in 
Ras•PLC- complex than Ras•GTP bound active state and this could be 
attributed to the stabilization by Lys2154. 

Strikingly we found Glu63 more stabilized in all Ras•GEF complexes than 
Ras•GTP bound state though GTP bound Ras was more stable than GDP 
bound state. Yet the marked stability was biased towards RasA59G:SOScat 
complex. After RasA59G:SOScat complex we found RasWild:SOScat complex 
then RasWild.GDP:SOScat and lastly with RasY64A:SOScat complex. 

Tyr64 

 
Figure 34: Tyr64 
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In the partner-unbound GTP-bound structure of Ras  the side chains of 
Glu37, Tyr64, Arg68, Tyr71, Leu56, Ala59, and Thr58 form a pocket that is 
stabilized by van der Waals interactions and water-mediated hydrogen 
bonds. The main chain carbonyl of Ile36 is interacting with the hydroxyl side 
chain group of Tyr64 (Pai et al., 1990). In the RasA59G GppNp structure, 
this pocket unfolds as a consequence, the side chain of Arg68 adopts a new 
conformation which is incompatible with the conformations of Tyr64 and 
Tyr71 as observed in wild-type Ras. Consequently in RasA59G mutant, 
these two tyrosines (Tyr64 and Tyr71) change their conformations and point 
phenol group to the solvent (Hall et al., 2002). More, the structural 
arrangements that were observed were predicted by the MD simulations 
observed are all depicted in the structure predicted by the MD simulations 
(Ma and Karplus 1997). In RasA59G, Tyr64 which is essential for SOS-
binding by Ras, is displaced 6Å when compare it in the Ras•SOS structure 
and adopts a position that inhibits the docking of the two proteins (Hall et al., 
2002). More mutation RasY64A disrupts Ras•SOS interaction (Hall et al., 
2001). 

In Ras•GAP complex, Ras Tyr64 participates in the formation of the 
hydrophobic interface between Ras and GAP-334 and forms a polar contact 
with the main chain carbonyl group of Leu902GAP and makes van der Waals 
or hydrophobic interactions with Leu910GAP on 6c of GAP (Scheffzek et al., 
1997). More, Ras mutational studies shown that Tyr64 can be mutated to 
Phe (Y64F) without affecting Ras•GAP interaction but not to Y64E (Marshall 
& Hettich 1993).  

In Ras•GEF complex, Tyr64Ras is located at the interface between the two 
proteins and forms part of a cluster of hydrophobic interactions between Ras 
and distal site of SOS (Hall et al., 2001, Margarit et al., 2003). Addition of 
stoichiometric amounts of RasY64A•GTP significantly accelerates the SOScat 
catalyzed nucleotide release (Sondermann et al., 2004).  

PI3K- Phe221 and Lys234 interacts with Tyr64Ras (Pacold et al., 2000).  C 
atoms RMSD values showed that the conformation of Ras•GTP in the 
Ras•PI3K- and RasY64A:SOScat:RasWild complexes is essentially the same 
(Margarit et al., 2003). In this study we could not see appreciable difference 
in the thermodynamic pattern in Ras alone vs. partner bound forms. 
However, we found Tyr64Ras estabilized around 1-kcal mol-1 in Ras•GAP 
and Ras•GEF (RasWild:SOS) complex. 
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4.6.8 Helix 2 ( 2  
Met67  

In GTP bound conformation, RasMet67 takes active part in the formation of 
interface between distal Ras and the REM (stands for Ras Exchanger Motif) 
Domain of SOScat, REM domain is located in the N-teminal of SOScat.  Key 
features of the SOS induced conformational changes include the movement 
of Ras switch-I away from the nucleotide binding site and a restructuring of 
Ras switch-II that results in the placement of the methyl group of Ala59 of 
Ras at the site where Mg2+ is normally bound. RasMet67 packs against a 
hydrophobic crevice formed by SOS Leu687REM (which is also part of the 
binding site for switch-I) and Arg688REM. Thus REM is responsible for the 
displacement of the Ras switch-I region away from the nucleotide (Margarit 
et al., 2003). In this study we were failed to see any significant change in the 
solvation free energy values in Ras vs. partner bound state. We have not 
observed ignificant solvation changes for the residue. 

Arg68 

 
Figure 35: Arg68 

In partner-unbound wild type Ras, Arg68 stabilizes the N-terminus of the 
switch-II region (60–62) through direct or water-mediated hydrogen bonds. In 
RasA59G, Glu37 makes hydrogen bonds with Arg68 and van der Waals 
interactions with Tyr71, which protects it partially from the solvent (Hall et al., 
2002). Where as in RasQ61G mutant, the Arg68 side chain shifts towards the 
core of the protein. The restructuring of Arg68 enables it to make direct 
hydrogen bonds with the carbonyls of Ras Ala59 and Gly61 and the side 
chain of Gln99 and forces Ras Tyr71 to be solvent exposed (Ford et al., 
2006). Thus conformational changes displayed in both RasA59G and RasQ61G 
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mutant protein have some how similar restructuring effect of Arg68. In our 
calculation we compare the solvation energy values of Raswild•GTP with 
RasA59G•GDP and we found that both the structures showing analogous 
values. More, Raswild•GTP vs. RasQ61L•GTP (PDB: 721P) shows loss of 
stability of around 3-kcal mol-1 in the mutant form. When comparing 
Raswild•GTP vs. RasQ61V•GTP (PDB: 2RGC), RasQ61I•GTP (PDB: 2RGA) 
show gain of stability around 2-kcal mol-1 in the mutant form while 
RasA59G∙GTP (PDB: 1LF0) show gain of stability around 4-kcal mol-1.  While 

in Raswild•GTP vs. RasQ61G•GXP (X= T and D) mutants, we could not see 
any significant change, less than 1-kcal mol-1,  in the thermodynamic energy. 
More in Raswild•GTP vs. RasA59G•SOS•GTP complex shows marked 

ignificant in the Ras partner bound conformation. In general we found a 
strong thermodynamic instability trend in Ras•GEF complex structures. Ras 
vs. Ras•GAP complex shows marked instability, suggesting a role in GDP 
binding. 

Similarly Ras vs. Ras•Effector complex structure with Ras•PI3K-shows 
ignificant of 2-kcal mol-1.  While Ras•PLC  and Ras•RalGDS complex 

shows gain of stability.  

Asp69 

This residue is out of the active site region but presentes interesting trends 
for PPI. The RasA59T/G12P •GTP (PDB: 521P) mutant was more destabilize 
than the wild type thus this mutation has destabilization effect on the system. 
The RasA59G mutant in the GDP bound conformation was more unstable than 
GTP bound conformation, but RasA59G mutant form gain extra stability 
around 8-kcal mol-1 in the partner bound state with SOS 
(RasA59G:SOScat:RasA59G). More, we found that Asp69 in wild type Ras 
complexed with SOS is also stable (RasWild:SOScat:RasWild), except  RasY64A 
mutant where there is no difference in the solvation free energy in Ras•GTP 
alone vs. Ras•GEF (RasY64A:SOScat:RasWild) complex. 

