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ABSTRACT

The Interactions of G-Proteins w ith Nucleotides Probed by Classical Raman

Difference Spectroscopy

by

Gezhi Weng 

Advisor: Professor Robert H. Callender

We explored the ligand binding pocket of two proteins, Elongation Factor 

Tu (EF-Tu) and ra s-p21, both belong to the G-protein super family, by using ultra 

sensitive difference Raman techniques.

The Raman difference spectra of GDP m inus 8D-GDP revealed that the 

conform ations of bound GDP are both c-2  en d o  a n t i  in the two proteins. The 

hydrogen binding status at 7-N position of the nucleotide are the same in proteins 

than in water.

The successes of incorporating nucleotide analogs IDP and 6-thio-GDP into 

the proteins m ade it possible to investigate the roles of the two polar "binding 

handles" of the guanine base, namely the 2-amino and 6-carbonyl groups. Raman 

results show that the 2-amino and 6-keto groups form strong hydrogen bonds 

w ith the protein. The interaction of the 2-amino group w ith p21 is stronger than 

w ith EF-Tu, while the interaction at 6-keto position is weaker in p21 than in 

EF-Tu. The binding pocket of p21 is more hydrophobic than that of EF-Tu. The 

difference spectra formed betw een GDP and 6-lsO-GDP confirmed these results 

obtained by using chemically modified nucleotides.



Isotopically labeled nucleotide, P-180 4 -GDP, is used to study phosphate 

bindings to the proteins. Phosphate vibrations of GDP are found to be strongly 

affected by protein binding.

The results of the difference Raman spectra of the active form of the 

proteins (the GTP binding forms) and the inactive form of proteins (GDP binding 

forms) show that protein conformations of the two forms are different, at least 

part of the hydrogen bonded peptide back bone has been changed during protein 

activation. Tyrosine residue(s) and a cysteine residue of EF-Tu are involved in 

the conformational changes. The phosphate vibrational band, which is present in 

the difference spectrum  of GDP minus GTP, is buried under protein changes in 

EF-Tu, but can be observed in the p21 difference spectrum. The data seem give 

evidence that the triphosphate back bone of GTP has the same conformation in 

protein than in solution.

Most of results obtained from difference Raman spectroscopy, such as the 

conformations of the nucleotide and the existance of the hydrogen bonds and are 

consistant w ith the x-ray studies. However, our Raman studies are able to give 

the relative strength of the hydrogen bonds, which is hard to get from x-ray 

results.

In the process of finding week nucleotide peaks using difference Raman 

spectroscopy, it was found that this technique is also very sensitive to protein 

hydrogen-deuterium  exchanges, A few un-exchanged protons may obscure the 

weak nucleotide peaks of the difference Raman spectra formed between different 

protein-nucleotide complexes in amide I region.
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CHAPTER I

INTRODUCTION

A num ber of key cell functions (pro liferation , horm one response, 

neurotransm ission, and protein biosynthesis) are regulated in  v iv o  by members 

of a family of guanine nucleotide binding proteins, so called G-proteins. These 

proteins share strong functional and structural homologies ([1-4]). G-proteins act 

as molecular switches that turn  on and off certain biological processes. These 

switching functions are tightly controlled by the nature of the bound nucleotides. 

Normally, a G-protein contains GDP in a specialized binding site and has no 

biological activity associated w ith it. A particular stimulus triggers the exchange 

of bound GDP to GTP, and thereby alters the conformation of the protein and 

activates its biological function. Intensive research has been carried ou t to 

understand how these biological functions are stim ulated by G-protein systems 

and how the GTP and GDP forms can cause such dram atically  different 

biochem ical processes. It is thus of considerable in terest to explore the 

interactions between the bound nucleotides and these proteins.

The G-proteins we have chosen to study are bacterial elongation factor 

protein EF-Tu and the ras  p21 protein. These two proteins are the best studied 

G-proteins to date. Their high resolution X-ray structures have been obtained, 

providing useful guidances to the spectroscopic studies on molecular interactions.

Elongation factor Tu (EF-Tu) is involved in the chain elongation step of 

bacterial protein synthesis (Figure 1.1). W hen GDP is exchanged by GTP, a 

reaction catalyzed by EF-Ts, the "quiet" EF-Tu complex, becomes activated. EF- 

Tu »GTP binds aminoacyl-tRNA and carries it to the protein synthesis site on the
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mRNA-programmed ribosome. GTP is then hydrolyzed, the aminoacyl-tRNA is 

positioned at the A site of the ribosome prior to subsequent peptide bond 

formation, and a binary complex of EF-Tu• GDP is released ([5]).

EF-Tu's 393-amino acid polypeptide chain is folded in three distinct 

dom ains (Figure 1.2a). The N-terminal dom ain (residues 1-200) binds GDP or 

GTP, the m iddle and C-terminal domain play essential roles in regulating the 

activity of the N -term inal dom ain of the intact molecule as well as in the 

interactions of EF-Tu with aminoacylated tRNA, elongation factor Ts, and the 

antibiotic agent kirrom ycin ([6]). The GDP molecule binds to the surface of 

N-terminal domain (also called G-domain) of EF-Tu. The guanine ring is partly 

buried in a cavity defined by the residues Leul75, Thr26 and the side chain of 

Lysl36. With an acceptor to donor distances of 2.7 A, the main chain nitrogen of 

Asnl35 can form hydrogen bond to 6-0  of guanine. Asp 138 can form hydrogen 

bonds to 1-N and 2-N of guanine, both of which are located 2.9 A away from the 

carboxyl oxygens of Aspl38.

R a s -p 2 1  is a small protein (~21kd), which has been found to be m utated in 

approxim ately 30% of hum an tumors. The cellular roles of this protein are 

unclear, bu t it is believed to be involved in a grow th-prom oting signal- 

transduction pathway. The intrinsic GTPase activity of p21 is relatively low. In 

the active GTP-bound form, ra s-p21 interacts w ith the GTPase activating protein 

(GAP) ([7]), which is either an effector of ras action or its negative regulator. The 

interaction betw een p21 and GAP ensures that p21 is m aintained in the GDP 

bound conformation. Single mutations at certain positions (i.e. position 12, 13, 35 

or 61) of p21 reduce its intrinsic and GAP-induced GTPase activities, thereby 

allowing these m utants to stay in the active GTP-bound state over prolonged time 

([8]), w hich lengthens the transm ission of the grow th signal, resu lting  in
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unregulated cell growth. Two other cytosolic proteins, R a s -G NRF (Ras-guanine 

nucleotide-releasing factor ([9]) and an inhibitor of GTPase activity ([10]), were 

found also to interact with ra s-p21.

The topological order of the secondary structure elements of r a s -p21 is 

found to be the same as the N-terminal domain of EF-Tu (Figure 1.2b). The roles 

of Alal46 and A p sll9  in p21 are similar to those of Asnl35 and Aspl38 in EF-Tu. 

The carboxylate group of A sp ll9 , which is located in the guanine-specificity 

region, contacts w ith the exocyclic 2-amino group and the endocyclic 1-N of 

guanine. A sp ll9  is also close enough to interact with the side chain hydroxyl of 

Serl45 and w ith the amino group of Lysl47. Similar to A spl38 in EF-Tu, 

m utation of A sp ll9  drastically reduces the affinity for guanine nucleotide ([8]). 

The conserved sequence motifs A snll6-Lys-X -A spll9 and Serl45-Ala-Lysl47 of 

guanine binding pocket are identical in the great majority of guanine nucleotide 

binding proteins ([11]).

