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Abstract 

 

Electrostatic Fields at the Functional Interface of the Protein Ral 

Guanine Nucleotide Dissociation Stimulator Determined by Vibrational 

Stark Effect Spectroscopy 

 

Amy Jo Stafford, M.A. 

The University of Texas at Austin, 2011 

 

Supervisor:  Lauren J. Webb 

 

 Noncovalent factors, such as shape complementarity and electrostatic driving 

forces, almost exclusively cause the affinity and specificity for which two or more 

biological macromolecules organize into a functioning complex.  The human oncoprotein 

p21Ras (Ras) and a structurally identical but functionally distant analog, Rap1A (Rap), 

exhibit high selectivity and specificity when binding to downstream effector proteins that 

cannot be explained through structural analysis alone.  Both Ras and Rap bind to Ral 

guanine nucleotide dissociation stimulator (RalGDS) with affinities that differ tenfold 

instigating diverse cellular functions; it is hypothesized that this specificity of RalGDS to 

discriminate between GTPases is largely electrostatic in nature.  To investigate this 

hypothesis, electrostatic fields at the binding interface between mutants of RalGDS 
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bound to Rap or Ras are measured using vibrational Stark effect (VSE) spectroscopy, in 

which spectral shifts of a probe oscillator’s energy is related directly to that probe’s local 

electrostatic environment and measured by Fourier transform infrared spectroscopy 

(FTIR). After calibration, the probe is inserted into a known position in RalGDS where it 

becomes a highly local, sensitive, and directional reporter of fluctuations of the protein’s 

electrostatic field caused by structural or chemical perturbations of the protein. The 

thiocyanate (SCN) vibrational spectroscopic probe was systematically incorporated 

throughout the binding interface of RalGDS.  Changes in the absorption energy of the 

thiocyanate probe upon binding were directly related to the change of the strength of the 

local electrostatic field in the immediate vicinity of the probe, thereby creating a 

comprehensive library of the binding interactions between Ras-RalGDS and Rap-

RalGDS.  The measured SCN absorption energy on the monomeric protein was 

compared with solvent-accessible surface area (SASA) calculations with the results 

highlighting the complex structural and electrostatic nature of protein-water interface.  

Additional SASA studies of the nine RalGDS mutants that bind to Ras or Rap verified 

that experimentally measured thiocyanate absorption energies are negatively correlated 

with exposure to water at the protein-water interface. By changing the solvent 

composition, we confirmed that the cyanocysteine residues that are more exposed to 

solvent experienced a large difference in absorption energy.  These studies reinforce the 

hypothesis that differences in the electrostatic environment at the binding interfaces of 

Ras and Rap are responsible for discriminating binding partners. 
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Chapter 1. Introduction 

1.1 Protein-Protein Interactions   

Proteins are versatile macromolecules that perform vital functions in essentially 

all biological processes.  Very often, protein function stems not from a single 

macromolecule, but from the interaction of two or more proteins. These noncovalent 

interactions are highly specific and promote a stable and functional protein interface, yet 

are difficult to study in quantitative detail.  Because of this, protein-protein interactions 

are currently a topic of great interest.   

The affinity of these noncovalent interactions is determined by both structural and 

electrostatic factors. Structural biochemistry, driven by the development and 

advancements in x-ray crystallographic and NMR techniques, has allowed scientists to 

visualize the interactions of proteins and obtain information including size, shape, 

composition, and structural complementarity.1,2 The interfacial region created when 

proteins interact contains short-range molecular recognition events, including hydrogen 

bonding and water-protein interactions.3 However, structural analysis alone does not 

account for all of the protein-protein interactions required in functional biology.  Long-

range interactions from electrostatic fields exert forces that contribute to binding affinity 

and specificity.  Consequently, structural analysis alone is insufficient for discerning the 

free energy of formation of a protein-protein interface and thus electrostatic effects must 

be accounted.  

The highly organized three-dimensional structure of a protein can support large 

electrostatic fields that influence every aspect of the protein’s function including folding, 
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chemical reactivity and kinetics, and protein-protein interactions.4,5 Computational 

models using the crystal databases have been developed to study protein-protein 

interactions and calculate electrostatic fields, but the accuracy of the models need to be 

verified experimentally.   However until recently, no direct experimental method existed 

for accurately measuring the electrostatic fields in proteins. Interpretations of pKa or 19F 

NMR chemical shifts were the only means of attempting to quantify these fields.6,7 

Vibrational Stark effect (VSE) spectroscopy, in which spectral shifts of a probe 

oscillator’s energy is related directly to that probe’s local electrostatic environment and 

measured by Fourier transform infrared spectroscopy (FTIR), is a new biophysical 

technique well suited to fill this need.8 The application of VSE spectroscopy for the 

characterization of the interface of the Ras binding domain (RBD) of the protein Ral 

guanine nucleotide stimulator (RalGDS) is reported here. 

 

1.2 Purpose of Research 

 The research that is the subject of this thesis will be focused on the protein-protein 

interactions of the guanosine triphosphate (GTP)-binding proteins of the Ras superfamily. 

The function of the Ras superfamily of proteins is to hydrolyze GTP to guanosine 

diphosphate (GDP) in order to switch between ON (GTP-bound) and OFF (GDP-bound) 

states in the propagation of signal transduction pathways.9 Mutations of the human 

oncoprotein p21Ras (Ras) that prevent GTP hydrolysis, and thus leave Ras in the ON state, 

are associated with uncontrolled cell growth and cancer.10 Ras and a structurally identical 

but functionally distant analog, Rap1A (Rap), exhibit high selectivity and specificity 
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when binding to downstream effector proteins that cannot be explained through structural 

analysis alone.  Both Ras and Rap bind to Ral guanine nucleotide dissociation stimulator 

(RalGDS) with affinities that differ tenfold, instigating diverse cellular functions.  It is 

hypothesized that this specificity of RalGDS to discriminate between GTPases is largely 

electrostatic in nature. Crystal structures of Ras and Rap bound to several downstream 

effectors, including RalGDS, have been solved, providing detailed information about the 

structure of amino acid residues that are incorporated into the protein-protein interface.  

These crystal structures have also shown that Ras and Rap are essentially structurally 

identical even though their amino acid sequences are only 85% similar.11,12 Because Ras 

and Rap have different functions and bind to some of the same downstream effectors with 

very different affinities, I hypothesize that electrostatic control mechanisms are important 

on the formation of a functional interface and need to be measured directly.  Detailed 

measurements of the electrostatic fields at the Ras binding domain (RBD) of RalGDS 

with Ras and Rap will therefore provide crucial insight into the physical details that lead 

to biological specificity.  

In the work described here, the nitrile functional group was introduced 

systematically throughout the RBD of RalGDS. RalGDS binds to both Ras and Rap in 

the GTP-bound, ON state with affinities that differ tenfold, instigating diverse cellular 

functions. This ON state is of particular importance with understanding downstream 

signaling events and the most relevant for drug discovery.  Determining the electrostatic 

fields at the functional interface of RalGDS with Ras or Rap will provide vital 

information about the specifics that lead to biological specificity.   
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Chapter 2. Background   

Noncovalent factors, such as shape complementarity and electrostatic driving 

forces, almost exclusively cause the affinity and specificity for which two or more 

biological macromolecules organize into a functioning complex.  The human oncoprotein 

Ras and a structurally identical but functionally distant analog, Rap, exhibit high 

selectivity and specificity when binding to downstream effector proteins that cannot be 

explained through structural analysis alone.  Both Ras and Rap bind to RalGDS with 

affinities that differ tenfold, instigating diverse cellular functions.  It is hypothesized that 

this specificity of RalGDS to discriminate between GTPases is largely electrostatic in 

nature.  To investigate this hypothesis, electrostatic fields at the binding interface 

between mutants of RalGDS bound to Rap or Ras were measured using VSE 

spectroscopy, in which spectral shifts of a probe oscillator’s energy is related directly to 

that probe’s local electrostatic environment and measured by FTIR. 

 

2.1 Vibrational Stark Effect Spectroscopy 

 The Stark effect is generally defined as the splitting of single spectral lines of an 

emission or absorption spectrum due to the presence of an electric field.13 In VSE 

spectroscopy, the intrinsic response of a probe oscillator’s energy is related directly to 

that probe’s local electrostatic environment.8 Calibration of the Stark tuning rate or the 

difference dipole moment, Δµ, of a Stark probe allows changes in the vibrational 

frequency to be monitored by conventional IR spectroscopy. Analysis of the shift 
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provides a direct connection to the magnitude and direction of the local electrostatic field.  

This observed change in frequency is given by the equation: 

€ 

ΔE = hcΔνobs = −Δµ • ΔF                                    (Eq. 1) 

where ΔE refers to the change in the absorption energy of the transition due to the change 

in the electric field, h is Planck’s constant, c is the speed of light, Δµ is the difference 

dipole from the vibrational transition to produce a frequency shift, Δνobs is the observed 

change in absorption frequency due to the change in electric field, and ΔF is the change 

in the local electrostatic field caused by some perturbation.  The measured change in 

transition energy can now be directly related to the magnitude of the electric field.  

However, only fields projected onto the bond axis of the difference dipole can be 

measured.  In order to determine the direction of the field, the position of the Stark probe 

must be known, either by crystallography or molecular dynamics simulations. ΔF can 

now be measured by changing the location of the Stark probe, introducing a chemical 

change in the protein through amino acid mutagenesis, ligand binding, or other 

perturbation.2,8 For example, the formation of a protein-protein interface through a 

docking interaction may induce changes in the absorption energy of a probe located on 

each protein surface as that probe is exchanged from an electrostatic field caused by 

water to one created by the protein-protein interface.   

 

2.1.1 Spectroscopic Probes 

In order to study protein-protein interactions via VSE spectroscopy, a Stark probe 

must be incorporated into the protein.  Ideal characteristics of a Stark probe include a 
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large value of Δµ (~1 cm-1/(MV/cm), large extinction coefficient, (~200 M-1 cm-1), a 

bond that is stable in aqueous solutions, minimal perturbation to protein structure, 

available techniques to insert into proteins, and a transition which occurs in clear region 

of the protein’s infrared spectrum (2000 cm-1-2500 cm-1).8,14 Examples of useful Stark 

probes for biomolecules are nitriles (R-CN), azides (R-N3), thiocyanates (R-SCN), 

carbon-deuterium (C-D), carbon-fluorine (C-F), and isocyanates (R-NCO).15,16 

 

2.1.2 Thiocyanate Vibrational Spectroscopic Probe 

The probe currently employed in the Webb lab is the nitrile functional group 

(C≡N). It is an ideal vibrational Stark probe because it has been shown to be sensitive to 

changes in its local electrostatic environment with a difference dipole equal to 0.7 

(cm-1/(MV/cm)), its chemical stability, and the ease of incorporation into proteins via 

post-translational modification.   Furthermore, the nitrile vibrational frequency, ~2100-

2250 cm-1, is in a region of the IR spectrum that is free of competing absorptions from 

other functional groups present in the vibrational background of a complex 

biomolecule.2,8,17  It has been established 1) that a single nitrile oscillation can be 

spectroscopically isolated from the background of a complex protein vibrational 

absorption spectrum; 2) that a general, covalently-bound probe like the nitrile can 

measure changes in electrostatic field on the order of at least 10 MV/cm, which have long 

been hypothesized to be present in a protein; and 3) that isotopic labeling with 13C and 

15N on the nitrile bond allows multiple VSE probes to be spectroscopically resolved in a 
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single absorption measurement, thus allowing a protein electrostatic field to be measured 

simultaneously from two or more locations.2,17   

 Incorporating the nitrile Stark probe into proteins is a simple, two-step reaction 

that posttranslationally modifies a cysteine at the desired probe location to a thiocyanate; 

this is shown in Figure 1:  

 

Figure 1. Cyanylation of cysteine via disulfide activation and nucleophilic attack 

 

The first step in cyanylation of the cysteine side chain occurs between the S-H 

bond of the exposed, reduced cysteine (PS-) with dithionitrobenzoic acid (DTNB, 

Ellman’s reagent), which forms an activated disulfide, the protein-bound thionitrobenzoic 

acid disulfate (PS-TNB).  The disulfide bond undergoes a nucleophilic attack by a 

cyanide ion (CN-) yielding the thiocyante incorporated into the protein (PS-CN).  Nitrile 

labeling is characterized by monitoring the absorption of the by-product, TNB-, through 

its absorbance at 412 nm by UV-visible spectroscopy.  Further characterization involves 

measuring an increase of 26 Da in the mas of the protein due to the addition of CN via 

mass spectrometry.   
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2.2 Ras Superfamily 

 This thesis focuses on the protein-protein interactions of the GTP-binding proteins 

of the Ras superfamily. The Ras family of proteins of GTPases hydrolyzes GTP to GDP 

in order to switch between ON (GTP-bound) and OFF (GDP-bound) states in the 

propagation of signal transduction pathways.9 The human oncoprotein p21Ras (hereafter 

Ras) is the canonical member of the superfamily of monomeric, regulatory GTPases. A 

structurally identical but functionally distant analog of Ras is Rap.  Every step of Ras and 

Rap’s lifecycle is regulated by interactions with a suite of regulatory proteins, which is 

depicted in Figure 2.  