Next we compare the thermodynamic energies of Asp69 in wild type Ras 
with the Ras•Effector bound state, these results were also interesting as in 
all four cases that we analysed Asp69 was different than Ras alone active 
conformation. We found Ras•PLC, Ras•Byr2RBD, and Ras•GAP 
complexes were more stable than RasWild•GTP while Ras•RalGDS and 
Ras•PI3K- complexes were unstable at position Asp69. 
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More, we also analyzed this position in RasWild type vs. RasQ61L•GTP (PDB: 
721P) show loss of stability around 2-kcal mol-1 in the mutant form.  
Similarly, in this study we came to know that Raswild•GTP vs. RasQ61K•GTP 
(PDB: 2RGB), RasQ61I•GTP (PDB: 2RGA), and RasQ61V•GTP (PDB: 2RGC) 
mutants show gain of stability respectively. Since all these mutants are in the 
active state conformation hence the thermodynamic phenomenon that 
observed are comparable more accurately in the active state conformation.  
Moreover, upon comparing the solvation free energies of Raswild•GTP vs. 
RasQ61G•GXP (X= T and D) mutants, we could not see any significant 
change in the solvation free energy values in the active conformation, 
though inactive conformation (GDP bound state) was slightly more unstable 
(around 1-kcal mol-1). 

Gln70 

No ignificant trend was found for this residue, although some extra stability 
os found in the inactive (GDP) state, suggesting a pro-OFF character.. 

Tyr71 

As we discussed that Glu37Ras is solvent exposed in wild-type Ras, whereas 
in RasA59G, Glu37 makes hydrogen bonds with Arg68 and van der Waals 
interactions with Tyr71, which protects it (via bulky phenol group) partially 
from the surrounding solvent (Hall et al., 2002) while in RasQ61G mutant 
Glu37 does not make any contact with Arg68 (Ford et al., 2006) and due to 
this we found that position gain stability in RasA59G (GDP bound state: state-
B). In this study we found Tyr71 thermodynamic stability in RasA59G mutant in 
both active and inactive conformation. Moreover, the GDP bound 
conformation was more stable than the GTP bound RasA59G mutant. 
Interestingly the RasA59G•SOS complex does not show any difference in the 
thermodynamic values. 

Tyr71 in RasG60A mutants, show thermodynamic stability in the inactive 
(diphosphate bound) state than the active (triphosphate bound) state. Same 
phenomenon was also observed in the RasQ61G mutants.  

Phe75 

We could not find any previous reference regarding this position in Ras 
protein, yet thermodynamic values of this position grab our attention.  
Interestingly this position shows a mixed trend. In RasA59G mutant, the GDP 
bound conformation was more stable than the GTP bound RasA59G mutant 
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and Ras wild type protein. More, upon comparing the RasG60A∙GTP 

structure vs. RasG60A∙GDP and RasWild∙GTP structures, mutant GTP bound 

state is showing more stability around 2-kcal mol-1. Similarly, RasQ61L 
mutation also show gain of stability when compare with the Ras wild type 
and with Q61V, Q61I, and Q61K mutants and that Ras Q61L has one of the 
highest transformation efficiencies of any gain-of-function mutant at position 
61 (Buhrman et al., 2007). More, we found thermodynamic stability around 
2-kcal mol-1 at Phe75 in RasQ61G weakly transforming mutants (both in active 
and inactive state) than Ras wild type. More, we found RasE31K•RalGDS and 
RasY64A:SOS complexes gain stability around 2-kcal mol-1 at Phe75. 

4.6.9 Helix 3 ( 3 
Lys88 

This position is showing a dramatic change for different mutant structures. In 
Ras G12V, G12D, G12P mutants in active state this position show gain of 
stability. Similarly in the RasY32C/C118S double mutant structures in active and 
inactive state this position show gain of stability than the Ras wild type, 
though the inactive conformation show more stability at this position and Ras 
D38E mutant (PDB: 221P) also displays thermodynamic stability with 
respect to Ras wild type. An exciting case is when compare Ras wild type 
vs. RasA59G mutants. RasA59G mutants in both the state (active and inactive) 
and partner bound state (RasA59G:SOS) show gain of stability than the Ras 
wild type, though this stability is not uniform and active state conformation 
show greater stability at Lys88. We then analyzed the effect of RasG60A 
mutation on the stability of Lys88 and we found that RasG60A•GTP mutant 
show an obvious gain of stability, while the diphosphate conformation does 
not show any difference than the wild type Ras protein. Similarly we 
compared the stability of Lys88 in Ras wild type vs. Ras Q61H, Q61L, Q61I, 
Q61K, Q61G, and Q61V mutants. All the Gln61 mutants show gain of 
stability at Lys88 but Q61I mutant show remarkable gain of stability.  

Interesting case was in Q61G mutants, where we compare the active and 
inactive state structures than the wild type Ras and inactive conformation 
gains more stability than active conformation in mutant as well as in wild type 
structure. We compare the wild type Ras•GTP with the inactive K117F 
mutant structure, and in this case the mutant inactive conformation gains 
extra stability than the wild type active conformation.  
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We also compare the stability of Ras Lys88 between the Ras alone vs. 
partner bound state (effectors and regulators). All the Ras-partner structures 
we analyzed, were showing gain of energy, remarkably RasWild:SOS 
complex showing gain of 12-kcal mol-1 on one hand and on the other hand 
RasY64A:SOS complex was showing loss of stability. Moreover, we 
previously showed that Lys88 becomes more stable after complex formation 
between Ras•GAP (Bonet et al., 2006) and we also observed the same 
phenomenon.  

Glu91 

In this study we found Glu91 tends to be more stable in the triphosphate 
bound conformation than diphosphate conformation. In Ras G12D, G12P 
mutants in active state and in RasY32C/C118S double mutant structure in 
inactive state this position show loss of stability than the active state 
conformation of wild type Ras and  RasY32C/C118S double mutant active state. 
Similarly, RasD38E mutant displays thermodynamic instability than wild type 
Ras. An exciting case is when compare Ras wild type vs. RasA59G and 
RasG60A mutants. Both the mutants in active state show thermodynamic 

estability than the wild type active state conformation as well as respective 
mutations in inactive state.  Moreover, we compared the thermodynamic 
stability of Glu91 in Ras wild type vs. RasQ61V mutant where Gln61 mutant 
show loss of stability at Glu91, but RasQ61G mutant in inactive conformation 
show gain of stability than the active state and Ras wild type active 
conformation. We compare the wild type Ras•GTP with the inactive K117F 
mutant structure at position-91, and in this case the mutant inactive 
conformation show gain of stability than the wild type active conformation.  

We then compare the thermodynamic values of Ras wild type active 
conformation with the partner bound conformations and found that Glu91 
becomes more destabilize upon complex formation with Ras•Byr2RBD and 
Ras•GAP complexes.    

Asp92 

The solvation free energy values of this position grab our attention.  This 
position is within 12.5Å distance from the heavy atom of GTP analog in the 
crystal structure. In Ras G12D, G12P, D38E, Q61H, Q61L, Q61I, Q61K, 
Q61V mutants in active state and in the G12V, and K117R mutant structures 
in inactive state this position show gain of stability around 2-kcal mol-1 than 
the active state conformation of wild type Ras. 
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In double mutant structures RasG12P/A59T double mutant in active state 
conformation shows loss of stability around 2-kcal mol-1 while in 
RasY32C/C118S double mutant in either state (active as well inactive state) 
Asp92 show stabilization trend, but the RasY32C/C118S active state 
conformation show remarkably gain of stability around 12-kcal mol-1.  
Another interesting case regarding Asp92 is in RasQ61G mutant structure, 
where mutant structure in either state (active as well inactive state) show 
gain of stability but interestingly inactive conformation of RasQ61G is more 
stable than the active state conformation. 