X-ray studies also show that there are several hydrogen bonds between 

phosphate groups and the conserve consensus sequence Gly-X-X-X-X-Gly-Lys- 

S er/T hr m otif of the phosphoryl binding loop. As is generally the case for 

dinucleotide binding proteins, the phosphate binding site of these G-proteins is 

stabilized by the positive dipole m om ent of this helix, of which the carbonyl 

oxygen atoms in the loop all point in a direction away from the (3-phosphate.

V ibrational spectroscopy prov ides a w ealth  of in form ation  on the 

conformations and structures of molecules, particularly small molecules, as well 

as protein-ligand interactions, like hydrogen bonding which perturb a molecule's 

electronic distribution. In this latter case, the m odified electronic distribution 

results in m odified vibrational force constants, som etim es along quite well
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defined and im portan t coordinates. Thus, the changes observed in the 

vibrational spectra of a bound ligand are a direct m easure of how a protein acts 

upon it. In contrast to x-ray crystallography, which provide coordinates of atoms 

in a molecule, Raman frequencies are directly related to the force field. An 

im p o rtan t experim en tal constra in t, how ever, in the use of v ibrational 

spectroscopy has been that the signals from proteins are generally m uch greater 

than those from bound ligand. The signals of the bound ligand, or other small 

protein molecular moieties, are difficult to isolate. One approach in overcoming 

this difficulty is to employ resonance Raman spectroscopy (cf. [12, 13]). In this 

case, the exciting laser light is in resonance with a chromophore, thus, yielding 

g rea tly  increased  Ram an cross sections. A num ber of very im portan t 

chrom ophoric p ro tein  system s have been so studied. U nfortunately  this 

approach is limited to proteins which contain relatively isolated chromophores.

O ur group has succeeded previously in describing complex form ation 

between enzymes, their substrates and co-factors in a family of dehydrogenases (cf. 

[14-17]), to a level of quantitating hydrogen bonding patterns ([18]) and in  s i tu  

p ro tonation  states ([19, 20]), using u ltra  sensitive non-resonance Raman 

difference techniques. This thesis work is focused on the efforts of enlarging and 

applying this technique to EF-Tu and p21 as representatives of the GTPase super 

family. We were trying to answ er questions such as w hat are the specific 

interactions that anchor the nucleotide in the active site of these G-proteins, how 

strong are these interactions, and w hat kind of protein changes may switch the 

proteins from their "off" states to their "on" states. In earlier studies of our 

group, the non-resonance Raman spectrum  of a enzym e-substrate complex was 

m easured as was that of the enzym e itself. The difference spectrum  between 

these two was obtained by subtracting the two spectra numerically, and it contains
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ligand bands which arise from the bound substrate as well as protein bands which 

arise from protein changes induced by substrate binding. This procedure can not 

be used for G-proteins, because these proteins are unstable w ithout bound ligand. 

We therefore have taken som ew hat different approaches in this study. The 

bound nucleotide is replaced by a nucleotide derivative, which has been either 

isotopically labeled or chemically modified at a selected position, and the spectra 

of the protein-nucleotide and protein-nucleotide derivative are taken. The 

difference spectrum formed between these two then arises from modes which are 

affected ("edited") by the labeling or m odification, and all other parts of the 

Raman difference spectrum subtract to zero.

We report here our results on the Raman spectra of EF-Tu and r a s - p21 

containing GDP, GTP or other nucleotide analogues. Some spectral assignments 

are made, and protein influences on ligand binding, as well as possible protein 

conform ational changes, are discussed. The analysis is com pared to high 

resolution X-ray results for the GDP ([21]) and GTP ([8, 22, 23]) forms of p21 and the 

GDP form of EF-Tu ([24-26]). This is of interest because an X-ray diffraction 

analysis of the GTP conformation of EF-Tu is as yet unavailable. Moreover, the 

procedures used here may be em ployed to obtain vibrational data of membrane 

bound proteins, a very substantial class for which X-ray diffraction studies may be 

far in the future.
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Figure 1.1: A cartoon of the biological function of EF-Tu ([27]).
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Figure 1.2: (a) Three dim ensional m odel of the three dom ains of the EF-Tu.
Dom ain I (G-domain) is the nucleotide binding dom ain (amino 
acids 41-59 were not shown, [28]). (b) Structure cartoon of the G 
domain of ras-p21 ([29, 30]). p-strands are drawn as arrows, a-helices 
as curled ribbons, and loops as double lines. The GTP locations is 
approximate, known and hypothetical interaction sites are labels.
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CHAPTER II

CLASSICAL RAMAN DIFFERENCE SPECTROSCOPY

A. Raman Scattering

The physical origin of Raman scattering lies in the inelastic collisions 

betw een molecules and photons. The frequency of scattered light is shifted 

relative to the incident light by the amounts corresponding to the normal mode 

frequencies of the molecular vibrations. In each norm al mode, all the atoms in 

the molecule vibrate w ith same frequency, and all atoms pass through their 

equilibrium  positions sim ultaneously. Figure 2.1 shows some of the possible 

consequences of a photon-m olecule interactions, including Ram an process, in 

which the upward-pointing arrows indicate the combination of a photon w ith the 

molecule, the dow nw ard-poiting arrows indicate the release of a photon after a 

very short time interval (<10‘13 second for Raman process). The lengths of the 

upw ard-pointing arrows are proportional to the frequencies of the incident light 

while the lengths of the dow nw ard-pointing arrow s are proportional to the 

frequencies of scattered light. In the norm al Raman scattering process, the 

incident light brings the molecule up to a virtual energy state, the molecule 

scatters light and returns to a different vibrational level on the ground electronic 

state. The frequency of the scattered light is, thus, shifted from that of incident 

light.

The positions of Raman peaks are properties solely of the electronic ground 

state, while the Raman amplitudes are functions of both ground- and excited-state 

electronic structures.

10



B. Group Frequencies

Because of their high m olecular w eight, Ram an spectra of proteins, 

protein-ligand complexes or even large ligands themselves are usually very 

complicated. It is very hard to understand and interpret Raman spectra of these 

molecules by normal mode calculations, which attem pt to solve the equations of 

motion for all the atoms in the molecule using normal coordinates. For most 

compounds, some characteristic vibrational frequencies are found to be correlated 

w ith certain chemical functional groups. These vibrational m odes are called 

group frequencies. The existence of group frequencies is attributable to the fact 

that the force constant for a given chemical bond is, to a degree, transferable form 

one molecule to another. Group frequencies find their maximum usability when 

they are relatively easy to be identified from other Raman bands and when they 

vary w ith environm ental interactions. We will use mainly the concept of group 

frequencies to interpret our Raman results.

Proteins and synthetic polypeptide consist of amino acids joined together 

by peptide bonds. These peptide bonds give rise to m any different types of 

vibrational modes. Among them the most im portant group vibrations are amide 

I and am ide III in-plain vibrational m odes (Figure 2.2). These m odes are 

correlated with structure properties of protein molecules ([31]).
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C. Instrum entation

Figure 2.3 shows the typical instrumental set up of our Raman experiment. 

A laser beam is introduced through the sample. The scattered light is collected in 

90 degrees and focused on the entrance slit of a spectrometer. The gratings in the 

spectrom eter disperse the incoming light into a spectrum  of frequencies. This 

spectrum  is transform ed into electronic signal by a detector, and then sent to a 

computer for analysis.

The laser sources available in our laboratory are a 4-Watt argon ion laser 

from Spectra Physics (model 165), a 5-Watt krypton ion laser (model No. CR-2000, 

Coherent Radiation Inc.) and a 25-Watt INOVA-200 argon ion laser (Coherent 

Radiation Inc.). The sample holder can hold a double or a triple split cuvette 

specially designed for m easuring several spectra under the same conditions, and 

each sample space of the split cell has a dimension of 2.5x2.5mm. The cuvette is 

set on a computer controlled stage which can be moved to within 1 |im  accuracy. 