        

      Figure 2. Catalytic cycle of Ras and Rap GTPases.  

 

Both Ras and Rap bind to GTP, which switches the protein to the ON state.  In the 

ON state, these GTPases can bind to downstream effectors to initiate signal cascades. 
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GTPase activating proteins (GAPs) are then needed to promote GTP hydrolysis.  G-

nucleotide dissociation inhibitors (GDIs) then bind to Ras to keep it in the OFF state.  

The catalytic cycle is repeated when Ras is returned to the ON state by interacting with 

G-nucleotide exchange factors (GEFs).  GEFs promote the replacement of GDP with 

GTP.9 Mutations of Ras that prevent GTP hydrolysis, and thus leave Ras in the ON state, 

are associated with uncontrolled cell growth and cancer.10 Ras mutations are found in 

30% of all human cancer tumors.9 

  Ras and Rap exhibit high selectivity and specificity when binding to downstream 

effector proteins, which is notable considering that these GTPases have nearly identical 

tertiary structures. Crystal structures of Ras and Rap bound to several downstream 

effectors, including RalGDS and Raf, have been solved, providing detailed information 

about the structure of amino acid residues that are incorporated into the protein-protein 

interface. Raf and RalGDS also have very similar structures even though these two 

proteins only have a 13% sequence homology in the Ras-binding domain (RBD).18 

Figure 3 illustrates the crystral structures of Ras and Rap bound to the RBD of two 

different downstream effector proteins, RalGDS and Raf respectively.   
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Figure 3. Crystal structure of Ras (blue) bound to RalGDS (green) overlaid with the 
crystal structure of Rap (gray) bound to Raf (pink).11,18 
 

2.2.1 RalGDS 

 The RBD of RalGDS  interacts with both Rap and Ras during the ON or GTP-

bound state of the GTPase cycle.  RalGDS binds to the Switch I domain (residues 29-42) 

of both GTPases with a RBD of approximately 80 amino acids long that can be expressed 

and purified independently of the rest of the protein.  The RBD of RalGDS binds to the 

GTP-bound state of Ras with a dissociation constant an order of magnitude higher than 

with Rap.  The docked Ras-RalGDS complex has been characterized by a crystal 

structure, though no crystal structure exists of RalGDS with its in vivo binding partner, 

Rap. 
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Figure 4.  Crystal structure of the docked Ras (gray) – RalGDS (blue) complex, 
highlighting amino acids from RalGDS that participate in the stable protein-protein 
interaction and that were selected for positioning the thiocyanate VSE probe in this study.  
Structure prepared from 1LFD.18 

 

The binding interfaces of the GTPases Ras and Rap are structurally quite similar, 

yet are able to distinguish a functionally appropriate downstream effector (i.e. Raf versus 

RalGDS) for binding.  Based on a 2.1 Å resolution crystal structure of Ras E31K docked 

with the RBD of RalGDS, 11 residues on the surface of RalGDS that participate in the 

docked Ras-RalGDS complex were selected as positions for systematic incorporation of 

the nitrile VSE probe and are identified in Figure 4.  These 11 amino acids are all 

exposed to buffer at the surface of the RalGDS monomer, and then become immersed in 

the dense interfacial structure formed when the two proteins dock.  They are directly 

exposed to electrostatic fields created at the protein-protein interface, and including our 
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VSE spectroscopic probe on these amino acids interrogates the protein-protein interface 

systematically.  These residues are diverse in chemical identity, displaying hydrophobic 

(I18, G28, M30), polar (N27, N29, Y31, S33, N54), and charged (R20, K32, K52) 

functional groups, all of which contribute to the free energy of the formation of the stable 

Ras-RalGDS interface through electrostatic interaction mechanisms.  Furthermore, the 

crystal structure shows that 5 of these residues (R20, Y31, K32, K52, and N54) 

participate in hydrogen bonding interactions either with the Switch I domain of Ras 

E31K or with crystallographically-resolved water molecules buried at the protein-protein 

interface.  The residues that comprise the RalGDS side of the protein-protein interface are 

diverse in chemical identity and electrostatic potential. 

 

2.2.2 Ras Glutamine 61  

Mutations to Ras are found in approximately 30% of human cancer tumors and 

90% of all pancreatic cancer tumors.  Most Ras mutants found in human cancer tumors 

are located at positions G12, G13, and Q61 (Figure 5).19-22   
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Figure 5.  Crystal structure of the docked Ras (gray)-Ral (blue) complex highlighting 
amino acids at positions G12, G13, and Q61 on Ras and I18 on Ral.  Also shown is the 
nonhydrolyzable GTP analog GDPNP bound to the active site of Ras.18  

 

Glutamine 61 is of particular interest because of the role it is believed to play in 

the hydrolysis of GTP to GDP, a necessary step in switching Ras to the inactive OFF 

state, though its role in the process is not fully understood.  GTP hydrolysis of Ras is 

slow.  The rate of hydrolysis can be increased by ~105 when Ras is activated by docking 

to the Ras GTPase activating protein (RasGAP), which places an arginine near the Ras 

active site. Though studies of mutations at Q61 using crystallography, kinetics, and 

theoretical modeling have indicated that the glutamine does not participate chemically in 

the hydrolysis reaction, Q61 is thought to be responsible for stabilizing the structural and 

electrostatic organization of the active site.10,23-26 This in turn allows the so-called 

G12 

G13 

Q61 

Ral I18 

        GDPNP 
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“arginine finger” of RasGAP to stabilize a highly polar transition state highly polar 

transition state caused by nucleophilic attack on the γ-phosphate of GTP.10,25     

In both intrinsic and induced GTP hydrolysis, it is known that a water molecule 

which has been observed in several crystal structures of catalytically active Ras acts as a 

general base to attack the γ-phosphate of GTP.24,25 The “arginine finger” of RasGAP 

appears to be able to stabilize the nucleophilic character of the hydrolysis transition 

state.10,22 It has also been hypothesized that in the intrinsic mechanism of GTP hydrolysis, 

this stabilizing function is carried out by a second appropriately placed water molecule in 

the active site.  Q61 serves a necessary function in stabilizing this second water molecule.  

This proposed mechanism is shown in Figure 6, where a catalytic water molecule shuttles 

a proton to a second water molecule (via the γ-phosphate), where it is stabilized by 

hydrogen bonding to the side chain of Q61.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Proposed mechanism for intrinsic GTP hydrolysis by Ras, showing Q61 
hydrogen bonding to a developing H3O+ formed from a hydrogen atom (blue) transferred 
from a catalytic water molecule.25 
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This stabilized hydronium ion creates a region of partial positive charge near the 

phosphate and in turn stabilizes the growing negative charge on the dissociative transition 

state occurring at the γ-phosphate during hydrolysis in a manner similar to the “arginine 

finger” of RasGAP.25 This mechanism has been supported by crystal structures of 

catalytically inactive Ras mutants which show either a different distribution of water near 

the γ-phosphate of GTP (Ras Q61G),23 or where this water molecule is missing altogether 

(Ras Q61L, Q61V, Q61K, and Q61I).26,27  
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Chapter 3. Materials and Methods   

 The following methods and materials were used for all of the experiments 

described in this thesis.  Protein expression and purification were optimized for proteins 

and the protocols are still used in the Webb laboratory.  Post-translational modification of 

the cysteine in order to introduce the nitrile Stark probe was adapted from the previously 

described cysteine cyanylation and optimized for RalGDS and the other Ras proteins 

used in the Webb laboratory.8,17 The protocol for binding studies was adapted from a 

guanine nucleotide dissociation (GDI) assay used for determining the dissociation 

constant of Ras and various effector molecules.28 VSE spectroscopy was achieved using a 

Fourier transform infrared spectrometer in which the changes in absorbance frequency 

were measured and correlated to the change in the local electrostatic field of the nitrile 

Stark probe. 

 

3.1 Protein Expression and Purification 

3.1.1 RalGDS and Mutants 

The 97-residue RBD of RalGDS was taken from residues 790-886.29 For clarity, 

the numbering convention of a RalGDS crystal structure, 1LFD, which indexes the 

glycine at position 797 in RalGDS as G14, was adopted.18 The residue index numbers in 

this manuscript therefore correspond to the protein databank (pdb) file 1LFD. The gene 

was synthesized and cloned into the pET-15b expression vector (Novagen) by GenScript 

(Piscataway, NJ), and the sequence was confirmed. Amino acid mutations were made 

using the Quikchange mutagenesis kit (Stratagene) with PCR primers obtained from 
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Sigma-Aldrich. The mutations C16A and C17A were used to remove both wild type 

cysteines, generating a protein construct with no cysteine residues that we refer to 

hereafter as Ralβ. Wild type and mutant plasmids were transformed into the Escherichia 

coli strain BL21(DE3) (Novagen) for protein expression. One liter cultures of sterilized 

TB media with 100 µg/mL ampicillin were inoculated with the plasmid containing E. coli 

and agitated for ∼4-5 h at 37°C. Expression of the protein was induced with the addition 

of 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG, Sigma). The temperature was 

reduced to 18°C, and the culture was agitated for 16 h. The cells were then collected by 

centrifugation; resuspended in a lysis buffer of 50 mM sodium phosphate pH=8, 300 mM 

NaCl, and 10 mM imidazole; flash frozen; and stored at -20°C until further use. 

Cells were thawed and disrupted by sonication. The lysate was centrifuged, and 

the supernatant was passed through a 10 µM filter. The clarified lysate was passed 

through a gravity column containing Ni(II)-nitrilotriacetic acid (Ni-NTA) agarose 

(Qiagen) two to four times. The column was then washed with 10 column volumes of 

lysis buffer, followed by elution of the protein with 50 mM sodium phosphate pH=8, 300 

mM NaCl, 500 mM imidazole. The protein was then exchanged into thrombin cleavage 

buffer (20 mM Tris pH=8, 150 mM NaCl, 2.5 mM CaCl2) with a fast protein liquid 

chromatography (FPLC) Hi-Prep 26/10 desalting column (GE Healthcare) flowing at 10 

mL/min, then incubated with thrombin (EMD, approximately 50 units of thrombin per 

estimated 50 mg of protein) overnight at 4°C. The cleaved protein was exchanged into 

loading buffer (50 mM Tris pH=8) with the desalting column, then loaded onto a 5 mL 

Fast Flow Q (GE Healthcare) anion exchange column at a rate of 2.4 mL/min. The 
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column was washed with 5 column volumes of loading buffer, then eluted with a gradient 

of 0-100% elution buffer (50 mM Tris pH=8, 1 M NaCl) in 12 min. The purified protein 

was then exchanged into labeling buffer (50 mM Tris pH=7.5, 100 mM NaCl), flash 

frozen, and stored at -80°C. The purity of the final cleaved product was determined by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

electrospray ionization mass spectrometry (ESI-MS). Typical yields were ∼100-250 mg 

of purified protein per liter of growth media.8 

 

3.1.2 His-Tev 

A plasmid containing a hexa-histidine-tagged tobacco etch virus protease (His  

TEV) with the mutation S219V was obtained from Addgene (Addgene plasmid 8827) in 

E. coli strain BL21(DE3)-RIL.30 Cultures grown in 1 L of TB were sterilized with 100 

µg/mL ampicillin and 30 µg/mL chloramphenicol, then agitated for ∼4 h at 37˚C, after 

which protein expression was induced by addition of IPTG to 1 mM. The temperature 

was reduced to 30 °C, and the cultures were agitated for 4 h. The cells were collected by 

centrifugation; resuspended in a buffer of 50 mM sodium phosphate pH=8, 100 mM 

NaCl, 10% glycerol, 25 mM imidazole; flash frozen; and stored at -20 °C until further 

use. To purify, the cells were thawed and disrupted through sonication. Polyethylenamine 

was added to 0.1%, and the lysate was centrifuged to pellet cell debris. The clarified 

lysate was passed through a 10 µM filter and loaded onto a 5 mL His-Trap FF column 

(GE Healthcare) at a rate of 1.2 mL/min. The column was washed until the monitored 

absorbance at 280 nm returned to baseline, then the protein was eluted with a linear 
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gradient of 0-100% 50 mM sodium phosphate pH=8, 100 mM NaCl, 10% glycerol, 200 

mM imidazole at a flow rate of 1.2 mL/min in 20 min. Ethylenediaminetetraacedic acid 