We then proceed to compare the stability pattern in Ras vs. Ras-partner 
bound state, remarkable Asp92 shows marked stability in GEF bound 
complex that we analyzed. The stability flows less to more in a series 
RasY64A:SOScat > RasWild:SOScat >> RasA59G:SOScat complex structures. We 
then compare the thermodynamic values of Ras Asp92 active state 
conformation with the partner bound conformations and found that Asp92 
gain more stability upon complex formation with Ras•RalGDS, Ras•Byr2RBD 
and Ras•PI3K- complexes, while Asp92 becomes more destabilized in 
Ras•PLC  and Ras•GAP complexes.    

Arg97 

We could not find any previous reference regarding Arg97 position in Ras 
protein, even we found it very relevant for overall stability of all different 
structures.  In Ras G12P, Q61V, and Q61L mutants in active state and in the 
G12V, and K117R mutant structures in inactive state this position show gain 
of stability around 2-kcal mol-1 than the active state conformation of wild type 
Ras while in active state mutant G12R Arg97 show loss of stability. In double 
mutant structure RasY32C/C118S inactive state (diphosphate bound) 
conformation show gain of stability around 2-kcal mol-1.  Another interesting 
case regarding Arg97 is in RasA59G and RasG60A mutant structures, where 
mutant structures in either state (active and inactive state) show gain of 
stability. Similarly when we compare RasQ61G structures with Ras wild type 
active state conformation we found RasQ61G active state conformation 
thermodynamically more stable than the wild type and inactive state of the 
mutant protein.    

We then proceed to compare the stability pattern in wild type RasActive State vs. 
Ras-partner bound state, remarkable Arg97 shows gain of stability in GEF 
bound complex and RasWild:SOScat  complex show overall more stability  
than the RasMutant:SOScat  structures.  Among Ras•Effector complexes, we 
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found Ras•PLC complex show gain of stability at Arg97 after complex 
formation.  

4.6.10 Beta sheet 5 ( 5 ) 
Asn116 

The side chain amide of Asn116, which has been proposed to be involved in 
the binding of the O6-oxygen, is seen to make strong hydrogen bonds to the 
side chain of Thr144 and to the main chain oxygen atom of Val14 (Pai et al., 
1990). Thus the main function of Asn116 is to tie together the three elements 
which are involved in nucleotide binding that are the phosphate binding loop 
10GXXXXGKS, the 116NKXD and the 146SAK motifs (Pai et al., 1990). In this 
study, Asn116 show loss of stability around 2-kcal mol-1 in Ras•Byr2RBD 
complex than the wild type Ras active state structure.   

Lys117 

 
Figure 36: Asp117 

Lys117 make hydrophobic interactions with the guanine base (Pai et al., 
1990). Crystal structure shows that Lys117 links the P-loop and the 116NKXD 
motif by binding to the main chain carbonyl of Gly13. A further albeit weak 
contact of this amino acid is with O4’ of the ribose (Pai et al., 1990). 

Our calculations of Lys117 show that Lys117Ras is thermodynamically more 
stable in the triphosphate active state than inactive state (diphosphate bound 
state), although there is also a clear tendency to estability the residue by 
GAP, suggesting a role in reactivity.  In Ras G12R, G12P, D38E, Q61K, and 
Q61L mutants in active state and in the G12V, and K117R mutant structures 
in inactive state this position show loss of stability around 2-kcal mol-1 than 
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the active state conformation of wild type Ras while active state G12D and 
Q61I mutants show gain of stability.  In double mutant structure RasG12P, A59T 
active state (triphosphate bound) conformation show loss of stability around 
2-kcal mol-1.  Another interesting case is in RasA59G and RasG60A mutant 
structures, where both mutant structures show loss of stability. RasG60A 
mutant structures show estability phenomenon both in active and inactive 
state while RasA59G mutant only inactive state shows estability than the wild 
type Ras and the active state of the same mutation. 

We then proceed to compare the stability pattern in wild type RasActive State vs. 
Ras-partner bound state, remarkable Lys117 shows loss of stability in all 
Ras•GEF bound complexes.  Among Ras•Effector complexes, we found 
Ras•PLC, Ras•RalGDS, and Ras•Byr2RBD complexes show loss of 
stability at Lys117 after complex formation.  

4.6.11 Flexible turn 8 ( L 8 ) 
Asp119  

The carboxylate group of Asp119 makes four hydrogen bonds. One oxygen 
interacts with the exocyclic amino group and Wat292, the other oxygen binds 
to the endocyclic nitrogen N1 and to the hydroxyl of Ser145 (Pai et al.,1990). 
RasD119A mutation results in 20-fold reduction in affinity of binding to both 
GDP and GTP (Sigal et al.,1986).  Mutating D138N (equivalent to Asp-119 in 
ras p21) of the ET-Tu-GDP complex structure results a change in the 
nucleotide specificity of EF-Tu from GDP to xanthosine 5’-diphosphate 
(Hwang & Miller 1987). Our calculations show a similar trend that for Lys118, 
suggesting a role in reactivity for this residue.  In Ras G12P, Q61L, Q61I, 
and Q61V mutants in active state and in the G12V, and K117R mutant 
structures in inactive state this position show loss of stability around 2-kcal 
mol-1 than the active state conformation of wild type Ras while active state 
Q61H mutant show gain of stability. In double mutant structure RasY32C/C118S 
active state (triphosphate bound) conformation show loss of stability around 
2-kcal mol-1.  Other interesting cases are in RasG60A and RasQ61G mutant 
structures, where both mutant structures show loss of stability. RasG60A 
mutant structures show instability phenomenon both in active and inactive 
state, yet the active conformation shows more instability than inactive 
conformation while RasQ61G mutant only inactive state shows estability than 
the wild type Ras and the active state of the same mutation. 
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We then proceed to compare the stability pattern in wild type RasActive State vs. 
Ras-partner bound state.  Remarkably, Asp119 show loss of stability in all 
GEF bound complexes.  Among Ras•Effector complexes, we found 
Ras•PLC, Ras•RalGDS, and Ras•Byr2RBD complexes show loss of 
stability at Asp119 after complex formation.  The instability was also 
confirmed in RasActive State vs. Ras•GAP complex structure. 

Arg123  

 
Figure 37: Arg123 

Arg123 shows an overall stability (it appears to contribute to the stability of 
all conformations and bound modes) but the strength of stability varies 
depending on the nature of the conformation that adopted. Ee found that 
Arg123Ras is thermodynamically more stable in G12P mutant in active state 
while G12V (inactive state), and Q61K (active state mutant) show loss of 
stability around 2-kcal mol-1 than the active state conformation of wild type 
Ras.  Moreover, RasG60A mutant structures show instability phenomenon in 
active state and on contrary stability in inactive state.    

We then proceed to compare the stability pattern in wild type RasActive State vs. 
Ras-partner bound state, remarkable Arg123Ras shows gain of extra stability 
in Ras•GEF (wild type) complex and also with Ras•GAP complex while 
RasG12V •PI3K- -complex show loss of stability.   