Raman spectra are m easured by a Triplem ate spectrom eter (Spex Industries), 

equipped w ith a solid state detector system (model DIDA-1000 w ater cooled 

photodiode array and a model ST-100 detector controller; Princeton Instruments), 

or a charge coupled detector (CCD) system (CCD model LN/CCD-1152UV liquid 

nitrogen cooled and a model ST-135 detector controller; Princeton Instruments). 

Data are acquired, stored and analyzed on a Mac-II computer (Apple, Cupertino 

CA). Spectral lines are calibrated against known Raman lines of toluene or 

benzene and are accurate to w ithin +2 cm*1. The spectral resolution of the 

instruments is typically set to 6 cm '1 full w idth at half maximum.
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D. Difference Raman Spectroscopy and Its Resolution

To study protein-ligand interactions w e in tend to m easure the Raman 

spectrum  of bound  ligand or other small protein  m olecular moieties. An 

im p o rtan t experim ental constra in t, how ever, in the use of v ib rational 

spectroscopy has been that the signals form these part of the complex are difficult 

to isolate. Because of the smaller mass of the ligand, com pared to that of the 

protein, signals from the form er are generally overw helm ed by background 

vibration bands form the protein itself. This difficulty has been largely overcome 

in recent years using Raman difference spectroscopy ([14, 17, 32]). The Raman 

spectra of protein-ligand complex as well as that of apo-protein are m easured 

under same conditions. The protein spectrum is numerically subtracted from the 

complex spectrum  after the m easurem ents. The difference spectrum  thus 

obtained, contains the signals of bound ligand, as well as protein changes induced 

by ligand binding. The operation can be represented by:

Spectrum (enzyme ®L) - Spectrum (enzyme)

= Spectrum (L in enzyme) + Spectrum (protein changes) .... (1)

where L represent a cofactor, inhibitor or substrate of the enzyme.

This procedure, however, is not suitable for proteins like EF-Tu and p21, 

which are unstable w ithout bound ligand. An alternative route we have taken to 

get the difference spectra of these proteins is represented by the following:

Spectrum (G®LI) - Spectrum (G®L2)

= Spectrum (L1-L2 in protein) + Spectrum (protein changes) .... (2)

The bound nucleotide (LI) is replaced by a nucleotide derivative (L2) either 

isotopically labeled or chemically modified at a selected position, and the spectra
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of the protein-nucleotide and protein-nucleotide derivative are taken. The 

difference spectrum formed between the two complexes, G®L1 and G®L2, arises 

from modes which are affected by the specific labeling or modification. If L2 is LI 

molecule isotopically labeled at certain position, the protein changes at right side 

of the Equation (2) should be zero, since G®L1 and G®L2 have same chemical 

properties. If L2 is chemically modified LI molecule, the second term at right side 

of Equation (2) is, generally, not zero. We have found that the signal from the 

protein changes generally has a magnetite of 0.5 to 1% of amide I intensity.

To get accurate difference spectra and to avoid artifacts, we use a split cell 

(Figure 2.3) to measure several samples. The tem perature and hum idity in the 

room, where the m easurements are taken, are controlled to be nearly constant. 

Arrangem ents like these are used to reduce the influences of different optical 

properties for the different samples and to control the environm ent fluctuations 

which may affect accuracy of the m easurem ents. The long term  drift of the 

optical system can be canceled out if we take the spectra in a sequential way and 

line up the spectra before adding them together. A detailed procedure of the 

alignm ent is described as follows: assum e sample A is a stable protein-ligand 

complex, sample B is another stable protein-ligand complex different from A. 

The spectra of A and B are m easured in a A iB iA 2B2. . .A nBn fashion, each run 

taking 10 to 20 minutes. The sets of data are then checked by the subtraction An-

An-i, An-An-2 , , An-Ai and Bn-Bn-i, Bn-Bn-2 / / Bn-Bi. All the results of the

subtractions should give a flat featureless background. If the difference spectrum 

shows features of derivative-like signals, the subtracted spectrum  may be shifted 

first and then subtracted (Figure 2.4). The am ount of shifting, usually 0.01 cm-1 to 

0.8 cm-1, is determ ined by the disappearance of the derivative peaks in the 

difference spectra. The am ount of the shift can also be calculated from band
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shape. Assume I(v) is the Raman intensity of a spectrum, 8 is a small amount, 

then

AI(v) = I(v+8) - I(v) = 8 9l(v)/dv .... (3)

If a band is Lorentzian with a intensity at the center 1(0) and the full w idth at 

half-maximum T, we find that

A W /K 0 )  = 1 . 9 8 / T .... (4)

therefore, the am ount of shifting is

8 = T A W /  (1-91(0)) ....(5)

If the spectroscopic features can not be corrected by shifting, the corresponding 

spectrum should be discarded. All the spectra taken for the same sample are then 

added together as A or B. To get the difference spectrum, B is subtracted from A. 

The disappearance of protein characteristic bands, i.e. bands from phenylanaline 

around 1000 cm-1, methylene band around 1450 cm-1, amide III band at 1200-1300 

cm -1 region and amide I band at 1600-1700 cm-1 region should be taken as the 

criteria of the extend of the subtraction. Sometimes, the phenylanaline peak does 

not be subtract out, and a small spectrum shift may be necessary in this case.

Figure 2.4 and 2.5 show two examples of the data m anipulation m entioned

above. The difference spectra is formed between two different runs of the EF-

Tu®GDP complexes (Figure 2.5a,b). Before shifting, the difference spectrum  

shows num ber of derivative-like features (Figure 2.4c). From the intensity and 

w idth of the original peak, and the intensity of the derivative peak, the am ount 

of shift calculated according to Equation (5) is about 0.65 cm-1. After 0.63 cm-1
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right shift (Figure 2.4d), not only phenylanaline peak, but all the derivative-like 

features, are subtracted out, leaving only the short noise.

Figure 2.5 shows the difference spectrum formed between EF-Tu*GDP and 

EF-Tu«6-180-GDP. The phenylanaline peak shows up as a strong derivative-like 

peak at around 1000 cm-1 (Figure 2.5a). The am ount of shifting necessary to get 

rid of this derivative-like peak, according to Equation (5), is calculated to be 0.061 

cm -1. The difference spectrum  formed after shifting the spectrum  of EF-Tu«6- 

180-GD P by 0.06 cm '1 (Figure 2.5b) has almost the same features as the unshifted 

difference spectrum. The phenylanaline peak disappeared, while the positions 

and intensities of all the other major peaks are not affected by the shifting.

For the G-proteins studied here, the intensity of the highest nucleotide 

peak is about 3% (for EF-Tu) to 6% (for ras-p21) that of the protein amide I peak. 

W ith careful m easurem ent, intensity differences as little as 0.1% of the most 

intense Raman peaks can be detected by our experimental system.
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Figure 2.1: The energy diagram  of photon-molecule interactions. The lengths
of the upward-pointing arrows are proportional to the frequencies of 
the incom ing light while the lengths of the dow nw ard-pointing 
arrows are proportional to the frequencies of the scattered light. The 
curled  lines rep resen t non rad ia tion  relaxing process. The 
vibrational quantum  num bers in the upper and lower electronic 
states are n and n' respectively. The frequencies of incident light are 
1)0, while that of the scattered light are Ui. The energy gap between 
the lower vibrational levels is Dvib-
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Figure 2.2: The amide I (a) and amide III (b) group vibrations.
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Figure 2.3: A schem atic d raw ing  of the instrum ental set up  for Raman

m easurem ent. The m onochrom atic light em itted  from  a laser 

source is introduced through the sample. The scattered light is 

focused on the entrance slid of a triplem ate monochrometer. The 

spectrom eter disperses the incident light into a frequency spectrum 

and focus it on to a detector. The spectrum  was converted into 

electrical signals, either by a multi-channel photo diode array or by a 

charge coupled device, and transferred to a computer for analysis.
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Figure 2.4: An example of spectrum  "line-up". Spectra p21®GDP_l (a) and

p21 »GDP_1 (b) are collected from two separate runs for same sample. 