(EDTA) and dithiothreitol (DTT) were added to the purified protein to a concentration of 

1 mM each, and the solution was concentrated by centrifugation then loaded onto an S-

100 gel filtration column (GE Healthcare) previously equilibrated in 25 mM sodium 

phosphate pH=8, 200 mM NaCl, 10% glycerol, 2 mM EDTA, 10 mM DTT. The protein 

eluted in 140 mL; this aliquot was flash frozen and stored at -80°C. Typical yields were 

30-60 mg of purified protein per liter of growth media.8 

 

3.1.3 WT Ras and Mutants 

The expression vector for WT H-Ras, residues 1-166 was a generous gift from the 

Kuriyan laboratory.31 The gene was expressed in pProEX (Invitrogen) with a hexa-

histidine tag that was separated from the protein construct by a cleavage site for His-

TEV. The plasmid was transformed into the E. coli strain BL21(DE3) for recombinant 

expression. WT Ras was expressed in 1 L TB cultures according to the procedure 

described above for RalGDS. The clarified lysate was passed through a 10 µm filter, 

loaded onto a 5 mL His-Trap FF column (GE Healthcare) by FPLC at a rate of 2.4 

mL/min, then washed with 10 column volumes of lysis buffer or until the monitored 

absorbance at 280 nm returned to baseline. The protein was then eluted off the column 

with a gradient of 0-100% elution buffer (50 mM sodium phosphate pH=8, 300 mM 

NaCl, 500 mM imidazole) at a flow rate of 1.0 mL/min over 30 min. The protein was 

then exchanged into His-TEV cleavage buffer (50 mM Tris pH=8, 50 mM KCl). 
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Approximately 1 mg of His-TEV per 10 mg estimated WT Ras was added and incubated 

overnight at 4°C. Potassium chloride (350 mM) and imidazole (20 mM) were then added 

to the cleaved Ras solution, and the protein was loaded onto a second 5 mL FPLC His-

Trap FF column at a rate of 1.2 mL/min. The cleaved WT Ras protein was collected in 

the flow-through. The column was then washed with 100% elution buffer to elute any 

uncleaved His-tagged Ras, His-TEV, and the hexa-histidine tag. The protein was then 

exchanged into labeling buffer with a HiPrep 26/10 desalting column (GE Healthcare).  

The protein active site was loaded with guanosine 5′-[b,γ-imido]triphosphate 

trisodium salt hydrate (GDPNP, Sigma), a nonhydrolyzable GTP analog. The solution 

was spiked with 5 mM DTT, 4 mM EDTA, and a 3-fold excess of GDPNP and incubated 

at 4°C for 2-3 h. Ten mM MgCl2 was then added and the solution was incubated for an 

additional 30 min at 4°C. The solution was then concentrated to < 3 mL and loaded onto 

a Superdex 75 10/300 GL gel filtration column (GE Healthcare) equilibrated in labeling 

buffer. WT Ras bound to GDPNP eluted in 11-15 mL, and the purity of the final product 

was determined by SDS-PAGE and ESI-MS. The protein was then flash-frozen and 

stored at -80°C until further use. Typical yields were ∼30-50 mg of purified protein per 

liter of growth media.8 

 

3.1.4 WT Rap 

The WT Rap construct was composed of residues 1-167 of Rap1A. The gene was 

synthesized and cloned into the pET-15b expression vector (Novagen) by GenScript 

(Piscataway, NJ), and the sequence was confirmed. This vector was transformed into the 
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E. coli strain Arctic Express (DE) (Stratagene) for expression. One liter cultures of TB 

containing no antibiotics were inoculated with WT Rap and agitated for ∼4-6 h at 37°C. 

The temperature was reduced to 11°C, and protein expression was induced by the 

addition of 100 µg/mL ampicillin, 100 µg/mL gentamycin (Sigma), 1 mM IPTG, and 1 

mM DTT.  The solution was then agitated for 24 h. The cells were pelleted by 

centrifugation, resuspended in lysis buffer containing 1 mM DTT and 10% glycerol, flash 

frozen, and stored at -20°C until further use.  

WT Rap was isolated from the lysate through hexa-histidine affinity with Ni-NTA 

by the procedure described for WT Ras, with the modification that 1 mM DTT and 10% 

glycerol were added to all buffers. The His-tagged protein was eluted in buffer containing 

1 mM DTT and 10% glycerol. This was exchanged into thrombin cleavage buffer, 

thrombin was added to a concentration of ∼100 U of thrombin per 50 mg estimated 

protein, and incubated at 4°C overnight. The cleaved protein was further purified by 

anion exchange chromatography and exchanged into labeling buffer as described above 

for RalGDS and mutants.  

GDPNP was loaded into the WT Rap active site by adding 10% glycerol, 5 mM 

DTT, 4 mM EDTA, and 3-fold excess of GDPNP and incubated at 4°C for 2 h. 

Magnesium chloride was then added to 10 mM and allowed to incubate for an additional 

30 min. The solution was then concentrated to < 5 mM and loaded onto a HiLoad 16/60 

Superdex 200 gel filtration column (GE Healthcare) previously equilibrated in labeling 

buffer at a rate of 1.0 mL/min and eluted between 95 and 100 mL. Purity of the final 

product was determined by SDS-PAGE and ESI-MS. The protein was then flash-frozen 
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and stored at -80°C until further use. Typical yields were ∼10-20 mg of purified WT Rap 

per 1 L of growth media.8 

 

3.2 Introduction of the Nitrile Functional Group 

The conversion of a cysteine thiol into the thiocyanate Stark probe was achieved 

by the reaction shown in Figure 1, which has been described previously.8,17 Two molar 

equivalents of 5,5′- dithiobis(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich) were added to 

a Ralβ mutant containing one solvent-exposed cysteine residue (PSH) and incubated at 

room temperature for 2-14 h, forming the protein-bound thionitrobenzoic acid disulfide 

(PS-TNB).  The extent of the reaction was monitored by observing the formation of the 

TNB- side product by its absorption at 412 nm (ε412=13,600 M-1cm-1). After 1 equiv of 

TNB- had been generated, 100 equiv of potassium cyanide (KCN) was added to displace 

the protein-bound TNB and generate the protein thiocyanate complex PS-CN. The extent 

of reaction was again observed by absorption of the TNB- side product at 412 nm. At the 

end of the reaction, a PD-10 desalting column (GE Healthcare) was used to remove 

excess TNB- and CN- and return the labeled protein to labeling buffer. In most cases, 

ESI-MS was used to confirm the addition of 26 Da to the mass of the purified protein, 

indicating the presence of the SCN label. The SCN-labeled Ralβ mutants are denoted 

with the subscript “SCN.” 

Two Ralβ mutants, M30C and K52C, did not react with DTNB under these 

conditions, but had to be denatured in 8 M urea to expose the reactive cysteine residue. 

After exchanging into a solution of 8 M urea, 50 mM Tris pH=8, 100 mM NaCl with a 
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PD-10 desalting column, these two mutants were exposed to DTNB and KCN as 

described above. After the labeling reaction was complete, a PD-10 desalting column was 

again used to exchange the protein back into labeling buffer. This resulted in the 

simultaneous refolding of the protein, which was confirmed for Ralβ M30CSCN by gel 

filtration chromatography (Superdex 200, GE Healthcare). 

 

3.3 Dissociation Constant of SCN-Labeled Ralβ  Mutants Docking to Ras and Rap  

The docked complex of either Ras or Rap with the SCN-labeled Ralβ mutant was 

formed by incubating Ralβ-SCN with 2 molar equivalents of the desired binding partner 

(Ras or Rap) at 4°C for up to 16 h. Gel filtration chromatography (Superdex 200 

equilibrated in labeling buffer) was used to confirm the formation of the docked WT Ras- 

Ralβ G28CSCN complex at ∼30 kDa. The dissociation constant, Kd, of the interaction was 

measured using a guanine nucleotide dissociation inhibition (GDI) assay described 

before.8,32 Ras (100 nM) or Rap bound to the fluorescently labeled GTP 2′-(or 3′)-O-(N-

methylanthraniloyl)guanosine 5′-triphosphate trisodium salt (mant-GTP, Invitrogen) were 

incubated with varying concentrations of the RBD of interest (WT Ral or a SCN-labeled 

Ralβ mutant) at 37°C for 1-2 h in a 96-well unskirted PCR plate (BioRad). The 

dissociation of mant-GTP was initiated by the addition of 250 mM GDPNP, and the plate 

was quickly covered then centrifuged for 30 s to mix the reaction. Decay in the 

fluorescence of mant-GTP was monitored in a real-time qPCR system (Stratagene, 

MX3005P) set with excitation and emission wavelengths of 365 and 450 nm, 

respectively. The initial rate of this decay was taken to be the observed rate of the 
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dissociation reaction, kobs. This was fit to equation 2 to determine Kd: 

 

          
kobs = k−1 − k−1 ∗

([R0 ]+ [E0 ]+ Kd )− ([R0 ]+ [E0 ]+ Kd )
2 − 4 ∗[R0 ]∗[E0 ]

2∗[R0 ]    (Eq. 2) 

 

where R0 is the concentration of Ras or Rap, E0 is the concentration of the RBD, and k-1 is 

the rate constant for mant-GTP dissociation from Ras in the absence of the RBD.32 

 

3.4 Vibrational Spectroscopy 

Infrared spectra of the SCN-labeled Ralβ monomers and SCN-labeled Ralβ 

mutants bound to Ras or Rap were taken in labeling buffer (50 mM Tris pH=7.5, 100 

mM NaCl). Thiocyanate-labeled Ralβ mutants were concentrated by centrifugation to ∼2 

mM, and vibrational absorption spectra of the monomeric construct were collected at 

room temperature in a sample cell composed of 2 sapphire windows separated by 125-

µm-thick PETE spacers in a Bruker Vertex 70 Fourier transform infrared spectroscopy 

(FTIR). The sample cell was illuminated with light in the range of 2000-2500 cm-1 

selected by a broad bandpass filter (Spectrogon, Parsippany, NJ) placed in front of the 

instrument’s IR source. Spectra were composed of 250 scans collected with a liquid-

nitrogen-cooled indium antimonide (InSb) detector at 0.5 cm-1 resolution. Uncertainty in 

absorption energy is reported as the standard deviation of at least four measurements. To 

form the docked Ras-RBD or Rap-RBD complex, the SCN-labeled Ralβ mutants were 

incubated with 2 molar equivalents of either Ras or Rap at 4°C overnight. The solution 
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was then concentrated by centrifugation to ∼2 mM. The vibrational absorption energy of 

the thiocyanate group in the docked complex was then measured in the sample cell 

described above. The observed change in absorption energy of the thiocyanate, Δνobs, was 

then related to the change in the electrostatic environment in the vicinity of the probe 

caused by the protein-protein interaction, ΔF, through equation 1. 
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Chapter 4. VSE at the Interface of Ras and Rap Bound to RalGDS 

The systematic investigation of electrostatic fields at the interface of the RBD of 

RalGDS when bound to either Ras or Rap is described.  Mutations to cysteine were 

introduced at 11 amino acids on RalGDS that line the interface of the complex with either 

Ras or Rap.  Each cysteine was then chemically modified to thiocyanate, providing 

systematic incorporation of the nitrile probe molecule throughout the protein-protein 

interface.  Changes in the absorption energy of the thiocyanate probe in each mutant upon 

complex formation were then related directly to the change of the strength of the local 

electrostatic field in the immediate vicinity of the probe, thus forming a comprehensive 

experimentally measured map of electrostatic fields at the Ras-RalGDS and Rap-RalGDS 

interfaces.  These measurements were compared to calculations of the probe’s ensemble-

averaged solvent-accessible surface area using structures from molecular dynamics 

simulations of the thiocyanate-labeled RalGDS mutants in explicit water.  We also 

compared the infrared absorption measurements to calculations of ensemble-averaged 

electrostatic field at the thiocyanate probe using the Poisson-Boltzmann (PB) equation.  

This direct comparison of fields measured experimentally and calculated from PB is a 

preliminary assessment of the accuracy of this simple, commonly used biomolecular 

electrostatics approach.  These results are the first such experimental data of electrostatic 

fields at a protein-protein interface, and they provide insight into the physical 

mechanisms of specificity of Ras-effector interactions. 
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4.1 Introduction 

 Understanding the physical mechanisms that govern the association of two or 

more proteins into a functioning complex is a challenging problem.  Protein-protein 

interactions are caused almost exclusively by noncovalent interactions such as shape 

complementarity and electrostatic fields, and are difficult to study in quantitative detail.  