4.6.12 Beta sheet 6 ( 6) 
Glu143  

Glu143 shows a strong overall stability but the strength of stability varies 
depending on the nature of the conformation that adopted. Upon comparison 
we found Glu143Ras is thermodynamically more stable in triphosphate bound 
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conformation than the diphosphate bound conformation. Glu143Ras in K117R 
mutant shows more stability in inactive state while Q61K (active state 
mutant) show loss of stability around 2-kcal mol-1 than the active state 
conformation of wild type Ras. Moreover, RasG60A mutant structures show 
instability (around 4-kcal mol-1) in active state and on contrary stability in 
inactive state.    

We then compare the stability pattern in wild type RasActive State vs. Ras-
partner bound state, Glu143Ras shows loss of stability in Ras•GEF (wild type 
and RasA59G mutant) complex and in Ras•GAP complex while Ras•Byr2RBD 
complex show gain of stability.    

4.6.13 lexible turn 10 ( L 10 ) 
Ala146 

 
Figure 38: Ala146 

The keto group at position-6 of the guanine base makes a hydrogen bond 
with the main chain NH of Ala146 (Pai et al., 1990). RasK117R show loss of 
stability around 2-kcal mol-1 than the active state conformation of wild type 
Ras, although no estability trends are observed.  
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Lys147 

 
Figure 39: Lys147 

Lys147Ras in triphosphate bound active state is stable around 2-kcal mol-1 
than diphosphate bound conformation. Our comparative analysis shows an 
overall instability pattern when comparing the thermodynamic values with 
Ras wild type active state vs. other conformations and thus level of instability 
varies depending on the nature of the mutation and conformation that 
adopted and that in general triphosphate bound conformation of Lys147Ras is 
more estability than the diphosphate bound conformation.   

Lys147Ras in G12D, G12P, G12R, G12P, D38E, Q61H, and Q61L active 
state mutants and G12V, and K117R inactive state mutants, solvation free 
energy values show loss of stability. Moreover, RasG60A, and RasQ61G mutant 
structures show instability in both conformations yet the active state mutants 
are more destabilized than the inactive state conformation ( estability was 
more than 9-kcal mol-1 and 4-kcal mol-1 respectively). On contrary RasA59G 
mutant structures show more estability in inactive state than the active 
state of the mutant structure, the same situation was observed in double 
mutant structure (RasY32C/C118S).      

We then compare the stability pattern in wild type RasActive State vs. Ras-
partner bound state and found that Lys147Ras shows loss of stability in 
Ras•GEF bound complexes. Similarly we also found that Ras•GAP, 
Ras•Byr2RBD, Ras•PLC-, Ras•PI3K-, and Ras•RalGDS complexes show 
loss of stability.  
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Arg149 

 
Figure 40: Arg149 

Arg149Ras makes hydrophobic interactions with the guanine base (Pai et 
al.,1990). Arg149Ras in triphosphate bound active state is around 2-kcal mol-1 
more stable than the diphosphate bound conformation. Our comparative 
analysis show more an instability pattern when comparing the 
thermodynamic values with Ras wild type active state vs. other 
conformations. We found thermodynamic instability in Ras Q61I, Q61V 
active state and K117R inactive state mutant structures and free energy 
stability in Ras G12P active state mutant. Moreover, RasG60A, and RasQ61G 
mutant structures show instability in both conformations although in RasG60A 
mutant structure inactive state mutant is more destabilized than the active 
state conformation ( estability was more than 4-kcal mol-1).  

Similarly, RasA59G mutant structures show over 5-kcal mol-1 destability in 
inactive state than the active state of the mutant structure and wild type Ras, 
and Ras double mutant structure (RasY32C/C118S) was also portraying similar 
scenario. On the whole in Ras•GEF bound complexes (active state: 
RasA59G:SOScat 3.2Å, RasWild:SOScat 2.7Å, and RasY64A:SOScat 2.18Å 
inactive state: RasY64A:SOScat) we found free energy instability than Ras wild 
type active state, intriguing RasY64A •GEF mutant in either GTP or GDP 
bound state were showing around 4-kcal mol-1 thermodynamic estability. 
Albeit, we found thermodynamic stability in RasG12V •PLC-  effector bound 
complex than Ras wild type active state conformation. 
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Gln150 

Our study shows that Ras Gln150 may not be playing any important role in 
the enzyme function, stability or conformation coupled changes. Few 
structures that were displaying significant changes were Ras G12P, and 
Q61L active state mutant, showing thermodynamic estability around 2-kcal 
mol-1. Moreover, we also found that RasG12V •PLC- (Ras effector complex) 
and Ras•GEF inactive state complex (RasWild:SOScat:RasY64A •GDP) show 
thermodynamic estability around 2-kcal mol-1.  

4.6.14 Helix 5 ( 5 ) 
Glu153 

We found that Glu153 in general, tend to be stable and few structures 
showing importance of position. Our calculations show thermodynamic 

estability in Ras G12P, and Q61V active state mutants, while 
thermodynamic stability in Ras G12V mutant structures.  

Furthermore, we found RasG12V∙PI3K- -complex also shows 

thermodynamic instability when compared to Ras wild type active state while 
on the other hand we found that Glu153 is very stable in all Ras•GEF active 
and inactive state complexes. 

Asp154 

We could not find any previous reference regarding Asp154 position in Ras 
protein, yet thermodynamic values of this position grab our attention. In most 
of the cases that we studied Asp154 shows thermodynamic estability than 
the wild type Ras active state protein. 

We found that Ras Asp154 in G12P, G12R, Q61H, Q61I, Q61K, and Q61V 
active state mutants and K117R inactive state mutant, solvation free energy 
values show loss of stability. 

Moreover, RasA59G, and RasQ61G mutant structures show instability in both 
conformations likewise, Ras double mutant structures (RasY32C/C118S) were 
also portraying similar scenario. RasG60A mutant structures show loss of 
stability, though inactive state was more unstable than the active state of the 
mutant structure and wild type Ras.  

Furthermore, we also compare the stability of Asp154Ras between the Ras 
alone vs. partner bound state (effectors and regulators) and found that 
RasG12V •PLC-  (over 5-kcal mol-1), RasE31K •RalGDS, and RasG12V∙PI3K- 
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complex structures show loss of stability than the wild type Ras active state. 
Here we also report that Asp154 becomes destabilize when Ras protein 
binds to GEF protein and remarkably, RasGDP•GEF complex show 

estability around 6-kcal mol-1. 

Thr158 

We could not find any previous literature citing role of this residue in stability, 
or conformational changes. Our calculations show that this position becomes 
gain stability around 2-kcal mol-1 when Ras protein mutated to G12R. 
Moreover, RasQ61G mutant active state structure shows gain of stability than 
wild type active state Ras and inactive state mutant structure. More, we also 
found that Thr158 in RasGDP•GEF complex becomes destabilize.  