Both data sets are collected for about 15 minutes. W ithout shifting, 

the difference spectrum  (c) shows some derivative-like features. The 

intensity of the phenylanaline peak is as large as 20% of am id I 

intensity in this case. The am ount of 0.65 cm-1 shift is necessary to 

subtract out phenylanaline peak at 1003 cm '1 according to Equation 

(5). The differences spectrum  formed with p21*GDP_2 right shifted 

0.63 cm-1 (d) shows, not only phenylanaline peak, but all the other 

small derivative-like features, are subtracted out, left only the short 

noise. The intensity of the spectrum in (d) is magnified 4 times.
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c) p21 ®GDP_1 minus p21 ®GDP_2

d) p21 ®GDP_1 minus p21 ®GDP_2(right shift 0.63 cm'1)
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Figure 2.5: The effect of spectrum  shift to the difference spectrum . W ithout

shifting, the difference spectrum  (a) shows an intense derivative­

like peak from phenylanaline residue at around 1000 cm"1. The 

intensity of this peak is about 5% of the am ide I intensity. The 

am ount of 0.061 c m '1 shift is necessary to avoid this artifact 

according to Equation (5). The differences spectrum formed with the 

EF-Tu«6-lsO-GDP spectrum  left shifted 0.06 cm-1 (b) is free from 

phenylanaline peak, and the intensities, positions and line shapes of 

all the major peaks remain almost unchanged upon shifting.
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CHAPTER III

SAMPLE PREPARATION AND CHARACTERIZATION

A. Nucleotides

GDP, I DP, GMP-PCP, GDPPS 6-thioguanosine, ITP and IDP were purchased 

from  Sigma or Boerhinger M annheim . All other chemicals were from  the 

highest purity available. 3H-GDP (12 Ci/m m ole) was from Amersham.

6-thio-GDP was synthesized from 6-thioguanosine by Z-J Chen (Chemistry 

Department, City College of CUNY) according to ([33]) and ([34]). 2-Amino purine 

riboside and 6-lsO-GDP were sythesized by C-X Chen (Chemistry Department, City 

College of CUNY)([35], and thesis of C-X Chen).

B. Protein Purification:

P u r i f i c a t i o n  o f  E F - T u :  EF-Tu was prepared from E. c o l i  MRE 600 (Grain

Processing Corp., Muscatine, IW) as described by Leberman ([37]). Frozen E. coli 

cell paste 200g was suspended in 500 ml buffer A1 (64.4 mM Tris-HCl, pH  7.6, 10 

mM M gCh, 0.5 mM DTT, 10 pM PMSF, and 1 mM N aN 3.) contain 1 mM EDTA 

and 100 mg lysozyme. After 5 min, 10 ml 4% sodium  deoxycholate and 5 mg 

DNase I w as added . The suspension was well stirred  and left at room  

tem perature for a further 20 min. The suspension was then centrifuged at 8,000 

rpm  w ith GSA rotor for 60 min. to remove cell debris. The supernatant was 

applied to a colum n (5x30 cm) of DEAE-Sepharose CL-6B (from Pharmacia) 

equilibrated with buffer A l. The column then was washed with 500 ml buffer A l, 

and developed w ith a 3000-ml linear gradient of 0-0.3 M NaCl in a flow rate of 220
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m l/h . The effluent of 22-ml fractions were collected and assayed for EF-Tu 

activities (Appendix A). The active fractions were pooled and brought to 60% 

saturation of am m onium  sulfate. After stirred at 4°C for 30 min., the protein 

suspension was centrifuged and the pellet was redesolved and clarified by 

centrifugation. The total volume of the protein solution should be controlled 

under 20 ml which was less than 2% of the column volume of the gel filtration 

system. This sample was then filtered through a series of AcA 44 (from LKB) 

columns equilibrated w ith Buffer C l (Buffer A contains 0.1 mM GDP). This gel 

filtration system consists of two columns (2.5x120 cm each) in serial connection. 

The columns were developed with buffer C l in a flow rate of 20 m l/h . Fractions 

of 7 ml were collected and assayed for EF-Tu activities. The peak fractions are 

pooled and EF-Tu was precip itated  by adding  am m onium  sulfate to 70% 

saturation. The precipitate was collected and stored at -70°C. The EF-Tu obtained 

this way still contained traces of fluorescence im purity, further purification was 

carried out according to a procedure obtained from Frances Jurnak's laboratory 

(Departm ent of Biochemistry, University of California at Riverside, Riverside, 

CA 92521). EF-Tu pellets from five chrom atographic preparations were pooled 

and extracted in Buffer Tu-E (25 mM Tris-S0 4 , pH7.8, 10 mM MgSC>4, 0.1 mM L- 

Arginine HC1, 0.02% N aN 3, 10 mM (3-mercaptalethenol, 5xl0*5 M GDP and 0.1 

mM PMSF) with ammonium sulfate (AS). Back extraction was started at 50% AS 

and ended at 25% AS in 5% decrease of AS each step. Most contaminants came 

out at 50, 45, and 40% AS. The back extraction at each level m ust be repeated until 

the total OD28O (absorption at 280 nm) fails to decrease. The protein concentration 

should be around 1.1 OD28o/m l for the best results. The concentration of AS of 

the supernatants from extraction's of 40% to 25% were increased by 5%, and 

allowed to set at 4°C until crystals were visible. The crystals were then centrifuged 

and d ialyzed . The p u rity  of the p ro te in  w as checked by SDS-PAGE
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electrophoresis. A single band with molecular weight around 43,000 dalton was 

observed.

P u r i f i c a t i o n  o f  r a s - p 2 1 :  The c-Ha-Ras genes was expressed in E. coli. strain 

RRIDM15 under the control of the tac prom oter ([38]). The cloned E .co li strain 

was a generous gift of Prof. A. W ittinghofer (Heidelberg, FRG). The gene was 

checked to its plasm id DNA content according to a procedure described in 

Appendix B. The coloned E. coli cells were grown in a high density fermentor 

(Appendix C). Purification procedure and activity assay are similar to those of 

EF-Tu. About 110 g of frozen cells were suspended in 500 ml of buff A (64.4 mM 

Tris-HCl, pH7.6, 1, 0.5 mM DTT, and 0.1 mM N aN 3.). PMSF to 0.01 mM, 

benzamidine to 0.01 mM, 1 ml 0.5 M EDTA pH 7.6, 200 mg lysozome and 20 mg of 

DNase I were added and the suspension were homogenized. After 30 min at 4°C, 

5 ml of 1 M MgCl2 and 2.5 ml of 4% sodium deoxycholate were added. After a 

further 60 min. of stirring at 4°C the suspension was centrifuged at 9,000 r.p.m. for 

60 min. in a Sorvall GSA rotor at 4°C. The supernatant was applied to a column 

of DEAE-Sepharose CL-6B (same as the one used in EF-Tu purification) 

equilibrated w ith buffer B (buffer A with 10 mM M gC^). The column was 

w ashed w ith 500 ml of buffer B and then developed w ith a 5,000 ml linear 

gradient of 0-0.3 M NaCl in buffer B. The flow rate was 3.6 m l/m in  and 22-ml 

fractions were collected. The elution was assayed by GDP exchange assay and by 

SDS-PAGE. The fractions contain p21 were pooled and brought to 60% saturation 

w ith am m onium  sulfate. After stirring for 30 m in., the precipitation was 

recovered by centrifugation, dissolved in 15 ml of buffer C (buffer B contain 0.1 

mM GDP and 200 mM NaCl), clarified by centrifugation and applied to a system of 

two columns (one AcA54, 2.5x100 cm and one AcA44, 2.5x100 cm). The columns 

were developed with buffer C at a flow-rate of 1.2 m l/m in  and 9 ml-fractions were
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collected. The peak of GDP exchange activity was located and the fractions free of 

impurities (as detected by SDS gel electrophoresis) were pooled and brought to 

70% saturation w ith am m onium  sulfate. The precipitation was collected by 

centrifugation and stored under -70°C.