Because of the vast number of potential protein-protein interactions, there is great interest 

in developing computational models for predicting both naturally occurring protein-

protein interactions and the effect of small molecules on protein-protein interfaces.33-40 

The accuracy of these models must be verified by experimental measurements of the 

physical forces that promote a stable and functional protein-protein interface.  A growing 

database of crystal structures of two or more bound proteins has revealed wide diversity 

in the size, shape, and composition of naturally occurring protein-protein interfaces that 

cannot be explained through a simplistic charge balance or residue identity.1,3,41-51 

However, it is currently not possible to measure experimentally the electrostatic 

contributions to interface formation.  

In the work described here, the nitrile functional group was introduced into the 

RBD of RalGDS, a downstream effector of Rap.  RalGDS can also bind to the human 

oncoprotein p21Ras, a structural analog of Rap.  Ras is the canonical member of a family 

of GTP-hydrolyzing proteins that switch between a ON state when bound to GTP and a 

OFF state when bound to GDP in the regulation of signal transduction pathways.9 In the 

ON state, Ras binds to a number of downstream effectors for propagation of chemical 

signals that regulate cell division, cell survival, and apoptosis.19,52-54  Mutations to Ras are 
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found in approximately 30% of human cancer tumors;9 several of these mutations are 

known to prevent GTP hydrolysis, thus leaving the protein permanently in the ON state 

and causing uncontrolled cell growth and cancer. This central role in the formation and 

growth of human cancers has made Ras a focus of research in molecular oncology. 

Towards this end, crystallography and NMR have characterized structures of monomeric 

Ras, its effector proteins, and Ras-effector complexes.11,12,18,24,55 While proteins in the Ras 

family possess a tremendous degree of structural homology, measurement of 

thermodynamic (ΔG and Kd) parameters indicate high interactive specificity between 

Ras-like GTPases with their appropriate downstream effectors.32,56,57 For example, Ras 

and Rap have nearly identical structures and effector binding surfaces, and bind to nearly 

identical downstream effectors (RMSD of 0.7 Å for homologous residues).11,12,18,55 

Despite this, they have vastly different binding thermodynamics.32,56,57 Notably, this 

discriminatory specificity has been observed in vitro, where considerations such as the 

regulation of gene expression or posttranslational effects on cellular trafficking and 

location are of no concern.  Raf (a downstream effector of Ras) and RalGDS both bind to 

the Switch I domain (residues 29-42) of the ON state of Ras and Rap with a RBD 

approximately 80 amino acids long that can be expressed and purified independently of 

the rest of the protein.12,58-60 Although the RBD of these two proteins has only 13% 

sequence homology,18 their tertiary structures are almost identical, seen in structures of 

the protein-protein complexes at resolutions less than 2.1 Å.11,12,18,55  The remarkable 

structural similarity of Ras and Rap in the ON state bound to different downstream 

effectors is shown in Figure 3.  These systems therefore provide an opportunity to 
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explore the contribution of electrostatic fields on interface formation in which structural 

elements are controlled for as much as possible by the similar structures of the two 

binding interfaces.   

 

4.2 Simulations 

 Simulations were performed by Dr. Daniel L. Ensign.  Dr. Ensign calculated the 

probe’s ensemble-averaged solvent-accessible surface area using structures from 

molecular dynamics simulations of the thiocyanate-labeled Ral mutants in explicit water.8 

We also compared the infrared absorption measurements to calculations of ensemble-

averaged electrostatic field at the thiocyanate probe using the Poisson-Boltzmann (PB) 

equation.  This direct comparison of fields measured experimentally and calculated from 

PB is a preliminary assessment of the accuracy of this simple, commonly used 

biomolecular electrostatics approach.  The formation of any noncovalent protein-protein 

interface is the result of a subtle interplay between structural effects based on molecular 

shape and electrostatic effects caused by solvation, residue identity, interfacial surface 

area, the presence of structural waters, and charge balance.   

 

4.3 Vibrational Spectroscopy of SCN-Labeled Ralβ  Monomers 

Vibrational absorption spectra of the SCN probe molecule were collected on 

SCN-labeled Ralβ mutants in labeling buffer, then again after incubating this protein with 

WT Ras or WT Rap.  Representative examples of these absorption spectra are shown in 

Figure 7.   
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Figure 7.  Normalized absorbance of thiocyanate on Ralβ G28CSCN measured in labeling 
buffer (black, νobs = 2159.8 ± 0.1), then in the presence of a slight molar excess of WT 
Ras (blue, νobs = 2161.6 ± 0.2) or WT Rap (red, νobs = 2162.0 ± 0.2). 

 

Because the protein-protein interface involves approximately a dozen amino acids 

contributed from both proteins, the complete experiment encompasses the data 

accumulated from moving the thiocyanate probe systematically throughout the interface, 

which in this case requires moving the probe along the Ralβ protein surface.  These 

results are summarized in Figure 8 and tabulated in Table 1.   
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Figure 8.  Absorption energy of the nitrile probe on 11 SCN-labeled mutants of Ralβ 
(indicated on the x-axis).  Data were collected in solutions of 2 mM SCN-labeled Ralβ 
mutant in labeling buffer at room temperature.  Error bars represent one standard 
deviation of multiple experiments, and dashed lines are added to guide the eye. 
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Table 1. Measured SCN vibrational frequencies (νobs ) and full width at half maximum 
(FWHM) of SCN-labeled Ralβ mutants in labeling buffer; the observed changes to these 
quantities (Δνobs  and Δ(FWHM)) upon docking each mutant to WT Ras and WT Rap; ΔF 
obtained from equation 1.  Reported errors are one standard deviation of multiple 
experiments.  aDocked complex did not form.  

      WT Ras WT Rap 
 Ralβ νobs  FWHM Δνobs  ΔF Δ(FWHM) Δνobs  ΔF Δ(FWHM) 
Mutation (cm-1) (cm-1) (cm-1) (MV/cm) (cm-1) (cm-1) (MV/cm) (cm-1) 
I18CSCN 2163.1 (0.3) 12.1 (0.5) -0.8 1.1 0.3 -0.9 1.3 -2.1 
R20CSCN 2163.1 (0.2) 12.5 (0.9) -0.9 1.3 -2.3 -1.5 2.1 -2.1 
N27CSCN 2161.7 (0.3) 12.0 (0.8) 1.8 -2.6 -0.9 0.8 -1.1 -0.5 
G28CSCN 2159.8 (0.1) 13.8 (0.6) 1.8 -2.6 -2.5 2.2 -3.1 -2.3 
N29CSCN 2161.5 (0.2) 12.3 (0.5) -0.1 0.1 -0.6 -0.8 1.1 -0.2 
M30CSCN 2159.6 (0.2) 12.7 (0.3) --a --a --a --a --a --a 

Y31CSCN 2161.1 (0.1) 14.1 (0.4) -0.9 1.3 -2.6 0.3 -0.4 -2.7 
K32CSCN 2159.2 (0.1) 13.4 (0.2) 1.3 -1.9 -1.6 0.9 -1.3 -2.5 
S33CSCN 2161.2 (0.1) 13.6 (0.7) 0.1 -0.1 -1.8 0.4 -0.6 -2.9 
K52CSCN 2160.5 (0.1) 12.1 (0.3) --a --a --a --a --a --a 

N54CSCN 2162.2 (0.1) 11.6 (0.4) -1.3 1.9 -0.5 -0.7 1.0 0.0 
 

Figure 8 shows the thiocyanate absorption energy for each of the 11 labeled Ralβ 

mutants.  There appear to be three distinct electrostatic environments experienced by the 

nitrile probe based on its location on the RalGDS surface.  Differences in the absorption 

energy of the nitrile vibrational probe on SCN-labeled Ralβ mutants could reflect the 

extent of the nitrile’s exposure to the protein surface, to water molecules, and to 

participation in hydrogen bonding interactions,61 since all data were collected under the 

same solvent conditions (labeling buffer). 

 Water at the surface of the protein behaves differently than bulk water because it 

is dominated by interactions with the protein rather than other water molecules.  For this 

reason, the protein and its surface hydration layer constitute a chemically, structurally, 

and electrostatically complex environment that is difficult to model accurately.5,62,63 We 
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consider two hypotheses, which attempt to explain the behavior of the absorption energy 

of the thiocyanate probe based upon its interaction with solvent.  First, we note that 

nitriles have previously been used to probe the extent of hydration of a particular amino 

acid within a folded protein, with higher energy absorptions indicating the nitrile is 

exposed to water and lower energy absorptions indicating the nitrile is in a more 

hydrophobic location caused by three-dimensional biomolecular structure and 

sequestered from water.62,63 Subsequent calculations of the nitrile absorption energy in 

water versus aprotic solvents seem to support this interpretation.4,62 Based on this 

hypothesis, the vibrational frequency of methyl thiocyanate (MeSCN), which we 

measured to be 2162.6 ± 0.1 cm-1 in labeling buffer, characterizes a completely solvent-

exposed thiocyanate.  Under this interpretation, vibrational frequencies lower than 2162.6 

cm-1 in the experiments indicate that the protein secondary or tertiary structure screens 

the side chain from full exposure to water.  This scale suggests that the residues G28CSCN, 

M30CSCN, and K32CSCN, with the lowest observed vibrational frequencies of 

approximately 2159.5 cm-1, are in the most hydrophobic environment on the Ralβ surface.  

Furthermore, the connection of higher absorption energy to more solvent exposure is 

contradicted by the observation that residues with the highest absorption energy in the 

monomeric state, I18CSCN and R20CSCN each displayed a vibrational frequency of 2163.1 

cm-1, 0.5 cm-1 higher in energy than free MeSCN in the same buffer and collected under 

the same conditions.  This hypothesis would conclude that these two residues are more 

solvent exposed than free MeSCN in buffer.63 
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 Moreover, as explained below, G28CSCN and K32CSCN demonstrated large shifts 

to higher absorption energies upon formation of the docked protein-protein complex.  

Since binding would more likely result in less solvent exposure, it is not clear that 

absorption energies lower than that of free MeSCN correspond to sequestration from 

water.  Therefore we consider a second hypothesis in which higher energy absorptions 

occur at probe locations that are dominated by interactions with the protein, while lower 

energy absorptions are due to more exposure to the solvent.  According to this 

hypothesis, the nitriles at positions G28CSCN, M20CSCN, and K32CSCN are interacting 

with more water than protein in the monomeric state, whereas all of the other residues are 

interacting predominantly with the surface of the Ralβ protein.  Upon binding, G28CSCN 

and K32CSCN become buried, and as a result, their energies increase (binding data on 

M30CSCN is not available, as described below).  To test this hypothesis, Dr. Ensign 

computed the Boltzmann-weighted solvent-exposed surface area of the cyanocysteine 

residue in each Ralβ mutant.  The relationship between SASA and measured absorption 

energy is shown in Figure 9.   
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Figure 9. Boltzmann-weighted SASA from simulations versus measured absorption 
energy for the SCN-labeled Ralβ mutants.  Horizontal lines reflect the experimental 
uncertainty shown in Figure 8.  SASA was calculated using a probe the size of a water 
molecule (1.4 Å) on the entire protein molecule; the portion of the SASA associated with 
cyanocysteine atoms is plotted.  A linear fit to all data points (dotted line) has r2 = 0.296 
and a root-mean-square deviation from the data of 22 Å2.  Fitting the mutants except 
those charged in Ralβ  (R20CSCN, K32CSCN, K52CSCN, solid line) gives a fit with r2 = 
0.647 and a root-mean-squared deviation of 15 Å2.8  
 

There appears to be a slight negative correlation between the calculated SASA 

determined from a Boltzmann-weighted ensemble of structures and measured vibrational 

energy.  The correlation is weak, with r2 =0.296, but cyanocysteines at positions K32CSCN 

and K52CSCN both appear to be outliers in this analysis.  Fitting this correlation without 

the wild-type charged residues (R20CSCN, K32CSCN, and K52CSCN) yielded a stronger 
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correlation (r2=0.647).  This fitting does not propose a mathematical relationship between 

SASA and measured absorption energy, but merely highlights the observation that 

experimentally measured thiocyanate absorption energies are subtly correlated with 

exposure to water at the protein-water interface.   