4.7 Protein-Protein interaction (PPIs) and conformational 
changes in phosphate hydrolyzing proteins 

In our previous work (Bonet et al., 2006), we explore the possibility to find a 
relationship between reactivity and stability of residues upon formation of the 
active complex in specific PPIs models (CDK2/Cyclin A and Ras/GAP 
systems). We differentiated protein–protein interaction process in to three 
different states of the partners (see Glennon et al., 2000) for the similar 
labeling scheme). We labeled the unbound partners with letters A and B (see 
Figure 41). The figure schematically represents the metastability hypothesis 
during the interaction between the regulatory proteins with a catalytic chain. 
In the figure, A represents the structure of the unbound protein and A’ the 
structure of the bound protein complexed with B’ (or with B in the situation, in 
the examples that the conformational changes in B are small during the 
formation of the complex). Both interfacing and active site regions are shown 
as irregularities on the surface. The interaction process can be in principle 
divided into two sub-processes, not necessarily real but correct for a 
thermodynamic treatment. On one hand, a conformational change is 
suffered by the partners in order to arrive to a ready-to-interact structure. 
During this process some regions of the two partners (darker regions in the 
figure) become instable. The second sub-process consists of the actual 
interaction between residues in the two partners, where the destabilized 
residues become stable mainly by electrostatic interactions. The dark circle 
in some of the pictures represents the substrate attached to the catalytic 
subunit of the complex. Following this hypothesis, the free energy barrier 
that needs to be surmounted to create an obligate or strong complex would 
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be smaller than the barrier to create a transient complex, while the reaction 
in the first case would be more exothermic. Hammond’s principle suggests 
that the transition state for the complex formation will be closer to the 
reactants for strong complexes, and thus the conformational change that 
needs to take place will also be smaller in obligated complexes than in 
transient complexes. 

 
Figure 41: Metastability Hypothesis  
Metastability hypothesis during the interaction between a regulatory protein with a 
catalytic chain (see the text for explanation) Adapted from Bonet et al., 2006 

Figure 42a shows the differential stability in the protein and water 
environments for all the residues in the unbound Ras chain (PDB code 
5P21: Pai et al., 1990). (Figure 42b, c) shows this differential stability for the 
Ras chain in its conformation when bound to GAP (PDB code 1WQ1: 
Scheffzek et al., 1997), in the absence (Figure 42b) and presence (Figure 
42c) of the partner GAP.  
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Figure 42: Bar plots showing the stabilization for all residues in Ras in three 
different conformational states: 
(a) unbound Ras; (b) bound Ras conformation, with calculations performed in the 
absence of GAP; and (c) bound Ras. The “ALL” label refers to the sum of all stabilities. 

 

4.8 General discussion 
The work done and presented in this thesis includes the simultaneous 
discussion of sequence, structure, and function of the protein. It is widely 
accepted that those residues/positions that play a determinant role in the 
structure and functional analysis are assumed to be conserved.  However, in 
a similar way to what occurs between the lower sequence conservation with 
respect to the higher structure conservation, it is also likely that functional 
conservation involves the need for a more rigorous definition based on 
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physicochemical properties that go beyond typical classifications of residues 
(e.g. polar-non polar).  
Although is this work we were not able to establish a proper quantitative 
measure of functional classification of residues, the use of PDLD/S-LRA 
simulations as a compromise between rigor and efficacy has been 
demonstrated by our group (Bonet et al., 2006, Schepper et al., 2008) and 
others (Roca et al., 2008). 
In this work we evaluated the solvation free energy of individual resideus and 
compared it to prior knowledge of the ligand and partner status. We 
searched for the position that candidly play major role in the conformational 
changes and scrutinize statistically any such role. We performed Wilcoxon 
Test (see methodology for further information) and compared the Group-A 
structures with those of Group-B structures (see Table 3). In this 
comparative study we found number of positions (with respect to PDB: 
5P21) that show statistical difference in their median. In a recent RMSD 
based study of Ras subfamily proteins, it was found that the conformational 
transition of Ras from the inactive to the active state is triggered by the 
displacement of switch-II region followed by a rapid movement of switch-I 
region (Noe et al., 2005; Gorfe et al., 2008) and suggested that the 
conformational properties of the active and inactive states  of Ras protein are 
not the individual behavior of these switch regions, rather defined by the 
relative configuration of switch-I and switchII regions (Gorfe et al., 2008). It 
would be interested to relate our findings to the global dynamics of Ras, 
using the tools developed in the group (Johnston et al 2005; Alcántara and 
Villà-Freixa, in preparation) 
Latter, I proceeded to next layer of complexity of the project, where as per 
our assumption there must be some residues/positions that determine the 
fate of conformational changes when interacting with partner(s) protein(s) 
and stable complex formation. To do so, we merged down the Group-A with 
Group-C and name the newly formed group as Group-A extended 
(abbreviated as Group-A ext), similarly merged the Group-B with Group-D 
and name the newly formed group as Group-B extended. Redo the statistical 
tests and found the same position (positions 10, 30, 36, 37, 96, 123, 146, 
147, and 149) significant with p-value > 0.05. More, the physico-chemical 
nature of residues at these positions was also diverse (but none of the polar 
side chain residue) and all belong to different region of the active site (except 
the switch-II region residues). At this stage we found it difficult to rationalize 
the complex observed results, but a possible solution would be to unbias the 
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samples size and to deep into certain mutations at particular points with 
multiple switch conformations that have been reported (Spoerner et al., 
2005; Spoerner et al., 2007). 
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5 Conclusions 

General methodological conclusions: 

1. PDLD/S-LRA has proven to provide a semiquantitative picture of the 
electrostatic fingerprint of the Ras active site. Further work is 
needed to a) simplify the protocol to run shortest simulations and 
thus us the protocol in  a high-throughput bioinformatics context, 
and b) while simplifying ensuring that the quality of the results 
improves. 

2. The quality improvement of the PDLD/S-LRA protocol involves the 
improvement of the PDLD charges by global optimization 
techniques, adjustments of the Langevin dipoles protocol and LRA 
simulations using improved for fields. Adun is the key tool in this 
process, and some advances have already been done in this 
direction. 

3. Improvements in the search for the conformational space for LRA 
simulations may involve the use of new algorithms for protein global 
dynamics, also currently being implemented by other members of 
the group into Adun. 

Specific conslusions regarding the Ras active site electrostatic fingerprint: 

1. A general trend is found that identifies a global negative electrostatic 
fingerprint for the overall active site in Ras. Such overall stabilization 
does not preclude the existence of positive solvation free energy 
values that are related to functionally relevant residues. 

2. There appear to be a list of residues that present a statistically 
signifficant difference in free energy of solvation (i.e. stabilization) 
between GDP and GTP bound proteins, indicating a functional role 
in the GDP/GTP exchange or the protein's phosphate hydrolysis 
reactivity. 

3. The presence of regulators/effectors forming complexes with Ras 
affects the stability of active site residues. This effect is more 
apparent during GAP activation for residues critical for catalysis or 
in Ras interaction with GEFs, foir residues participating in the 
GDP/GTP exchange. 
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4. The use of the PDLD/S-LRA based protocol can be extended to 
protein protein interactions, and Bonet el al 2006 shows that the 
preorganization hypothesis can be generalized to the study of 
interaction patches between protein structures. In this way, the 
concept of active site is related to the concept of hot spots for 
protein interaction. 