The elusions of the sizing columns usually contains two GDP exchange 

peaks, which appeared on SDS-PAGE to be two very close bands. The exact 

differences of these two bands are not clear. It is also found that the purification 

started right after cell harvest gave very low protein yield. The process of freezing 

cells to -70°C for storage seems to have helped in cell breaking.

As checked by HPLC, both EF-Tu and ras-p21 prepared according to the 

above procedures contained a significant nucleotide other than GDP, probably 

dGDP ([39]) in their active sites. Such samples can not be used directly in certain 

difference spectroscopic m easurement. The protein ®GDP complexes need to be 

prepared in a process similar to the preparing of other complexes to insure that 

nearly 100% of bound nucleotide are replaced by GDP.

Prior to Raman experim ent, proteins were concentrated to 2~4 mM in 

buffer R (10 mM MgCl2, 20 mM sodium  phosphate, pH  7.6) using a Centricon 

centrifugal concentrator (model 30 for EF-Tu, model 10 for p21, Amicon Corp. 

Mass). For the experiments measuring phosphate vibrations, 20 mM tris-HCl was 

used instead of sodium  phosphate to reduce the interference of phosphate band 

from the buffer. Proteins rem ained fully active during and after the Raman 

experim ent, as determ ined by the 3H-GDP binding assay ([40]). Protein 

concentrations w ere determ ined  spectroscopically using m olar extinction 

coefficients (280 nm) of 40,000 M‘1cm ' 1 for EF-Tu and 18,450 M ^cm -1 for p21 

([40],[38]), or by the Lowry method ([41]).
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C. The Characterization of Nucleotides and their Binding to G-proteins

To study the binding pocket of the G-proteins, we need to incorporate 

different nucleotides or nucleotide derivatives into the proteins. The binding 

affinities of these nucleotides were investigated by radioactive binding assays, in 

which radioactively labeled GDP and different concentrations of the nucleotide 

derivatives were incubated with protein and the binding competition of the two 

were measured. The reaction scheme is shown as follow:

K eq
G«GDP + L ^ __ .►  G«L + GDP

+
GDP*

I

G*GDP*
+

GDP

w here G represent the protein; L represent the ligand that com petes w ith 

radioactive GDP, (i.e. GDP*) for protein binding .

The dissociation constants of the protein for GDP and ligand L, represented

by Kd and Kl respectively, are defined as:

_ [GDP][G] _ [L][G]
Kd "  [G«GDP] Kl “  [G*L]

_ [G*L][GDP] _ [G»L]  [G1 _ Kd
^  “ [G*GDP][L] “  [G*GDP*][L] x [G] “ KL

where Keq is the equilibrium constant, [L] = [L]o - [G*L], [G]o = [G*GDP] + [G«L],

[L]q and [G]o are the total concentration of the ligand and protein respectively;
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[GDP*] is the concentration of radioactive labeled [3H]GDP. With the radioactivity 

assay, we can measure [G«GDP*] v.s [L]o- The value of K d /K l can be obtained 

from the relative concentrations (of nucleotide analogs to GDP) required to 

displace 50% of GDP* bound to the protein.

We have m easured binding affinities of several nucleotides and nucleotide 

derivatives to EF-Tu and p21. The chemical structures of these compounds are 

presented in Figure 3.1 and 3.2. The concentrations of the nucleotides and 

proteins were determ ined from their UV spectra, using the extinction coefficients 

listed in Table 3.1.

Since the im portant quantity to us is the binding affinity of the nucleotide 

analogs relative to that of GDP, we plot our assay results as the relative 

concentration of [G°GDP*] against the m olar excess of the ligand over GDP 

(Figure 3.3 to 3.5). Relative concentrations of nucleotide analogs required to 

displace 50% bound GDP* are listed in Table 3.2.

D. Preparation of Protein-Nucleotide Complexes

P r o t e i n  C o m p l e x e d  w i t h  I s o t o p i c a l l y  L a b e l e d  G D P  : Isotopically labeled GDPs are 

chemically same as GDP. To incorporate these nucleotides into G-proteins, we 

can incubate G»GDP complexes w ith excess of labeled nucleotide, which will 

replace unlabeled GDP that bound to the protein under certain conditions.

Studies show that SO4"2 ion can increase the dissociation rate of GDP from 

EF-Tu and p21 dramatically ([42, 43]). Removal of Mg++ ion by addition of EDTA 

may increase the dissociation constant of GDP to p21 by a factor of 10, while not 

effecting the dissociation to EF-Tu ([43]). Based on this knowledge, proteins
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complexed w ith 8D-GDP or (3-180 4-GDP were prepared in the following way: 

Protein samples (300|il, ca. ImM) were incubated with 10-fold molar excess of 

8D-GDP (or p-l80 4-GDP) in buffer I (200mM tris pH  7.6, 200 mM (NH4)2S0 4, 0.5 

mM DTT, 0.1 mM N aN 3) for 30 minutes, at 37°C. For p21 the incubation mixture 

included 0.6 mM EDTA, and the exchange carried out at room tem perature. The 

sam ples were then d ilu ted  w ith 2 mL buffer I including 2mM M gCl2 and 

concentrated to 100 pi. The incubation with labeled nucleotide was repeated once 

more. The sample was then washed with buffer R three times or more to remove 

free nucleotide, and concentrated to yield ~ 60 |il, at 2-4 mM, for the Raman 

experiment. This procedure ensured > 98% replacem ent of the unlabeled GDP 

with less than 0.01 mM nucleotide remaining free in solution.

G M P - P C P  a n d  G D P ($ S  C o m p l e x e s : Complex of G®GMP-PCP can be obtained from 

following reaction ([44]):

alkaline phosphotase 
G • GDP + GMP-PCP    G • GMP-PCP + Guanosine + 2 Pi

Alkaline phosphatase is an enzym e that catalysis cleavage of term inal 

phosphate group of phosphorylated molecules at pH  8-11. It requires Mg++ and 

Z n++ ions for its activity and the optimal pH  for its activity is pH  9.8.

To save the w ork of separating  the enzym e from  G -proteins, w ater 

insoluble alkaline phosphatase was used in the preparation, which can be easily 

removed by centrifugation or by filtration after the reaction is completed.

Since M g++ may affect the dissociation of nucleotides from r a s -p21, and 

Z n ++ m ay precip ita te  the highly  concentrated  G -protein  com plexes, the 

commercial product of alkaline phosphatase, which is stored in Mg++ and Zn++ 

containing buffer, was washed twice with water and twice w ith incubation buffer
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before usage. This step will only remove free ions in solution but not enzyme 

bound ions because of their high affinities to the protein. But ions m ust be added 

back to the enzyme for storage. The enzyme was used repeatedly to lower the 

cost.