 As a further test of this second hypothesis, we measured the effect of the solvent 

pH on the absorption energy of several SCN-labeled Ralβ mutants of differing calculated 

SASA.  Cyanocysteine residues that are more exposed to the solvent should show a larger 

difference to a change in solvent pH.  To this end, G28CSCN, S33CSCN, and R20CSCN were 

exchanged into a buffer of higher pH (50 mM Tris pH = 9.2, 100 mM NaCl) and the 

thiocyanate absorption energy was measured.  R20CSCN, with a low calculated SASA, 

had no change in its absorption energy, but the mutant with the highest calculated SASA, 

G28CSCN, showed an increase in vibrational frequency of 1.8 cm-1 compared to the 

measurement at pH = 7.5.  Finally, we observed that S33CSCN was intermediate between 

these two extremes, with a change in thiocyanate frequency of +0.3 cm-1.  These data 

support the prediction from the calculated SASA that these three residues rank in order of 

solvent exposure with G28CSCN > S33CSCN > R20CSCN.   

 These two hypotheses directly contradict one another; the first hypothesis 

supposes that solvent exposure corresponds to high energy and the second supposes that 

solvent exposure corresponds to low energy.  The observation of higher energies than the 

free MeSCN, the weak negative correlation between solvent-exposed surface area and 

absorption energy consistent with preliminary solvent-dependent frequency shifts, and 

large blue shifts upon binding are more consistent with the hypothesis that solvent 
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exposure corresponds to low energy, in contrast with the conclusions of other 

experiments and supporting calculations.  However, these apparent contradictions can be 

resolved by noting the complex nature of a protein-water interface.  Here, both 

hydrophilic and hydrophobic amino acid side chains are exposed to the boundary 

between the low (protein) and high (water) dielectric media.  The nitrile moiety of the 

thiocyanate probe also is a weak hydrogen bond acceptor both by the nitrogen atom 

(parallel to the nitrile bond axis) and by the p-cloud of the triple bond between the C and 

N. The response of the nitrile vibrational probe to the electrostatic field created protein-

water interface is clearly more complex than just sequestration of the side chain from 

water, and can only be observed with high resolution measurements.  Our results indicate 

that the absorption energy of protein surface amino acid residues correlates qualitatively 

to subtle changes in solvent-exposed surface area, but the exact nature of the response to 

aqueous environment must be explored with more extensive modeling of the thiocyanate-

water interaction.   

 

4.4 VSE Spectroscopy of the Docked Protein-Protein Complex   

Thiocyanate-labeled Ralβ mutants were incubated with either WT Ras or WT 

Rap, and the absorption energy of the nitrile probe was measured and compared with the 

monomeric Ralβ protein.  Figure 7 shows a representative example of Ralβ G28CSCN 

interacting with both GTPases.  When docked to WT Ras, the absorption peak of the 

nitrile label increased in frequency by 1.8 cm-1.  This corresponds to a measured ΔF of  
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-2.6 MV/cm for the docked complex versus monomeric Ralβ G28CSCN.  When incubated 

with Rap, the thiocyanate vibrational frequency of Ralβ G28CSCN increased by 2.2 cm-1, 

indicating a change in the electrostatic field experienced by the probe of -3.1 MV/cm.  

These two values of ΔF demonstrate that the thiocyanate probe experiences a slightly 

different electrostatic field when it is immersed in the Ras interface as compared to the 

Rap interface.  Figure 7 also shows that the full width at half maximum (FWHM) of the 

thiocyanate frequency decreased upon docking with both species, shrinking by 2.5 cm-1 

and 2.3 cm-1 for docking with Ras and Rap, respectively, compared to the solvent-

exposed monomeric structure. 

Interpretation of all VSE spectra presented here depends on the Ras-effector 

interface forming without any substantial deviations from the Ras-RalGDS crystal 

structure shown in Figure 4.   Formation of the interface may be perturbed by the 

extensive mutation required to make the SCN-labeled Ralβ mutants: mutation to alanine 

of the wild-type cysteine residues at positions 16 and 17 and introduction of the 

thiocyanate functional group at the protein-protein interface.  The formation of the 

docked complex was verified by gel filtration chromatography and Kd measurements.  

The SCN-labeled Ralβ mutants G28CSCN and N54CSCN as well as WT RalGDS were 

incubated with either WT Ras or WT Rap.  Gel filtration chromatography of this solution 

resulted in the clear elution of the docked complex at approximately 30 kDa, consistent 

with the docked complex.  Table 2 summarizes Kd measurements of labeled Ralβ mutants 

and RalGDS binding to WT Ras and WT Rap.   
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Table 2.  Binding kinetics of WT Ral and SCN-labeled Ralβ mutants docked to WT Ras 
and WT Rap.  Kd values were obtained by fitting the kobs from the GDI assay to equation 
2.  Errors represent one standard deviation from multiple experiments.   

Ralβ WT Ras WT Rap 
Mutation (µM) (µM) 

WT 2.7 (0.2) 0.18 (0.01) 
I18CSCN 3.5 (0.5) 0.13 (0.01) 
R20CSCN 3.9 (0.1) 0.23 (0.02) 
N27CSCN 0.72 (0.03) 0.12 (0.02) 
G28CSCN 2.6 (0.6) 0.16 (0.02) 
N29CSCN 3.2 (0.4) 0.24 (0.02) 
Y31CSCN 3.4 (0.3) 0.27 (0.03) 
K32CSCN 0.75 (0.04) 0.14 (0.02) 
S33CSCN 1.4 (0.3) 0.23 (0.02) 
N54CSCN 2.1 (0.1) 0.25 (0.02) 

 

The WT Ras-WT RalGDS complex formed with a Kd of 2.7 ± 0.2 mM, while the 

WT Ras-Ralβ-SCN complexes displayed Kd ranging from 0.75 to 3.9 mM.  The WT Rap-

WT RalGDS complex formed with Kd = 0.18 ± 0.01 mM, while the SCN-labeled Ralβ 

mutants docked to WT Rap with Kd ranging from 0.12 to 0.27 mM.  Indeed several SCN-

labeled Ralβ mutants exhibited a lower Kd than the wild-type complex.  Based on these 

results, we conclude that mutation and thiocyanate probe incorporation do not interfere 

with the formation of the docked complex. 

Furthermore, the full width at half-maximum (FWHM) of the thiocyanate 

absorbance frequency (listed in Table 1) usually decreased on binding, sometimes by as 

much as 3 cm-1.  This indicates that the thiocyanate probe has been confined to a more 

compact environment where it experiences less conformational flexibility on the 

cyanocysteine side chain.  Taken together, the gel filtration, the kinetic evidence, and the 

spectroscopic line widths verify formation of the docked complex. Formation of a binary 
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docked complex between SCN-labeled Ralβ mutants and WT Ras or WT Rap led to a 

change in electrostatic environment near the probe molecule relative to the solvent-

exposed condition.  Changes in the nitrile absorption energy (Δνobs ) due to binding are 

summarized in Figure 10 and Table 1 (Δνobs=0 represents no change from the 

thiocyanate absorption energy in labeling buffer shown in Figure 8).   

 

Figure 10.  Change in absorption energy, Δνobs , of a nitrile probe on SCN-labeled Ralβ 
mutants when bound to WT Ras (black) or WT Rap (gray), where Δνobs=0 represents no 
change from the thiocyanate absorption energy in labeling buffer reported in Figure 8.   

 

These shifts are related to electrostatic field through the known value of the Stark 

tuning rate, ΔµSCN, of 0.7 cm-1/(MV/cm); the calculated ΔF are reported in Table 1.  

Docking experiments for the mutants Ralβ M30CSCN and Ralβ K52CSCN have not yet 
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been successful; extensive precipitation is observed when the labeled Ralβ mutant is 

incubated with Ras or Rap under these conditions. 

 The complex nature of electrostatic fields upon forming the docked Ras-Ralβ or 

Rap-Ralβ complex is revealed in Figure 10.  In locations where the nitrile probe 

experiences a negative change in absorption energy (and thus positive ΔF), the magnitude 

of the energy shift is usually small (< 1 cm-1), such as seen with Ralβ I18CSCN, R20CSCN, 

N29CSCN, and N54CSCN.  However, for N27CSCN, G28CSCN, and K32CSCN, the shift in 

absorption energy is always to higher energy and large, up to 2.2 cm-1 for Ralβ G28CSCN 

binding to WT Rap.  This represents a large negative ΔF (up to -3.1 MV/cm for Ralβ 

G28CSCN binding to WT Rap) that the thiocyanate experiences upon being moved from 

the largely solvent-exposed surface to the docked interface.  These large shifts may 

indicate regions of the interface near N27, G28, and K32 that are important for protein 

recognition. 

 A central problem in the formation of any protein-protein interface is how a 

protein distinguishes an appropriate downstream effector from other biomolecules 

encountered in the crowded environment of the cellular milieu.  Because of the structural 

similarity of Ras and Rap (Figure 3), and the structural similarity of the docked protein-

protein complexes, it is plausible that Ras and Rap share a basic functional mechanism in 

the manner by which they recognize their effectors at Switch I.9 Five of the nine SCN-

labeled Ralβ mutants that we have been docked to WT Ras and WT Rap (I18CSCN, 

R20CSCN, G28CSCN, K32CSCN, and S33CSCN) display similar changes in electrostatic field 

when bound to both GTPases.  Two of these residues, R20 and K32, are known to be 
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conserved across all Ras binding domains.18,64 (Unfortunately, we have not yet been able 

to measure changes in electrostatic field at K52, another conserved residue, upon 

formation of the docked complexes.)  The similar electrostatic environment experienced 

by R20 and K32 in the docked complex is evidence that these residues are key to 

recognition by the Switch I region of Ras-like GTPases.  
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Chapter 5. Carcinogenic Mutations of Ras Glutamine 61 

In the previous work describing 11 thiocyanate probe locations on the surface of 

Ralβ, a significant difference in absorption energy of the vibrational probe based on its 

position on the surface of the monomeric, undocked protein was measured.8 Using 

molecular dynamics sampling, we generated a Boltzmann-weighted ensemble of 

structures of each SCN-labeled Ralβ mutant, and measured the total SASA of each 

thiocyanate probe.  It was determined that the absorption energy increased as the SASA 

decreased, i.e. as the probe was exposed to less water.8 This was interpreted as a Stark 

shift caused by the relative exposure of each probe to the electrostatic field generated at 

the protein-water interface which differed based on the exposure of a probe at each 

location to water.  By correlating the change in absorption energy of the thiocyanate 

probe at Ralβ I18CSCN caused by mutations to Ras glutamine 61 with two measures of 

water affinity, polar SASA and hydration potential of the side chain at position 61, we 

observed that the thiocyanate probe responds in a predictable way to the local 

electrostatic environment working to stabilize or destabilize the presence of water. 

 

5.1 Introduction 

In recent years, attention has turned to determining the intrinsic mechanism of 

GTP hydrolysis performed by Ras in the absence of binding to RasGAP.25 This is 

critically important because the dissociation constant of the Ras-Raf complex (3.5 nM)25 

is considerably lower than that of Ras-RasGAP (1 – 100 µM),65 and any therapeutic 
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strategy targeted at mutated, carcinogenic versions of Ras will most commonly encounter 

the Ras in a state in which it is docked with the downstream effector, not RasGAP.  In 

both intrinsic and induced GTP hydrolysis, it is known that a water molecule acts as a 

general base to attack the γ-phosphate of GTP.  It has been hypothesized that in the 

intrinsic mechanism of GTP hydrolysis, this function is carried out by a second 

appropriately placed water molecule in the active site, and that Q61 serves a necessary 

function in stabilizing this second water molecule.  This proposed mechanism is shown in 

Figure 6, where a catalytic water molecule shuttles a proton to a second water molecule 

(via the γ-phosphate) and is stabilized by hydrogen bonding to the side chain of Q61.  

This stabilized hydronium ion creates a region of partial positive charge near the 

phosphate and inn turn, stabilizes the growing negative charge on the dissociative 

transition state occurring at the γ-phosphate during hydrolysis. The positive charge would 

be stabilized to some degree by any polar component of any side chain, except perhaps 

the positively charged Lys and Arg residues.  These positively charged residues, 

however, may be able to fill this stabilization role themselves.  Direct measurement of 

this interaction in solution would further develop our understanding of the mechanisms of 

both intrinsic and induced GTP hydrolysis and allow the development of hypotheses for 

how the rate of these mechanisms could be altered by the introduction of outside 

chemical inputs.  This capability could guide the development of drug candidates that 

could enhance the rate of hydrolysis in carcinogenic mutants of Ras by focusing on the 

Q61 side chain or Ras-effector interface.  Here, the necessary step in investigating this 
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proposed mechanism involves systematic study of how the side chain at Ras Q61X 

interacts noncovalently with water. 