5. Despite the encouraging data for the use of electrostatic 
calculations in assessing functional motifs in proteins, this thesis did 
not reach the objective of setting up a final protocol useful for 
bioinformatics studies. More work is needed to provide a general 
tool for the detection of functional patches in proteins. 
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6 Appendix 

This section contains different subsections with extended material on the 
Ras protein primary to tertiary structure and its posttranslational 
modifications that has some relation to the thesis and that will serve to open 
the possibility of extensions to this work. It also contains sections including 
scripts and tools used through the thesis, with the aim to serve as inspiration 
for future research. 

6.1 Ras Protein: Post-translational Modification & 
Membrane Anchorage  

There are four mammalian Ras proteins, encoded by three ras genes: H-
Ras, N-Ras, K-Ras4A and K-Ras4B. The K-Ras4B is more abundant in 
mammalian cells, and in the literature is usually referred as K-Ras. It was 
experimentally shown that both H-ras and N-ras (Ras isoforms) knockout 
mice are viable, whereas inactivation of the K-ras gene is embryonically 
lethal (Koera et al., 1997; Esteban et al., 2001). 
All Ras isoforms are highly homologous; their G-domain (residues 1–165, 
which binds guanine nucleotides and is required for the switch function and 
for effector binding) is nearly identical, display approximately 85% amino 
acid sequence identity (Shields et al., 2000). On the other hand, their C-
termini (last  24 amino acids, termed as hypervariable region “HVR”) are 
highly varied between the different Ras isoforms (Lowy and Willumsen 
1993). These differences in the HVR of Ras isoforms correlate with 
functional differences in cells and organisms, leading to the assumption that 
the individual Ras isoforms have special functions. In principle, the HVR 
region is further divided into 1) the linker domain and 2) lipid anchor region 
(the most C-terminal region) (see Figure 43), which contains the sequences 
responsible for the membrane anchoring of the various Ras isoforms, as well 
as for intracellular trafficking of Ras protein (Rotblat et al., 2004; Hancock 
and Parton 2005; Quatela and Philips 2006; Ashery et al., 2006; Matallanas 
et al., 2006). Membrane affinity of the Ras anchor depends on 
hydrophobicity of the palmitate and the prenyl groups and the spacing 
between palmitate and prenyl groups (Gorfe and McCammon 2008). The 
spatio-temporal organization in cells is largely dependent on both the nature 
and the dynamics of the association of proteins with specific membranes and 
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on their targeting to defined domains or regions within these membranes. 
Ras proteins interactions with the plasma membrane leaflet are essential for 
their normal signaling and transforming activities (Hancock et al., 1989; 
Hancock et al., 1990; Choy et al., 1999). Different biochemical and cell 
biological studies showed that H-Ras and K-Ras are localized in distinct 
microdomains in the plasma membrane and in endomembranes (Prior et al., 
2003). 
Despite similarity between different Ras isoforms in their response to 
hormonal stimuli and signaling, yet there are differences between the 
isoforms in their activation of specific downstream signaling pathways (Yan 
et al., 1998; Voice et al., 1999; Walsh and Bar-Sagi 2001), thus it was 
concluded that different Ras isoforms are functionally not redundant and 
individual Ras isoforms have special functions (Johnson et al., 1997; Koera 
et al., 1997). More, data from experiments in which cholesterol was depleted 
from membrane domains indicate that H-Ras resides in lipid rafts, whereas 
K-Ras4B is excluded from lipid rafts and ysteine  to the disordered plasma 
membrane (Roy et al., 1999; Prior et al.,, 2001). Thus, Ras isoforms 
specificity is dictated by the C-terminus HVR (Kim et al., 2002).  

Different point mutation(s) of Ras proteins results either inactivation or 
overactivation of Ras protein in different human tumors (Bos 1989; 
Rodenhuis 1992).  A potential mechanism that could give rise to some of 
these differences is distinct membrane anchorage of each Ras isoform, 
resulting in a dissimilar spatial organization in the plasma membrane and/or 
different subcellular localization (Hancock and Parton 2005; Quatela and 
Philips 2006). Oncogenic Ras can transform cells both in vitro and in vivo 
(Barbacid 1987), and it was shown that Ras transformed cells contribute to 
oncogenesis by over activation of several pathways (Bos 1995; Bar-Sagi and 
Hall 2000; Shields et al., 2000; Downward 2003) and transformation of Ras 
specific activated pathway(s) is species dependent (Hamad et al., 2002; Lim 
et al., 2005).  
Ras proteins and isoforms have some distinct but common motifs that 
facilitate their interactions with the membrane e.g. conserved C-terminal 
Prenylation signal ‘CAAX’ motif (where ‘C’ is Cys, ‘A’ is Ala and ‘X’ is 
terminal aminoacid). The ‘CAAX’ motif undergoes post-translational 
prenylation (covalent attachment of farnesyl fatty acid via thio-ether linkage 
to ysteine residues at or near the C-terminus) to generate S-farnesyl 

ysteine thioester, followed by proteolytic cleavage of the ‘C-A’ peptide 
bond and methyl esterification of the resulting C-terminal isoprenylated 
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ysteine in the endoplasmic reticulum (ER) (Casey et al., 1989; Gutierrez et 
al., 1989; Casey and Seabra 1996; Zhang and Casey 1996; Choy et al., 
1999; Colicelli 2004) before transport to the plasma membrane. Although, 
isoprenylation is regarded more important than palmitoylation for membrane 
binding and transforming activity of Ras protein (Jackson et al., 1990).  

 