The high pH  of 9.8 is not suitable for G-proteins, the buffer condition of pH  

8 to 8.2 is chosen. For EF-Tu or p21, the activities of the proteins do not change 

significantly at pH  6-9.5 ([43]). Lowering the pH  not only reduces the activity of 

alkaline phosphatase, but also activates phosphate diesterase which is another 

enzyme that cleaves phosphate dieasterate bonds and appears as a contamination 

in alkaline phosphatase preparation  (from the product label of Boerhinger 

Mannheim). A lthough this contam ination is m inor (usually < 0.05%), as a 

catalyst, it can reduce the concentration of GMP-PCP considerably at neutral pH.

The nucleotide content of the reaction m ixture was checked by reverse 

phase HPLC w ith a C18 column under ion-pairing conditions ([44, 45]). The 

elution buffer was 50-100 mM potassium  phosphate (depending on the exact 

character of the colum n and the experim ental conditions), pH  6.5, 10 mM 

tetrabuty lam m onium  brom ide, 0.2 mM N aN 3, and 3-8% acetonitrile (also 

depending on column and experimental conditions). Raising the concentration 

of potassium  phosphate elutes nucleotides faster, thereby reducing the resolution 

of the system. Increasing the concentration of acetonitrile increases the retention 

time of faster eluting nucleotides by small amount, while reducing the retention 

time of slower eluting nucleotides dramatically.

The enzyme reaction and incubation were carried out at 30°C - 37°C. Except 

these steps, all operations of preparation of G»GMP-PCP complexes were 

performed at 4°C. Protein solution ~ 1 mL was passed through a Sephadex PD-10
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G-25 column and eluted with buffer I. The first UV absorption peak at 280 nm was 

collected. This step rem oves the excess Mg++ in the solution. To make 

EF-Tu • GMP-PCP, this step is unnecessary, instead we washed the protein once or 

twice with a centricon to change buffer to buffer I and to wash out the free GDP in 

the storage solution. At room temperature, 2 times molar excess of GMP-PCP was 

added into protein solution. The GDP/GMP-PCP ratio was m onitored by HPLC. 

W ater insoluble alkaline phosphatase (Sigma, ca. 4 u n its /m g  protein) was then 

added to the solution. As the concentration of GDP gradually decreased, the 

protein will bind GMP-PCP. Since alkaline phosphatase can only react with free 

GDP in solution, choosing the conditions that may reduce the binding affinity of 

GDP to protein can speed up the reaction considerably. GMP-PCP may also be 

break dow n considerably by phosphate diesterase contam ination during  the 

process. More GMP-PCP should be added if it is necessary. Typically after 1 hour 

for r a s -p21, and after 2 hours for EF-Tu, more than 95% of the GDP complexes 

were replaced by GMP-PCP complexes. Since the relative binding of GMP-PCP 

compare to GDP is much weaker for EF-Tu than for p21 (table 2), it took longer to 

complete the reaction for EF-Tu. Alkaline phosphatase was then rem oved by 

filtering the m ixture though a low protein affinity filter (Millpore HVLP 013). 

Because G»GMP-PCP was relatively unstable, prolonged reaction m ay cause 

protein precipitation. G» GMP-PCP complexes prepared this way has a purity 

greater than 98%. The com pound can be incubated w ith excess of other 

nucleotides or nucleotide analogs to get other nucleotide complexes. HPLC 

spectra of a typical enzyme reaction is shown in Figure 3.6.

GDP(3S complex was prepare in the sam e w ay as protein •GM P-PCP 

complexes, because alkaline phosphatase does not recognize the m odified 

phosphate  g roup  w ith one oxygen replaced by sulfur. U sually, GDPPS
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commercial p roduct is considerably contam inated by GDP because of high 

desulfanation rate of this compound, but this would not effect making G*GDP(3S 

complexes because alkaline phosphates m ay cleave all the GDP molecules in 

solution.

I D P ,  6 - t h i o G D P ,  6 - h y d r o G D P  a n d  G M P - P N P  C o m p l e x e s : For both EF-Tu and

ras-p21, the b inding affinities to these nucleotides are about two orders of 

m agnitude lower than to GDP. It is not efficient to replace bound GDP by these 

nucleotides using incubation method. To get expected complexes, G»GMP-PCP 

complexes were m ade first, and then incubated w ith excess of corresponding 

nucleotide analogs. The conditions of the incubation are listed in Table 3.3. 

These conditions were determ ined by the results of radio active binding assays 

(Table 2).
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D. The electronic absorption spectra of nucleotides and Protein-Nucleotide

Complexes

The electronic absorption spectroscopy (UV absorption) is used frequently 

to determ ine the concentrations of nucleotides and proteins, as well as to 

m easure ligand binding. This m ethod is characterized by its effectiveness and 

simplicity. In our G-protein studies, however, it is not an accurate way to 

determ ine the content of bound nucleotide by m easuring UV absorption of the 

protein complexes, since most of the GDP and GTP analogs have sim ilar UV 

absorption character and the absorption bands overlap w ith those of proteins. 

The nucleotide content of G-protein complexes was usually determined by HPLC.

The UV spectrum  of free GDP and GDP complexes are shown in Figure 

3.7a. GDP absorbs at 253 nm with an extinction coefficient of 13.7xl03 M '1 cm-1. 

The A280/A 26O ratio is ca- 0-67. UV spectrum of G*GDP complexes are dominated 

by protein absorption peak at 276 nm. The nucleotide band shows up as a little 

bum p at 258 nm in the G®GDP complex. This bum p disappears in nucleotide free 

protein ([44]). The A280/A 26O ratio of the protein complex is ca. 1.1.

The UV absorption of GDP above 230 nm originates from the conjugated 

guanine ring. Guanine nucleotides with m odified phosphate motif have same 

UV spectra as GDP; therefore, it is not a surprise to observe that the UV 

spectroscopic features of GMP-PNP, GMP-PCP and GDPpS complexes are the same 

as that of G°GDP complex (Figure 3.8a).

H ypoxthine ring absorbs at 248 nm  (Figure 3.7b) w ith  a extinction 

coefficient of 12.4x103 M '^cnrL The absorption of the Hypoxthine ring shows up 

as two small bum p at 251 nm and 258 nm when IDP binds to protein. The two
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bum ps have absorp tion  w avelength  som ew hat longer than that of free 

nucleotide, as in the case of G»GDP complexes.

Replacement of oxygen of carbonyl group by a sulfur atom reduces the 

polarity and bond strength of the this group ([46]), which some how reduces the 

energy gap betw een ground state and first excited state of the purine ring, 

resulting in the longer absorption maximum at 340 nm for 6-thioGDP at pH  7.4. 

Upon binding to the protein, the absorption m aximum is red shifted further to 

342 nm (Figure 3.8b ). A more sophisticate study on the interaction of EF-Tu with 

6-thio nucleotides showed that the red shift is 4 nm with a decreased extinction 

coefficient ([47]).

The electronic spectra of guanosine and thioguanosine derives from  at 

least two transitions, a n - n *  charge-transfer transition and a n-rc* transition of 

w eaker intensity. The factors that may affect the spectrum  of the nucleotide 

include polarizability of the environment, conformation of the glycosidic bond of 

the nucleotide, specific interactions betw een the nucleotide and am ino acid 

residues of the protein, and other tautomeric structures of the purine ring which 

could be stabilized w ithin the protein-nucleotide complex. The red shifts of the 

absorption of 6-thio-GDP w hen upon binding to proteins (EF-Tu and myosin) 

w ere in te rp re ted  by Eccleston ([47]) as the influence of the hydrophobic 

environm ent inside the protein.
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Table 3.1: The extinction coefficients of proteins and nucleotides, at pH  7.0.