 

5.2 Selection of VSE Probe Location on the RBD of Ral 

Although no crystal structure of the docked mutant Ras-RalGDS complex is 

available, the similarity in structure and binding thermodynamics of the Q61G mutant 

with WT Ras is circumstantial evidence that the structures of the mutant Ras-Raf 

complexes are similar to the WT protein.23 Based on this, we made the assumption that 

that structures of the mutant Ras-RalGDS complexes were also similar to the WT 

structures observed in the crystal structure 1LFD.18 A careful examination of this 

structure suggested that nitrile VSE probes inserted into the binding interface of the Ras-

RalGDS docked complex could be used as a tool for placing electrostatic probes as close 

as possible to the functional areas of carcinogenic Ras Q61X mutants without introducing 

any structural or chemical changes to those regions, thereby allowing us to measure the 

electrostatic effects of mutations at position 61 from the perspective of the interface 

formed between Ras and its downstream effector.  When Ras is docked with RalGDS, 

Ras Q61 is approximately 15 Å away from the Ral I18 (measured from the Cα carbons, 

Figure 5).  We hypothesized that this isoleucine would be an ideal position for placing the 

VSE spectroscopic probe for investigation electrostatic effects of mutations at Ras Q61.   
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5.3 Formation of the Mutant Ras Q61X-Ralβ  I18CSCN Docked Complex 

It was previously shown that the dissociation constant of the docked Ras-RalGDS 

complex is not altered by the introduction of the thiocyanate probe through chemical 

labeling of Ralβ I18CSCN; the dissociation constant, Kd, between WT Ras and Ralβ 

I18CSCN (2.6 ± 0.2 µM) does not differ significantly from the complex formed with WT 

Ral (2.7 ± 0.2 µM).8 This was confirmed in the current study by gel filtration studies in 

which Ralβ I18CSCN formed a docked complex at ~31 kDa with both WT Ras and several 

Ras Q61X mutants.  Measurements of Kd of Ralβ I18CSCN with 17 mutants of Ras Q61X 

are shown in Table 3.66   

 

Table 3.  Binding kinetics of Ralβ I18CSCN docked to WT Ras and Ras Q61X mutants.  
Error is reported as one standard deviation of multiple experiments. 

Ras Q61X Kd 
Mutation (µM) 

WT 2.6 ± 0.2 
Q61A 18.8 ± 0.7 
Q61D 13.0 ± 0.6 
Q61E 11.7 ± 0.4 
Q61F 36.2 ± 0.8 
Q61G 8.8 ± 0.3 
Q61H 22.2 ± 0.2 
Q61I 7.0 ± 0.6 
Q61K 4.1 ± 0.7 
Q61L 2.4 ± 0.3 
Q61M 7.8 ± 0.3 
Q61N 2.6 ± 0.2 
Q61R 15.9 ± 0.7 
Q61S 20.4 ± 0.9 
Q61T 28.1 ± 0.7 
Q61V 5.9 ± 0.9 
Q61W 39.6 ± 1.0 
Q61Y 31.7 ± 0.8 
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 Several of these mutations do indeed effect protein-protein docking interaction, 

with mutations to Phe, His, Ser, Thr, Trp, and Tyr causing an increase in the rate of 

protein-protein association by as much as a factor of ~10, to between 20 – 36 µM.  

However, none of these mutations are associated with a particularly large increase in the 

FWHM of the absorption spectrum of the docked complex relative to WT Ras (see Table 

4).  A significantly larger FWHM has been qualitatively associated with more extensive 

conformational freedom of the SCN, which could be caused by slow or unstable binding 

of the nitrile-containing protein to form the interface of interest.52 The relatively constant 

FWHM is not surprising, given that under the conditions the IR spectra were collected, 

even with a dissociation constant of 10 µM, at least 90% of the sample will be in the 

docked configuration, assuming simple steady-state kinetics.  These data therefore 

demonstrate that there is no significant disruption in the Ras Q61X-Ralβ I18CSCN 

interface caused by the mutations and thiocyanate labeling employed in this study.   

 

5.4 VSE Spectroscopy of Ras Q61X-Ralβ  I18CSCN Complexes 

Representative examples of VSE spectra of the SCN probe on Ralβ I18CSCN 

docked with both WT Ras and Ras Q61T are shown in Figure 11.   

 

 
 
 
 
 
 
 



 48 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Normalized absorbance of thiocyanate on Ralβ I18CSCN measured when 
docked with WT Ras (black, νobs = 2162.8 cm-1) and Ras Q61T (blue, νobs = 2164.7 cm-1). 
 

The absorption energies of the thiocyanate on Ralβ I18CSCN docked with each Ras 

Q61X mutant are compiled in Table 4, and demonstrate that certain amino acid 

substitutions at position 61 do indeed cause a change in absorption energy of the 
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thiocyanate probe, demonstrating a change in electrostatic environment in the vicinity of 

the thiocyanate.66   

Table 4.  Measured SCN vibrational frequencies (νobs ) of Ralβ I18CSCN docked with WT 
Ras and Ras Q61X mutants; the measured difference in absorption (Δνobs ) and field (ΔF) 
of Ras Q61X mutants versus WT Ras; measured full width at half maximum (FWHM) of 
Ralβ I18CSCN docked with WT Ras and Ras Q61X mutants and the difference (ΔFWHM) 
of Ras Q61X mutant versus WT Ras.  Error in νobs and fwhm is one standard deviation 
from multiple experiments.  Error in Δνobs  is linearly propagated error from the 
measurement of WT Ras versus Ras Q61X.  

 
νobs  Δνobs  relative to WT Ras ΔF FWHM Δ FWHM Ralβ I18CSCN Bound to: 

(cm-1)   (cm-1)  (MV/cm)  (cm-1)  (cm-1)  
WT Ras 2162.8 ± .2 0.0 0.0 12.8 ± 0.5 0.0 

Residues with some hydrophilic character 
Ras Q61D 2162.0 ± .1 -0.8 ± 0.2 1.1 13.9 ± 0.1 1.1 
Ras Q61R 2162.4 ± .1 -0.4 ± 0.2 0.6 14.6 ± 0.1 1.8 
Ras Q61N 2162.7 ± .2 -0.1 ± 0.3 0.1 13.2 ± 0.2 0.4 
Ras Q61E 2162.8 ± .2 0.0 ± 0.3 0.0 12.8 ± 0.7 0.0 
Ras Q61K 2163.1 ± .3 0.3 ± 0.3 -0.4 12.8 ± 0.3 0.0 
Ras Q61Y 2163.5 ± .1 0.7 ± 0.2 -1.0 13.9 ± 0.2 1.1 
Ras Q61H 2163.8 ± .2 1.0 ± 0.3 -1.4 13.6 ± 0.4 0.8 
Ras Q61W 2164.1 ± .2 1.3 ± 0.3 -1.9 13.7 ± 0.2 0.9 
Ras Q61S 2164.4 ± .1 1.6 ± 0.2 -2.3 13.4 ± 0.3 0.6 
Ras Q61T 2164.7 ± .2 1.9 ± 0.3 -2.7 12.4 ± 0.3 -0.4 

Residues with no hydrophilic character 
Ras Q61A 2162.0 ± .2 -0.8 ± 0.3 1.1 13.4 ± 0.4 0.6 
Ras Q61M 2162.6 ± .1 -0.2 ± 0.2 0.3 13.6 ± 0.1 0.8 
Ras Q61F 2163.0 ± .2 0.2 ± 0.3 -0.3 13.6 ± 0.2 0.8 
Ras Q61G 2163.1 ± .1 0.3 ± 0.2 -0.4 13.8 ± 0.6 1.0 
Ras Q61L 2163.2 ± .2 0.4 ± 0.3 -0.6 12.0 ± 0.6 -0.8 
Ras Q61V 2163.9 ± .0 1.1 ± 0.2 -1.6 14.2 ± 0.2 1.4 
Ras Q61I 2164.0 ± .2 1.2 ± 0.3 -1.7 13.1 ± 0.1 0.3 

  

These data was used for hypothesis testing the influence that various side chain 

characteristics might have on the change in electrostatic environment experienced by the 

probe.  We first tested the correlation between the absorption energy of the thiocyanate 
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probe of each Ras Q61X mutant relative to WT and the measured Kd of the docking 

interaction, but found only a weak correlation between the two (r = 0.34, data not 

shown).  Below, we reexamine this finding in light of the effects of side chain polarity on 

the observed interaction. 

 Because we are interested in determining the extent of the ability of side chain 

mutations at position 61 to stabilize a water molecule that could be involved in intrinsic 

GTP hydrolysis by Ras, two measurements of the affinity of the amino acid side chain for 

water: solvent accessible surface area of the polar components of the side chain and 

hydration potential were selected and carried out by Mr. David M. Walker.66 The 

calculated SASA for the entire residue (including backbone atoms), the entire side chain, 

and only the polar components of the amino acid are shown in Table 5.   
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Table 5.  Calculated SASA for 16 of the Ras Q61X mutations from the Boltzmann 
weighted torsional distributions. “Entire residue” includes all of the atoms in the 
calculations, “side chain” only includes atoms from the side chain, and “polar atoms” are 
nitrogens, oxygens, and any hydrogens bonded to them.  Error is reported as one standard 
deviation from the SASA calculation preformed on the 16 structures of the Boltzmann-
weighted ensemble. 
 

Entire residue  Side Chain All Polar 
Atoms 

Side Chain Polar 
Atoms Ralβ I18CSCN Bound to: 

(Å2)   (Å2)  (Å2)  (Å2)  
WT Ras 250 ± 10 179 ± 7 230 ± 17 114 ± 4 

Residues with some hydrophilic character 
Ras Q61D 216 ± 7 150 ± 6 200 ± 12 110 ± 4 
Ras Q61R 290 ± 11 226 ± 8 144 ± 6 144 ± 6 
Ras Q61N 222 ± 9 154 ± 6 210 ± 20 114 ± 4 
Ras Q61E 242 ± 9 175 ± 6 230 ± 10 109 ± 5 
Ras Q61K 260 ± 10 198 ± 8 202 ± 7 82 ± 2 
Ras Q61Y 290 ± 10 230 ± 10 198 ± 4 77 ± 1 
Ras Q61H 260 ± 10 191 ± 8 220 ± 20 114 ± 5 
Ras Q61W 330 ± 20 270 ± 20 198 ± 7 80 ± 1 
Ras Q61S 187 ± 6 118 ± 4 166 ± 8 77 ± 1 

Ras Q61T 209 ± 7 145 ± 5 162 ± 7 77 ± 1 
Residues with no hydrophilic character 

Ras Q61M 261 ± 10 194 ± 5 121 ± 3 0 ± 0 
Ras Q61F 280 ± 10 220 ± 10 122 ± 3 0 ± 0 
Ras Q61L 244 ± 9 182 ± 5 121 ± 3 0 ± 0 
Ras Q61V 220 ± 7 159 ± 5 121 ± 3 0 ± 0 
Ras Q61I 242 ± 8 183 ± 6 121 ± 3 0 ± 0 

 

These values of SASA were determined by assembling a Boltzmann-weighted ensemble 

of structures of each Ras Q61X mutant docked with Ralβ I18CSCN, and thus on a sample 

that specifically took into account any steric occlusion of water molecules around 

position 61 from nearby amino acid residues on either Ras or Ralβ I18CSCN.  We 

compared these calculated values of polar SASA to those previously reported by Wimley 

et al., calculated on peptides AcWL-X-LL and AcGG-X-GG (where X was each amino 

acid),17 and found a correlation between the two values of r = 0.84.  We report the values 
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of SASA determined from our Boltzmann-weighted ensemble of Ras Q61X-Ralβ 

I18CSCN structures because they most accurately reflect the exact structural realities of 

this system.  These data are therefore an appropriate estimate of the extent to which the 

polar, hydrophilic component of each residue interacts with water. 

 In Figure 11, the polar SASA of each amino acid side chain are compared to the 

thiocyanate absorption energies, νobs , of Ras Q61X mutants docked with Ralβ I18CSCN. 

Although we did not simulate Ras Q61A or Q61G, they are included in the figure 

because they have no polar atoms in their side chain, and thus the polar SASA are 0 Å2.   
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Figure 12. Solvent-accessible surface area of polar side chain components compiled from 
molecular dynamics trajectories of Ras Q61X mutants versus the measured νobs  of Ralβ 
I18CSCN docked Ras Q61X mutants.  Circles: hydrophilic residues; triangles: hydrophobic 
residues.  The correlation for hydrophilic residues is r = 0.72.  Error bars on νobs  
represent one standard deviation from multiple measurements.  Error bars on SASA 
measurements represent one standard deviation of a Boltzmann-weighted ensemble of 18 
ns of molecular dynamics trajectories for each Ras Q61X mutant.   
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The correlation between polar SASA and observed vibrational frequency in Figure 12 

was found to be r = 0.72 if the seven residues with no polar surface area (Ala, Met, Phe, 

Gly, Leu, Val, and Ile) were excluded.  This high correlation suggests that changes in the 

electrostatic environment of the probe can be related directly to the total polarity of the 

residue at position 61 of Ras through the ability of that residue to interact with water.  