 
Figure 43: Domain structure of Ras isoforms 
Domain structure of different Ras isoforms. The minimal lipid anchor (bold) is at 
the C-termini, containing a farnesyl moiety (all Ras isoforms), one (N-Ras) or two 
(H-Ras) palmitoyl moieties, or a six-lysine polybasic cluster (K-Ras). Complete 
HVR domain comprise  the lipid anchor and HVR linker domain. The HVR linker 
is preceded by the G-domain (residues 1–165), which is highly homologous in all 
Ras isoforms. Adapted for simplicity from Eisenberg and Henis 2008. 
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Since S-farnesyl-carboxymethyl ester  is not sufficient for effective 
membrane association, hence further modification is required. The second 
post-translational signals are palmitoylation signals that are located in the 
HVR region, and differ between Ras isoforms (see Figure 43). The 
palmitoylation signals are required to transit through the Golgi compartment 
(Apolloni et al., 2000). Thus, the HVR regions of H-Ras, N-Ras and K-Ras4A 
contain one or two cysteines that undergo palmitoylation (C181 and C184 in H-
Ras, C181 in N-Ras, and C180 in K-Ras4A), while in K-Ras4B (K-Ras) the 
second signal is provided by a six Lysine (K) polybasic motif (K175–K180) that 
interacts electrostatically with negatively-charged phospholipids in the 
internal membrane leaflet (Hancock et al., 1989; Hancock et al., 1990; 
Hancock et al., 1991; Silvius 2002; Linder and Deschenes 2003; Smotrys 
and Linder 2004; Magee and Seabra 2005; Heo et al., 2006) (see fig 1 
above). The C-terminal domains up to the S-palmitoyl residue (C181 or C180), 
or up to K175 in K-Ras, are termed minimal lipid/membrane anchors, and 
grafting of minimal lipid/membrane anchors onto other foreign proteins is 
sufficient to promote traffic and anchorage to the plasma membrane (Choy 
et al., 1999; Apolloni et al., 2000; Prior et al., 2003).  Charge and a lipid 
residue in the C-terminal HVR are sufficient for plasma membrane 
localization and function of H-Ras and K-Ras proteins (Welman et al., 2000; 
Abankawa et al., 2008). Although three factor in combination contribute for 
plasma membrane localization (structural aspect) and functioning of the Ras 
protein that are the amount of net charge, charge distribution and the length 
of the anchoring domain. Increasing the net charge and charge 
concentration close to the C-terminus, increases both the percentage of 
membrane bound protein and also shifts the distribution from internal 
membranes to the plasma membrane (Welman et al., 2000). Very recently 
for N-RAS and Ki-RAS4A it was shown that posttranslational mono-
palmitoylation and farnesylation are not sufficient for specifying stable cell-
surface localization of these membrane anchoring proteins. A third motif that 
comprises acidic residues, is present within the linker domain of all 
palmitoylated Ras HVRs, is necessary for stabilizing their localization to the 
plasma membrane. These acidic residues electrostatically stabilize 
palmitoylation and basic amino acids that are likely to interact 
(electrostatically) with acidic phospholipids enriched at the cell surface 
(Laude and Prior 2008). The farnesyl moiety of H-Ras and C-terminus 
residues contribute to H-Ras:Raf-CRD interactions, thereby increasing the 
affinity of H-Ras for the Raf-CRD. Moreover, farnesylation of full-length H-
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Ras at C186 in an NMR based study does not result in any detectable 
conformational changes in H-Ras (Thapar et al., 2004). However 
depalmitoylation rate in various forms of H-Ras (H-RasWT, dominant negative 
H-RasS17N, and oncogenic H-RasQ61L or H-RasR12/T59) in NIH-3T3 cells were 
analyzed and experimentally found that oncogenic H-Ras mutants results 
rapid removal of palmitoyl moiety. Based on this experimental study it was 
suggested that acyl-thioesterases access oncogenic H-Ras more easily 
because H-Ras C-terminus conformation against the membrane is altered 
(Baker et al., 2003; Huster et al., 2003).  Mutating residues adjacent to the 
palmitoylated ysteine did not abolish H-Ras palmitoylation, but mutant 
proteins failed to bind to plasma membranes. Since palmitate is not attached 
without prior farnesyl addition, by mutational studies it was found that 
farnesyl is not needed as a signal for palmitate attachment or removal, and a 
combination of transient palmitate modification and basic residues (Lysine) 
can support H-Ras membrane binding and biological activity. Therefore, it 
was found that roles of palmitate is independent and distinct from those of 
farnesyl moities. More, Ras protein and plasma membrane association can 
be sustained largely through palmitates, farnesyl is freed to interact with 
other proteins (Booden et al., 1999).  It was reported that H-Ras loses 90% 
of its transforming activity when mutated to serine  (RasC181S and RasC184S ), 
implying that palmitates make important contributions to oncogenicity (Baker 
et al., 2000). The distinct nature of the lipid modification determines the 
strength of membrane interaction of the modified protein as well as the 
specificity of membrane targeting (Resh 2004).  
H-Ras and N-Ras are targeted to the plasma membrane via the exocytotic 
pathway through the Golgi apparatus (Apolloni et al.,, 2000; Silvius, 2002). 
In contrast, K-Ras4B reaches the plasma membrane by an as yet unknown, 
probably microtubule-dependent mechanism omitting the Golgi (Thissen et 
al., 1997). The HVR linker region (Prior et al., 2003) in H-Ras modulates 
membrane association and targeting. The interactions of the HVR linker 
domain with the plasma membrane are essential for stable membrane 
binding of H-Ras (Prior et al., 2001; Niv et al., 2002; Prior et al., 2003; 
Eisenberg et al., 2006).  
Lipid anchor region contributes positive interactions with raft domains 
favoring H-Ras association with raft domains and due to the palmitoyl 
residues in the lipid anchor region (C181), H-Ras prefer cholesterol-sensitive 
(raft-like) assemblies. H-Ras Guanine binding domain has a negative 
contribution to its membrane association (acts as repulsive force and 
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weakening the membrane association), this negative contribution depends 
on the activation state of H-Ras and is stronger in the active state (Ras•GTP 
bound conformation) (Rotblat et al., 2004). 
The two palmitates in H-Ras serve distinct biological roles. 
Monopalmitoylation of Cys181 is required and sufficient for efficient 
trafficking of H-ras to the plasma membrane, whereas monopalmitoylation of 
Cys184 does not permit efficient trafficking beyond the Golgi apparatus (Roy 
et al., 2005). H-Ras palmitoylation at C181 is sufficient to stabilize the 
membrane interactions of H-Raswt  (Roy et al., 2005), but not at C184. Thus 
C184 is presumably involved in the functional role of Ras proteins (Gorfe and 
McCammon 2008). Importantly, C181 is also the palmitoylation site in N-Ras. 
Concomitantly, electron microscopy (EM) studies of H-Ras membrane 
association revealed that the RasC184S mutation (monopalmitoylation at C181) 
drives H-RasG12V•GTP into cholesterol-sensitive sites (Roy et al., 2005), 
which in H-Raswt has a weaker affinity to raft domains than Ras•GDP. Thus, 
palmitoylation of C181 is not only important for anchoring, trafficking, , and 
signaling of Ras protein (Roy et al., 2005) but also preferentially targets H-
Ras to cholesterol-sensitive domains/clusters. Since K-Ras has poly-lysine 
strong polybasic cluster in the HVR region that interacts with negatively-
charged lipids in the internal membrane leaflet (Cadwallader et al., 1994; 
Ghomashchi et al., 1995; McLaughlin and Murray 2005), appears at nonraft 
regions. Recently, it was demonstrated that two negatively-charged inositol 
phospholipids (phosphatidylinositol 4,5-bisphosphate and 
phosphatidylinositol 3,4,5-trisphosphate) target K-Ras to the plasma 
membrane (Heo et al., 2006).  
The different targeting of Ras isoforms to cholesterol dependent assemblies 
may affect their responsiveness to extracellular signals and there is enough 
evidence that H- and K-Ras may differ in their association with raft domains 
e.g. differential effects of external clustering of raft-associated influenza 
hemagglutinin (HA) variants on the lateral diffusion and signaling of H-Ras 
was observed, but not in case of K-Ras (Eisenberg et al., 2006). Affinity of 
H- vs. K-Ras isoforms to cholesterol-sensitive assemblies (rafts) is highest 
for H-Raswt•GDP bound state, decreases (but still exists) for constitutively 
active H-RasG12V•GTP bound state, and is negligible for either K-Raswt or K-
RasG12V (Prior et al., 2001; Niv et al., 2002; Prior et al., 2003; Rotblat et al., 
2004; Eisenberg et al., 2006). 
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6.2 Complete table of solvation free energy values 

Average results for differential solvation free energy for all Ras protein 
residues described in the work. Blue and red correspond to residues with 
less than -2 kcal mol-1 stability or more than 2 kcal mol-1 unstability with 
respect to water 
 

<A> <B > <C> <D> sec_str A.A Position 
-12.64 -9.96 -14.00 -10.50  K 5 
-0.82 -0.69 -0.82 -1.31  L 6 
-1.01 -1.03 -0.86 -0.32  V 7 
-0.86 -0.82 -1.25 -2.17  V 8 
0.09 0.16 0.64 0.59  V 9 