COMPOUNDS

EF-Tu

ras-p21

GDP, GDP(3S, GTP,
GMP-PNP,

GMP-PCP 

IDP, ITP 

6-thio-GDP 

6-hydroGDP

X  (nm) 

280 

280 

253

£ (xlO3, M ^cm *1)

40

18.5

13.7

242

340

302

12.4

2.48

- 6.0
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Table 3.2: Relative concentrations (to GDP) required to displace 50% of protein 
bound [3H]GDP

EF-Tu Ras-p21

GDP 1.0 1.0

GTP ~100a 0.52a

GMP-PCP 723.3 3.4

GMP-PNP 83.5 2.9

GDPPS 25.3 4.05

6-thio-GDP 334.1 >2000

6-hydroGDP >2000 44.8

IDP 84.8 123.2

aFrom [48],
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Table 3.3: Experimental conditions of m aking protein*nucleotide derivative
complexes by incubating excess of nucleotide derivatives w ith 
protein*GMP-PCP complexes.

Parameters:

L/G: molar excess of nucleotide derivative (L) over protein (G)

T (°C): incubation tem perature

t (min): incubation time

n: incubation repeats

starting EF-Tu*GMP-PCP ras-p21 • GMP-PCP
pro tein

Param eters L/G T(°C) t (min) n L/G T(°C) t (min)

IDP 10 37 15 1 30 25 40

6-thio-GDP 10 25 30 2

GMP-PNP 10 25 30 2 10 25 40
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Figure 3.1: Chemical structures of GDP and some of GDP analogs
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Figure 3.2: Chemical structure of GTP and some of GTP analogs
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Figure 3.3: GTP and GTP analogs over a range of concentrations were allowed to 
compete w ith ~ 2 (iM [3H]GDP in the presence of ~ 0.5 |iM  p21. 
[GTP deriva tive] o is the total concentration of the competing GTP 
derivative; [p21 •GDP+GDP*]o is the sum of the concentration of radio 
active GDP added in the solution and the unlabeled GDP originally 
bound to the protein; [p21 •GDP*]o is the concentration of p21 «GDP* 
com plex in the m ix ture  in the absence of o ther nucleotide; 
[p21 •GDP*] is the concentration of p21*GDP* complex in the presence 
of certain concentration of competing nucleotide.
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Figure 3.4: GDP analogs over a range of concentrations were allowed to compete 
w ith ~ 2 jj.M [3H]GDP in the presence of ~ 0.5 pM  p21. 
[GDP derivative jo  is the total concentration of the com peting GDP 
derivative; [GDP+GDP*]o is the sum  of the concentration of radio 
active GDP added in the solution and the unlabeled GDP originally 
bound to the protein; [p21»GDP*]o is the concentration of p21«GDP* 
com plex in the m ixture in the absence of o ther nucleotide; 
[p21«GDP*] is the concentration of p21»GDP* complex in the presence 
of certain concentration of competing nucleotide.
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Figure 3.5: GDP analogs over a range of concentrations were allowed to compete 
w ith ~ 2 (iM [3H]GDP in the presence of ~ 0.5 |iM  EF-Tu. 
[GDP d e riv a tiv e ^  is the total concentration of the competing GDP 
derivative; [GDP+GDP*]o is the sum of the concentration of radio 
active GDP added in the solution and the unlabeled GDP originally 
bound to the protein; [EF-Tu •GDP*]o is the concentration of EF- 
Tu •GDP* complex in the mixture in the absence of other nucleotide; 
[EF-Tu*GDP*] is the concentration of EF-Tu*GDP* complex in the 
presence of certain concentration of competing nucleotide.
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Figure 3.6: HPLC chrom atography of m aking p21° GMP-PCP complex. The

nucleotides are detected at 253 nm. (a): GDP solution; (b): GMP-PCP 

solution; (c): p21®GDP, the second peak is, probabily, from dGDP 

that bound to the protein; (d): p21®GDP plus about two molar excess 

of GMP-PCP; (e): alkaline phosphotase add to p21®GDP/GMP-PCP 

solution at t=0; (f): t=15 min; (g): t=30 min; (h): t=45 min. Spectra 

(e)-(h) show that GDP and the dGDP are cleaved by alkaline 

phosphotase as indicated by the appearance of guanosine peak and 

diminishing of GDP and dGDP peaks.
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Figure 3.7: UV spectra of GDP, IDP and EF-Tu• GDP, EF-Tu»IDP, p21«GDP and

p21*IDP complexes.
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Figure 3.8: UV spectra of EF-Tu*GDP, EF-Tu*GDP|3S, EF-Tu«GMP-PNP (a) and

6-thioGDP, EF-Tu• 6-thio-GDP (b).
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Chapter IV

THE FEASIBILITY OF THE APPLICATION OF RAMAN DIFFERENCE

TECHNIQUE TO G-PROTEINS

A. The nucleotide free EF-Tu and p21 protein are unstable

In general, G pro teins are very unstable in the absence of bound 

nucleotides. Figure 4.1 show s the Raman spectra of EF-Tu*GDP (a) and 

nucleotide free EF-Tu (b). The two samples share few common spectral features. 

The amide I region of the nucleotide free EF-Tu is about 50% broader than that of 

the EF-Tu*GDP complex and the amid III band is very different from that of GDP 

complex. The intensities of the doublet at 853 cm-1 and 830 cm*1 which are 

assigned to the vibrations of tyrosine residues ([31]), as well as 850/830-cm '1 ratio 

of the nucleotide free protein increased dramatically. In addition, the absorption 

band resembling that of the protein was found in the filtrate when the nucleotide 

free protein was concentrated by centricon-30. These observations indicate that 

major structural changes have taken place, the secondary structure m ay have 

collapsed after nucleotide release. Clearly, efforts at getting nucleotide bands 

from the difference spectrum  formed between EF-Tu*GDP and nucleotide free 

EF-Tu failed.

Nucleotide free ras-p21 can be m ade according to following reaction ([44]):

phosphadiesterase 
p2l*GMP-PCP ----------------------------►  p21*Gunosine
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Since there was no insoluble phosphodieasterase available, this enzyme had to be 

separated from the reaction m ixture by chrom atography after the reaction was 

completed. The p21 lost almost all the ability to re-bind GDP after the over night 

gel filtration .

The limited stabilities of these nucleotide free G-proteins forced us to take 

an alternative way to investigate binding properties of nucleotides to the proteins 

by difference Raman spectroscopy (see detailed description in Chapter III.C).

B. The difference spectra of GDP m inus 8D-GDP in  EF-Tu and p21

The feasibility of the alternative approach described in Chapter III.C was 

proved first in the Raman studies on G®GDP and G®8D-GDP complexes.

N u c l e o t i d e  s p e c t r o s c o p y :  Raman spectrum  of the nucleotides in solution are

show n in Figure 4.2a (GDP) and 4.2b (8D-GDP). There have been a num ber of 

previous Raman studies of nucleotides and isotopically substituted derivatives 

([49-51]). The spectrum of GDP is dominated by bands which are associated with 

the guanine ring. The substitution of the hydrogen atom at the C8 position of 

guanine moiety by a deuterium  affects the frequencies of a num ber of bands. The 

strongest band at 1487 cm '1, which has been assigned to C7=C8 ring stretch and 8- 

CH deform ation, shifts dow n nearly 20 cm*1 to 1464 cm '1 in the 8D-GDP data. 

This band shifts substantially to lower frequency upon complexion w ith heavy 

ions or hydrogen bonding to guanine's N 7 ([52]).