The negative slope of the correlation implies that absorption energy of the probe 

increases as the side chain’s affinity towards water decreases, thus potentially reducing 

the number of waters in the immediate vicinity of the thiocyanate probe.  The effect is not 

simply steric; a plot of the total side chain SASA versus the observed vibrational 

absorption energy was essentially random, with r = 0.1 (data not shown).  

Although there was only a weak correlation between the measured dissociation 

constant of the Ras Q61X-Ralβ I18CSCN complex (r = 0.34, discussed above), four of the 

six residues that cause the largest increase in Kd  (Ser, Thr, Trp, and Tyr, and excluding 

His and Phe) constitute the four smallest polar surface areas; These in turn were strongly 

correlated to the measured change in absorption energy.  This indicates that the broad 

range of observed absorption energy in complexes with a nonpolar residue at Ras 

position 61 may be caused by differences in docking between Ras Q61X and Ralβ 

I18CSCN.  This in turn would cause changing in the electrostatic environment experienced 

by this probe that is a convolution of the effect we are trying to measure with other 

considerations.  This effect would likely not be observed in an 18 ns MD trajectory 

designed to assemble a Boltzmann-weighted ensemble of rotomers of Ras Q61X; 

however we were able to test for significant local backbone and side chain motions at 
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position 61.  As discussed extensively below, except for a small increase in backbone 

rmsd of the region containing residue 61 for nonpolar residues compared to polar 

residues, no large or systematic structural changes were observed for these mutant 

complexes.  Other simulations and experiments will be needed to determine the cause of 

the systematic effect of nonpolar residues on our observed vibrational absorption energy. 

To confirm that we are observing an effect of water near the thiocyanate probe, 

we tested our measured vibrational absorption energy data against a second measurement 

of the ability to interact with water, the side chain’s hydration potential.  This quantifies 

the free energy of transfer of the side chain from the vapor phase to buffered water and is 

another common measurement of affinity for interactions with water.  In Figure 13, we 

compare the hydration potentials, tabulated at pH = 7 by Wolfenden, et al.,67 to our 

measured νobs for each Ras Q61X mutation.  As in Figure 12, we have divided the data 

into mutants composed of polar versus nonpolar residues.   
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Figure 13.  Hydration potential for amino acid side chains compiled from Ref. 91 versus 
measured νobs  of Ralβ I18CSCN docked with Ras Q61X mutants.  Circles: hydrophilic 
residues, r = 0.72 (solid line); triangles: hydrophobic residues, r = 0.34 (dashed line).  
Error bars on νobs  represent one standard deviation from multiple measurements.   
 

When considering polar residues, there is a strong correlation between hydration potential 

and absorption energy of r = 0.72 (Arg is again an outlier, and if this is excluded from the 

least squares fit, r = 0.86).  When only the nonpolar residues are considered, there is a 

much smaller correlation between the hydration potential and vibrational absorption 
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energy, r = 0.34.  This is largely because the hydration potential of these residues only 

varies over a range of < 4 kcal/mol, whereas the polar residues vary over a larger range, 

approximately 15 kcal/mol.  For both polar and nonpolar residues, the absorption energy 

increases with increasing hydration potential, i.e. increasingly unfavorable interactions 

between the side chain and water.  Thus, although the slopes of the correlations in 

Figures 12 and 13 are different, in both cases the absorption energy of the thiocyanate 

probe increases as the ability of the side chain at position 61 to interact favorably with 

water decreases. 

  

5.5 Implications for the Mechanism of Intrinsic GTP Hydrolysis   

The role of Q61in stabilizing a complex steric and electrostatic environment has 

previously been studied by Shurki, et al.,10 who found that the structure of glutamine at 

that position was essential for preserving catalytic activity of induced GTP hydrolysis in 

the Ras-RasGAP complex.  This study highlighted two key features of Q61, which have 

been confirmed by the experiments reported here.  First, the structural differences 

between Ras in an unbound, monomeric state and in the docked Ras-RasGAP complex 

are particularly large for residues 57-61.  Buhrman, et al.25 have confirmed that any study 

of intrinsic GTP hydrolysis by Ras can only be properly studied when this region of the 

protein is in an ordered, catalytic configuration, such as when docked with a downstream 

effector protein that organizes this region.  Thus, the downstream effector Ralβ I18CSCN 

used here to position the VSE probe close to Ras Q61 is also responsible for structurally 

organizing the active site into the catalytically relevant position.  When a recent crystal 
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structure of this ordered region (pdb code 3K8Y)25 is compared to the structure of Ras 

docked with the RBD of WT Ral (1LFD),18 the backbone rmsd is 0.31 Å, while the 

backbone rmsd of residues 57-70 is 0.33 Å, demonstrating that docking with the Ral 

downstream effector creates the catalytically ordered site.25 Second, Shurki and co-

workers highlighted the structural importance of Q61 in promoting catalysis.10 It is 

interesting that the only mutated residue at position 61 that produced no change in the 

absorption energy of the SCN probe was glutamate (Table 4), which although it is 

charged, is similar structurally to glutamine and has similar polar and nonpolar surface 

areas (Table 5).68  

 Furthermore, it has been proposed that useful information on how substitutions at 

Q61 effect the mechanism of hydrolysis comes from the complex bound to a downstream 

effector such as Ral or Raf, in which the catalytic structure of Q61 is stabilized.26 A 

systematic study of the effect of mutations at this site on the rate of GTP hydrolysis while 

bound to the SCN-containing downstream effector will allow this chemical behavior to 

be correlated to the electrostatic environment of any stabilizing versus destabilizing 

mutation at position 61 and the possibility that the enzyme may be able to accommodate 

some changes in polarity and still function.  Preparations are underway in our laboratory 

to connect the measurement of local electrostatic field based on each Q61X mutation to 

overall catalytic function of the protein by monitoring the rate of GTP hydrolysis, Kcat.69-72 

An early qualitative study of the mechanism of hydrolysis by Ras found that most 

mutations of Q61 result in approximately 10-fold lower rates of GTP hydrolysis, 

although no exact rate constants were measured.73  Specific hydrolysis rate constants for 
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several mutations of Q61 have been measured, and have shown that Q61L, Q61I, and 

Q61K all result in slower GTP hydrolysis, while Q61E has actually been observed to 

increase GTP hydrolysis.26,69  That the charged lysine and hydrophobic leucine and 

isoleucine all cause a decrease in the rate of GTP hydrolysis demonstrates that the 

influence on GTP hydrolysis is more subtle than just the presence or absence of charge at 

that position. We believe that systematic examination of the VSE, Kd, and Kcat data of 

each Q61X mutant, particularly the residues Arg, Asp, and Asn, which have the greatest 

polar surface area, will lead to a greater and deeper understanding of this complex 

system.  

 

5.6 Relevance of the Ras-Ral Interface in Studying GTP Hydrolysis   

Measuring the electrostatic effects of mutations at Ras Q61 with an SCN probe in 

the Ras-RalGDS docked configuration is relevant to understanding the carcinogenic state 

of Ras for two reasons.  First, as discussed above, the structural configuration of the 

active site that leads to productive hydrolysis in WT Ras can be induced by docking with 

the downstream effector Raf, which we have assumed also extends to RalGDS.  Shurki 

and co-workers10 have meticulously described the importance of this structural 

configuration for any fundamental understanding of intrinsic GTP hydrolysis by Ras.  

This configuration, conveniently, is induced by docking to the downstream effector.25 

The experiments described here confirm the importance of this residue in interacting with 

water near and in the active site, as suggested by previous crystallographic data, but using 

a technique which can be applied to measuring directly the magnitude of the electrostatic 
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field caused by changes in the composition of the protein at this site.  These data thus 

provide entirely new physical insight that, when combined with high resolution crystal 

structures and rate measurements, will lead to more profound understanding of the 

function of carcinogenic mutants of Ras. 

 Second, and most importantly, because the dissociation constant of the Ras-Raf 

complex (3.5 nM)25 is significantly lower than that of Ras-RasGAP (1 – 100 µM),65 any 

drug candidate that increases GTP hydrolysis by targeting the Ras protein-protein 

interface must be interacting with Ras-downstream effector, because that is the state that 

will most frequently be encountered by any drug molecule.  The purpose of the 

experiments described here, therefore, is not simply to report on electrostatic effects 

encountered by a SCN probe on the downstream effector caused by Ras Q61X mutants, 

but to lay the groundwork for further studies in which the effect of small molecules that 

interact with the Ras-effector interface and alter the rate of intrinsic Ras hydrolysis can be 

studied directly. 

Measuring the electrostatic effects of mutations at Ras Q61 with an SCN probe in 

the Ras-RalGDS docked configuration is relevant to understanding the carcinogenic state 

of Ras for two reasons.  First, as discussed above, the structural configuration of the 

active site that leads to productive hydrolysis in WT Ras can be induced by docking with 

the downstream effector Raf, which we have assumed also extends to RalGDS.  Shurki 

and co-workers have meticulously described the importance of this structural 

configuration for any fundamental understanding of intrinsic GTP hydrolysis by Ras.  

Docking to the downstream effector induces this configuration. The experiments 



 61 

described here confirm the importance of this residue in interacting with water near and 

in the active site, as suggested by previous crystallographic data, but using a technique 

which can be applied to measuring directly the magnitude of the electrostatic field caused 

by changes in the composition of the protein at this site.  These data thus provide entirely 

new physical insight that, when combined with high resolution crystal structures and rate 

measurements, will lead to more profound understanding of the function of carcinogenic 

mutants of Ras.  
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Chapter 6. Water-Protein Interactions at the RBD of RalGDS 

Contributions due to solvent interactions at the interface of the Ras binding 

domain (RBD) of the protein Ral guanine nucleotide dissociation stimulator (RalGDS) 

were investigated via vibrational Stark effect (VSE) spectroscopy.  Nine of the eleven 

residues on the functional interface of RalGDS that had previously been characterized in 

labeling buffer were chemically modified via cysteine cyanylation to introduce a Stark 

probe in the form of the thiocyanate (SCN) functional group.  Changes to the nature of 

the aqueous environment, including varying the pH and altering the salt, were made post-

labeling and the samples were analyzed via Fourier transform infrared (FTIR) 

spectroscopy.  The measured SCN absorption energy of the SCN-labeled RalGDS in the 

monomeric form was compared to vibrational frequency of methyl thiocyanate (MeSCN) 

as a means to calibrate the various aqueous solvents.  Changes in the observed vibrational 

frequency of the SCN-labeled RalGDS were related to calculated solvent accessible 

surface area (SASA) of the cyanocysteine.  These results indicate that the SCN-labeled 

RalGDS monomer is subject to fluctuations in the observed vibrational frequency due to 

changes in the aqueous environment, as the solvent exposed surface area of SCN-labeled 

RalGDS is perturbed by changes in solvent-protein interactions. These results reiterate 

the findings in which the SASA was negatively correlated with the observed absorption 

energy. However, there is not a general trend correlating the change in the composition of 

the buffering system and the magnitude and direction of the frequency shift.  The SCN-

labeled RalGDS was also incubated with WT Ras.  Binding of SCN-labeled RalGDS to 

WT Ras in various aqueous environment was then compared to the respective docked 
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Ras:RalGDS in the original labeling buffer. The observed vibrational frequency of the 

thiocyanate in the docked complex was within standard deviation of the other docked 

complexes, indicating that solvent is excluded from the functional protein-protein 

interface.  

 

6.1 Introduction 

Until recently, electrostatic fields in proteins could only be experimentally 

determined via indirect methods.  A common method for measuring electrostatic forces 

in proteins has been through the analysis of pKa shifts.74 Estimating pKa shifts involves 

titrating exchangeable hydrogens on and off the protein, where changes in the NMR 

spectrum are used to determine the pKa of each position of interest.  Measurements of the 

local electrostatic field are estimated when there are deviations from the ideal pKa.  

However, these interpreted pKa shifts are not only the product of differences in 

electrostatic fields, but also solvent accessibility of the residues under investigation.  This 

technique relies on solvent-protein interactions to estimate pKa shifts. However, the exact 

nature of the response of the water-protein interaction due to modifications to the 

aqueous environment is unclear.  Thus, the analysis of varying the nature of the aqueous 

environment is required to fully understand the complexity of local electrostatic forces in 

order to determine if the change in local electrostatic fields at the protein-protein 

interface is due to solvent-protein interactions. 