-0.05 0.43 0.06 0.36 L1 G 10 
-1.28 -0.71 -1.16 -2.01 L1 A 11 
0.15 0.19 1.25 0.77 L1 G 12 
0.40 0.29 0.60 0.73 L1 G 13 
0.80 0.81 1.16 0.87 L1 V 14 
0.91 0.89 1.69 1.61  G 15 

-1.92 -3.18 -0.19 -4.29  K 16 
-0.14 0.19 -0.03 0.07  S 17 
0.24 0.33 0.59 0.67  A 18 

-0.47 -0.43 -0.20 -0.15  L 19 
-1.37 -0.98 -1.02 -1.52  T 20 
-2.35 -2.03 -2.39 -2.48  I 21 
-1.19 -0.71 -1.09 -2.75  Q 22 
-0.84 -0.66 -0.90 -1.91  L 23 
-0.41 -0.27 -0.66 -0.37  I 24 
0.09 0.38 0.93 1.18  Q 25 

-0.71 -0.97 0.36 -0.70  N 26 
1.64 1.50 2.24 2.99 L2 H 27 
0.28 0.41 1.24 1.24 L2 F 28 
0.43 0.47 0.69 0.81 L2 V 29 

-4.37 -1.44 -3.12 -5.54 L2 D 30 
-1.88 -0.83 -1.96 0.31 L2 E 31 
0.25 0.71 1.08 0.72 L2 Y 32 

-0.13 -0.19 0.19 -4.34 L2 D 33 
0.33 0.26 1.28 1.57 L2 P 34 
0.37 0.26 0.36 0.53 L2 T 35 
0.00 0.72 0.22 0.42 L2 I 36 
3.79 1.42 -0.75 -4.27 L2 E 37 
1.63 4.94 0.34 0.15 2 D 38 
0.42 0.49 -0.07 1.23 2 S 39 

-0.28 0.01 -0.26 0.08 2 Y 40 
-6.11 -4.68 -10.03 -14.07 2 R 41 
-2.96 -2.90 -7.78 -7.35 2 K 42 
-0.45 -0.34 -0.80 -0.96  L 53 
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0.34 0.51 0.66 2.71  D 54 
-0.85 -0.88 -0.98 -0.41  I 55 
-1.45 -1.05 -1.62 -2.03  L 56 
1.82 0.42 1.27 0.01  D 57 

-0.83 -0.57 -0.92 -1.84  T 58 
-0.20 0.07 0.11 -0.22 L4 A 59 
0.32 0.12 1.34 -0.02 L4 G 60 
0.01 -0.04 0.63 0.62 L4 Q 61 
0.25 0.98 -3.52 -6.12 L4 E 62 
2.09 2.94 -4.72 -6.26 L4 E 63 
1.02 0.87 1.40 0.57 L4 Y 64 
1.16 0.63 0.76 1.63 L4 S 65 
0.98 0.72 1.39 0.60 L4 A 66 
0.85 0.59 1.23 0.42 2 M 67 

-2.77 -4.71 1.10 4.80 2 R 68 
1.73 1.68 -2.07 -5.97 2 D 69 
0.39 -0.76 -1.26 -0.27 2 Q 70 
0.78 -0.36 1.46 0.47 2 Y 71 
1.25 1.49 1.29 1.39 2 M 72 
0.79 0.20 0.92 1.42 2 T 74 
0.09 -0.09 -0.06 -0.57 2 G 75 

-0.65 -0.59 -0.92 -0.71  G 77 
-1.26 -0.87 -0.73 -1.30  F 78 
-0.63 -0.58 -0.62 -0.70  L 79 
-0.24 -0.58 -0.75 -1.98  C 80 
-0.27 -0.15 -0.33 -0.50  V 81 
-0.40 -0.17 -0.05 -0.13  F 82 
0.64 0.53 0.95 0.89  A 83 

-1.92 -1.38 -2.24 -2.49  I 84 
0.52 0.31 1.41 1.56 L6 N 85 

-0.70 -0.53 0.16 0.82 L6 N 86 
0.29 0.71 0.71 0.59  T 87 

-4.95 -5.35 -5.70 1.02  K 88 
0.51 0.60 -0.12 -0.33  S 89 
0.34 0.42 0.11 0.53  F 90 

-1.42 -1.91 -1.14 -1.74  E 91 
-2.03 -1.51 -3.62 -4.46  D 92 
-0.52 -0.24 -0.50 -0.49  I 93 
0.44 0.52 0.71 0.95  H 94 

-0.26 -0.61 -0.29 -0.42  Q 95 
-0.33 -0.67 -0.18 0.03  Y 96 
-6.51 -6.76 -7.81 -8.83  R 97 
-0.46 0.07 -0.73 -2.45  Q 99 
-1.08 -0.88 -1.07 -0.70  I 100 
0.78 0.83 0.56 -0.01  M 111 

-1.16 -0.92 -0.79 -0.89  V 112 
-0.80 -0.67 -1.03 -1.03  L 113 
-0.86 -0.83 -0.84 -1.00  V 114 
-0.69 -0.75 -0.31 -0.61  G 115 
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-1.26 -1.09 -1.35 -1.00  N 116 
-2.42 -1.56 -0.93 0.07  K 117 
0.24 0.06 0.48 1.27 L8 C 118 

-4.22 -4.45 -1.77 -0.67 L8 D 119 
0.17 0.15 1.07 1.66 L8 L 120 
0.35 0.28 0.81 0.76 L8 A 121 
0.36 0.06 1.13 1.31 L8 A 122 

-4.06 -2.78 -5.58 -6.35 L8 R 123 
1.20 0.85 0.75 0.80 L8 T 124 

-0.22 0.07 -0.25 0.56 L8 V 125 
-0.64 -0.37 -1.15 -1.66  S 127 
0.41 0.45 0.49 0.85  Q 129 

-0.58 -0.23 -0.69 -1.07  A 130 
-0.58 -0.67 -0.85 -1.18  Q 131 
-0.27 -0.34 -0.46 -0.21  L 133 
0.71 0.71 0.59 0.60 L9 I 139 

-0.55 -0.38 -0.39 -0.42  P 140 
0.65 0.77 0.51 0.00  Y 141 

-0.90 -0.83 -0.99 -0.71  I 142 
-4.52 -5.00 -4.56 -3.61  E 143 
-0.50 -0.46 -0.03 0.17  T 144 
-0.43 -0.11 -0.28 -1.24 L10 S 145 
0.18 0.74 0.45 0.45 L10 A 146 

-5.10 -3.77 -1.31 -0.67 L10 K 147 
0.75 0.79 1.82 2.07 L10 T 148 

-1.70 -0.09 -0.65 1.99 L10 R 149 
-0.86 -0.52 -0.24 0.29 L10 Q 150 
0.57 0.48 0.45 0.70  G 151 
0.70 0.59 0.85 0.34  V 152 

-1.82 -2.41 -3.63 -6.91  E 153 
-2.24 -1.81 -1.36 1.07  D 154 
0.28 0.00 0.34 0.37  A 155 
0.26 -0.02 0.28 0.56  F 156 
0.47 0.37 0.08 0.49  Y 157 

-1.05 -0.62 -0.63 -2.00  T 158 
-0.40 -0.35 -0.21 0.15  L 159 

Table 5: Complete table of solvation energy 
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