Previous analysis of SCN-labeled RalGDS mutants in labeling buffer (50 mM 

Tris pH=7.5, 100 mM NaCl) suggested that there were three distinct environments that 
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were being experienced by the residues on the interface of the RBD. Figures 8 and 9 

illustrate the three different environments of the mutants as well as the correlation of the 

calculated SASA versus the observed absorption frequency.  It was determined using 

VSE that there is a weak negative correlation between the calculated SASA, determined 

from a Boltzmann-weighted ensemble of structures and the measured wavenumber of the 

SCN-labeled monomer.8,75 The SCN-labeled Ralβ mutants with higher energy 

absorptions indicate that the thiocyanate is situated in a hydrophobic environment and 

sequestered from solvent whereas mutants with lower energy absorptions suggest that the 

thiocyanate is exposed to solvent. The analysis of fluctuations due to of the nature of the 

aqueous environment at the interface of the RBD of RalGDS will enhance our knowledge 

of the extent of hydration of a particular amino acid within a folded protein and its 

relation to electrostatic fields at that amino acid. 

The investigation of electrostatic fields at the interface of the RBD of RalGDS 

due to solvent interactions with the SCN-labeled monomer is described.  Nine of the 

eleven mutations to cysteine that had previously been characterized in labeling buffer 

were subjected to variations of the aqueous labeling buffer by either changing the pH of 

the buffer or the anion species of the salt. Ralβ-SCN mutants that required denaturation 

in a solution of high concentrations of urea and were excluded from this study in order to 

avoid structual uncertainty introduced in the unfolding and folding process.  Furthermore, 

two RalGDS SCN-labeled mutants were docked with WT Ras in order to see if the 

modifications in the aqueous environment affected the binding interaction as well as 

observed vibrational frequency.  The use of vibrational Stark effect spectroscopy as a 
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direct technique for studying the effects of changes to the aqueous environment will 

prove useful for understanding more about water-protein interactions at the functional 

interface as well as discerning the difference in solvent effects versus mutations to the 

protein.  

 

6.2 Calibration of the Aqueous Solvents with Methyl Thiocyanate 

The various aqueous solvents were calibrated using methyl thiocyanate (MeSCN) 

as it represents a completely solvent exposed thiocyanate functional group.  Calibration 

of the response of MeSCN by modifying the nature of the aqueous environment ensures 

that changes in the absorbance frequencies, and by extension ΔF, of the RalGDS SCN-

labeled mutants were due to local electrostatic environment of the residue and not 

fluctuations of the probe due to water-protein interactions.  

MeSCN was added to the labeling buffer (50 mM Tris pH 7.5, 100 mM NaCl) 

and FTIR measurements were obtained as previously described.8 The pH of the labeling 

buffer was then varied from 6.5 to 8.5 in 0.5 increments and the FTIR measurements 

were repeated.  In a separate set of buffering conditions, the anionic species of the salt 

was changed following a Hofmeister series.76 The concentrations of the salt and buffer 

remained constant throughout the experiment.  In all buffering conditions, MeSCN has an 

absorption frequency of 2162.2 cm-1 and FWHM of 10.1 cm-1 with negligible standard 

deviation. This indicates that the changes in absorbance energy of the SCN-labeled Ralβ 

mutants are due to the local environment of the probe.  
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6.3 Vibrational Spectroscopy of SCN-Labeled Ralβ  Monomers in Various Solvents 

 Vibrational absorption spectra of the SCN probe molecule were collected on the 

Ralβ mutants in labeling buffer (50 mM Tris pH 7.5, 100 mM NaCl) that had been 

prepared with a different pH or new salt. Ralβ monomers were labeled as previously 

described.8,66 The SCN-labeled Ralβ mutants were then buffer exchanged using PD-10 

desalting columns that were equilibrated in the desired buffer.  

These results are summarized in Figures 14 and 15.   
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Figure 14. Change in the thiocyanate absorption energy of the SCN-labeled Ralβ 
mutants in response to variations of the pH in the aqueous environment compared to the 
observed absorption energy of MeSCN. 
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Figure 15. Change in the thiocyanate absorption energy for each of the 9 labeled Ralβ 
mutants in aqueous solvents with various anionic species in the salt compared to the 
observed absorption energy of MeSCN. 
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Figures 14 and 15 depict the change in the vibrational frequency of the 

thiocyanate probe compared to the measured absorbance energy of MeSCN. As noted 

previously, there are three different environments that the thiocyanate probe might 

experience at the functional interface of RalGDS.8,75 One environment is completely 

solvent inaccessible and is visible in Figures 14 and 15 by the residues that experience 

little to no change in observed absorbance frequency with the change in pH.  Ralβ 

I18CSCN, R20CSCN, and N54CSCN fall into this category. For example, Ralβ I18CSCN was 

calculated to have one of the lowest SASA of the nine studied mutants yet has the highest 

νobs.  The Δνobs of Ralβ I18CSCN in the different pH buffers was within the standard 

deviation of each of the measurements, thereby corroborating the findings from the 

SASA computational work performed by Dr. Daniel L. Ensign in which the measured 

vibrational frequency is negatively correlated with the calculated SASA of the 

thiocyanate. Conversely, at the other extreme of solvent exposure are Ralβ G28CSCN and 

K32CSCN. Ralβ G28CSCN has one of the lowest νobs compared to the other eight mutants 

yet the largest calculated SASA, thus it would be expected that this probe location would 

have the largest fluctuations when the aqueous environment is altered.  In figure 14, the 

Δνobs of Ralβ G28CSCN is > 2 cm-1 over the 6.5-8.5 pH range.  The absorbance frequency 

of the thiocyanate probe fluctuates greatly when the pH of the aqueous environment is 

changed even slightly. Even though we do observe changes in the absorbance frequency 

when the pH of the aqueous solvent is varied, the small pH range makes it difficult to 

determine what is happening to the protein.  A larger range would be helpful but 

increasing or decreasing the pH much more than the current range in which the SCN-
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labeled Ralβ mutant is known to be stable could cause deleterious effects to the overall 

protein structure.  Furthermore, varying the pH of the aqueous environment does not 

produce a generalized trend in the change of the absorption frequency (ie. increasing the 

pH of the aqueous solvent results in an increase in absorbance energy).  

When the anionic species in the salt of the labeling buffer was altered, the data in 

Figure 15 exhibited similar trends as in Figure 14 though. Changing the salt appears to 

produce no generalized trend.  Figure 15 shows minimal change in the νobs of the SCN-

labeled mutants when the anionic species in the salt is changed.  The FWHM of the SCN-

labeled Ralβ mutants did not change with the change in salt (data not shown).   

 

6.4 Spectroscopy of Ralβ  Mutants Docked to WT Ras After Varying the Solvent 

 Ralβ G28CSCN and S33CSCN were exchanged into labeling buffer with either a 

different pH or salt, respectively.  The SCN-labeled Ralβ mutants were incubated 

overnight with excess WT Ras.  The absorption energy of the nitrile probe was measured 

and compared with the monomeric Ralβ protein in the corresponding buffer. Results 

indicate that when Ralβ G28CSCN is bound to WT Ras in pH 7.0, 7.5, and 8.5 buffers the 

bound complex experiences the same νobs. It is important to note that we know have 

further evidence to indicate that solvent is secluded from the binding interface since the 

bound complexes have the same observed vibrational frequency in the three different pH 

buffers.    However, since Ralβ G28CSCN appears at different absorbance frequencies in 

these three aqueous solutions with a different pH, the Δνobs will change from the previous 
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results collected at pH 7.5.  Consequently, there will be a discrepancy in the change in the 

electrostatic field.  Table 6 portrays this scenario. 

 

Table 6: Measured SCN vibrational frequencies (νobs ) of Ralβ G28CSCN and S33CSCN in 
labeling buffer with changes to the buffering system as noted; measured SCN vibrational 
frequencies of Ralβ G28CSCN and S33CSCN docked to WT Ras; the observed changes of 
the SCN-labeled Ralβ mutants upon docking to WT Ras (Δνobs ); ΔF obtained from 
equation 1.  Reported errors are one standard deviation of multiple experiments. 

 Ralβ 
Mutation 

Change to 
Buffer 

Monomer
νobs  

Docked 
νobs  Δνobs  ΔF 

  (cm-1) (cm-1) (cm-1) (MV/cm) 
G28CSCN pH 7.0 2161.0 (0.2) 2161.5 (0.0) 0.5 -0.7 
G28CSCN pH 7.5 2159.8 (0.1) 2161.6 (0.2) 1.8 -2.6 
G28CSCN pH 8.5 2161.6 (0.2) 2161.5 (0.2) -0.1 0.1 
      
S33CSCN 10 mM NaCl 2161.9 (0.2) 2161.3 (0.2) -0.6 0.9 
S33CSCN 100 mM NaCl 2161.2 (0.1) 2161.3 (0.1) 0.1 -0.1 
S33CSCN 500 mM NaCl 2161.8 (0.1) 2161.3 (0.1) -0.5 0.7 

 

 Table 6 also includes information from Ralβ S33CSCN docked to WT Ras and the 

vibrational frequency’s response to a change in ionic strength of the aqueous 

environment.  The monomer Ralβ S33CSCN was obtained in labeling buffer with 10 mM 

and 500 mM NaCl.  The docked Ras:Ralβ S33CSCN complexes in the new aqueous 

solvents again had the same measured vibrational frequencies as that of the docked 

complex in labeling buffer with 100 mM NaCl.  These data further indicate that solvent is 

isolated from the protein-protein interface by reason of the lack of variability in the 

measured absorbance energies.  Though the disparities in the measured absorption 

frequency of Ralβ S33CSCN in 10 and 500 mM NaCl, compared to the original labeling 
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buffer (100 mM NaCl), are not as considerable as the dissimilarities in the pH data the 

deviations between the monomeric absorbance energy still produce changes in the ΔF.   

 Since the wavenumber of the docked complexes does not change in response to 

variations in the aqueous environment, a more informative means of computing changes 

in the local electrostatic fields would be to compare one docked complex with another 

docked rather than monomer versus docked.  Using only the docked vibrational 

frequencies in calculating the total electrostatic field reduces the contributions due to 

water-protein interactions thus presumably providing more information about the desired 

protein-protein interaction.   
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Chapter 7. Summary and Conclusions 

7.1 VSE Spectroscopy of Ras and Rap Bound to RalGDS 

 This is the first report of a comprehensive experimental map of electrostatic fields 

at any protein-protein interface.  Systematic incorporation of the nitrile VSE probe 

throughout two structurally similar interfaces has demonstrated the complexity of the 

electrostatic environment in a stable docked complex.  The consequences of electrostatic 

field on functional questions of interface formation are the focus of current work in our 

laboratory.  Moreover, these data provide a comprehensive benchmark to judge the 

efficacy of structural and computational methods to simulate the structural landscape and 

electrostatic environment of a complex protein-protein interface.  In particular, they 

provide experimental data for comparison of electrostatic calculation methods used in the 

literature to predict electrostatic fields at protein-protein interfaces. 

 

7.2 Carcinogenic Mutations of Ras Glutamine 61 

VSE spectroscopy was used to probe electrostatic effects on protein-protein 

interactions in pathological and carcinogenic Ras mutants to learn how mutations in Ras 

at glutamine 61 influence the function of Ras-effector interfaces to characterize in detail 

the difference between WT Ras and cancer-causing mutants.  We have found that 

changes in the vibrational absorption energy of an appropriately placed thiocyanate probe 

are directly correlated to the polar surface area of side chains at position 61 of Ras.  

Furthermore, the vibrational absorption energy was correlated to changes in hydration 

potential of all side chains, although the correlation was much stronger for residues 
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containing polar character than it was for residues only containing nonpolar functionality.  

This study demonstrates that VSE spectroscopy in the Ras binding interface will reveal 

important information about Ras-effector interactions and ultimately how mutant Ras 

proteins promote harmful cell proliferation and tumor growth.  Furthermore, these 

experiments lay the groundwork for small molecule disruption of the Ras-effector 

interface for investigation into drug targeting.   

 

7.3 Water-Protein Interactions at the RBD of RalGDS 

While the previous two studies demonstrate great strides in directly measuring the 

electrostatic fields in proteins, further characterization of VSE spectroscopy is necessary.  

By merely changing the nature of the aqueous environment, the νobs can be changed and 

if comparisons between studies is desired, only studies containing the exact same solvent 

is valid since the changes in the measured absorbance energy is not universal when the 

solvent is altered.  Most importantly, ΔF can be misrepresented when studying various 

systems if the same solvent is not used, as the νobs of the SCN-labeled monomer 

fluctuates due to the interactions of the exposed surface area and the solvent whereas the 

bound complex does not vary as a result of the seclusion of water and solvent from the 

binding interface.  Comparisons between docked complexes to calculate ΔF supersedes 

unintentional fluctuations due to water-protein interactions when comparing the 

monomer and docked complexes. 
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