Tsuboi and his colleagues ([52]) have determ ined the Raman spectra of a 

num ber of guanosine (and cytidine) salts and have compared their Raman spectra 

w ith the guanosine conform ations determ ined by X-ray diffraction analysis.
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Their studies showed that the Raman bands in 1300-1400 cm*1 region, which arise 

from ring motions and contain also substantial motions from the bonded ribose 

group, as well as the bands in the 600-700 cm-1 region are quite sensitive to the 

torsional angle about the glycosidic bond and the pucker state of the ribose ring 

(see Appendix D). In GDP solution spectrum (Figure 4.1a), the patterns of the 

bands in the above two regions m ost closely follow crystal spectrum  w here the 

guanosine conformation is C2' e n d o - a n t i ,  although the position of the 666 cm '1 

band of Figure 4.1a is slightly low for this conformation, about 10 cm-1. It has 

been proposed that the peak at 1178 cm-1 is sensitive to hydrogen bonding to 

guanine's -N H 2 group. This mode is believed to be composed of guanine ring 

plus C-N (amino) stretch. Thus, variations in hydrogen bonding to the amino 

group, which would be expected to influence the C-N stretch, may be reflected in 

this m ode's frequency. Peticolas and his coworkers in terp reted  a 5 cm-1 

dow nw ard shift in this band upon warming poly(G) from 25°C to 90°C as the 

breaking of hydrogen bonds to this group ([53]). The band at 1085 cm*1 arises 

principally  from m otions on the phosphate  (P-O stretch) p a rt of GDP. 

U nderneath this band is a small peak which has been assigned to motions of the 

ribose group.

As discussed above (Chapter III.C.), our procedure for m easuring the 

Raman spectrum  of the bound nucleotide involved isotopically 'editing' the in  

s i t u  nucleotide and forming the Raman difference spectrum  between the labelled 

and unlabeled protein-ligand complex. Figure 4.2c shows the difference spectrum 

between Raman spectra of GDP (Figure 4.2a) and 8D-GDP (Figure 4.2b). All 

norm al modes which include the C8-H coordinate are affected by deuteration of 

the 8 position, and these show as positive and negative peaks in the difference 

spectrum . For example, the strongest band in the GDP spectrum  (1485 cm‘l) ,
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assigned to stretching vibration of the N7=C8 bond and 8-CH deform ation, is 

shifted to 1464 cm '1, giving rise to the derivative-like feature dom inating the 

difference spectrum. Most of the guanine bands found in the GDP spectrum  are 

affected by the substitution of deuterium  at C8, and this results in a complex and 

rich difference spectrum.

The zero crossings are of importance in a difference spectrum. Assuming 

that a particular band can be described by a Lorentzian intensity profile centered at 

v u (for unlabeled) and that the band shifts by A v  to v/ (for labelled) upon labelling 

w ithout change in intensity or band w idth, then the intensity profile for the the 

unlabeled band is

I  = ---------- —------------
" < y - v u ) 2 + ir*

while the profile for the labelled band is:

I  = -------- —----------
' ( v -  v()2 + j r 2

where T is  the bandw idth and A  is an intensity scaling constant. It can be easily 

ca lcu la te d 2 that the difference betw een l u and // goes to zero at the average 

frequency position, (vM + v/)/2, regardless of the band w idth and frequency shift. 

Thus, for example, the 1178 cm*1 band in the GDP spectrum shifts to 1185 cm-1 in 

the 8D-GDP spectrum. The positive and negative ’couple’ that this yields in the 

difference spectrum is found at 1172 and 1190 cm '1, respectively. The average of 

1178 and 1185 cm '1 at 1181.5 cm '1 corresponds well to the 1181.0 cm '1 zero crossing 

in the difference spectrum. This relation will be used below to find the average 

'position' of a band for the bound GDP data.
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On the other hand, it is clear that some information is lost in forming a 

difference spectrum. Of course, bands not associated with the substitution, like 

the 1085 cm-1 phosphate band, subtract out and are not observed. Additionally, it 

is som etim es difficult, w ithou t know ing the answ er, to m ake a clear cut 

association between a positive and negative 'pair' in the difference spectrum  and 

a band in the GDP spectrum  and its associated shifted band in the 8D-GDP 

spectrum. For example, the 666 cm-1 GDP band shifts to 663 cm-1 in 8D-GDP. 

However, there are other nearby bands which shift differently. The result is a 

negative band at 660 cm '1 in the difference spectrum without a clearly identifiable 

corresponding positive peak.

P r o t e i n  s p e c t r o s c o p y :  The classical Raman spectra of the GDP-bound proteins are 

shown in Figures 4.3a (EF-Tu ) and 4.3c (p21). A few initial notes are w orth 

mentioning on the quality of the data. We have found that the non-resonance 

Raman signals of the most intense guanine bands to be on the order of 3% of the 

1449 cm-1 protein band of proteins having a molecular weight of ca. 40000, like 

EF-Tu. This is a convenient marker band because it arises from a CH2 scissoring 

m ode which is fairly insensitive to environment. A requirem ent for an adequate 

m easurement of bound guanine by difference spectroscopy is that the m easured 

protein signals achieve a signal to noise ratio of much better than 30 to 1. We 

have found EF-Tu to be one of the more suitable proteins for Raman studies. The 

purification procedures for this protein work very well w ith regard to fluorescing 

im purities (we expect no fluorescence from  the protein because the visible 

excitation used to stimulate the Raman light is far from any protein absorption 

band). EF-Tu yields virtually no background fluorescence. Moreover, it is easy to 

prepare in high concentrations (~2 mM) with no aggregation. We are unable to 

determ ine the signal to noise in the EF-Tu data because the channel resolution
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along the frequency axis is not sufficiently fine. However, the signal to noise of 

the data in Figure 4.3a exceeds 1000 to 1. On the other hand, p21 does show some 

background fluorescence levels, and the signal to noise ratio for the data of Figure 

4.3c is som ew hat less, near 300 to 1. This results in a som ew hat more noisy 

difference spectrum for p21 than for EF-Tu (see below). In addition, we observed 

a non-reversible change of the Raman spectrum, which looks similar to that of 

nucleotide free protein, when EF-Tu and p21 were highly concentrated (>6 mM).

P r o t e i n  S t r u c t u r e .  Because the Raman spectra of proteins w ere show n to 

represent the spectral sum of its constituent amino acids ([54]), most Raman peaks 

in Figures 4.3a and 4.3c can be assigned to their corresponding residues as is 

shown in Table 4.1. Except for minor position changes, all amino acids that are 

present in both proteins show similar frequency and intensity patterns.

G D P  B o u n d  t o  E F - T u  a n d  p 2 1 :  Figure 4.4a shows the difference spectrum  of 

EF-Tu®GDP (Figure 4.3a) w ith that of EF-Tu°8D-GDP (Figure 4.3b). The 

corresponding difference spectrum  for the c-Harvey r a s - p l l  protein is shown in 

Figure 4.4b, and the solution difference spectrum , given in Figure 4.2c, is 

reproduced in Figure 4.4c for comparison. All peaks which are larger than our 

inherent signal to noise in these m easurements and which have been observed 

in several independent m easurem ents are labelled in the figure. Qualitatively, 

the three difference spectra are very similar. In general, the protein spectra are 

sharper than the solution spectrum , and the p21 spectrum  is som ewhat sharper 

than the EF-Tu spectrum. However the peak positions are not much affected by 

binding.

The bound data of Figure 4.4 clearly reflect part of interactions between the 

guanine moiety and its protein pocket. The peak at 1178 cm '1, believed to be
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sensitive to hydrogen bonding to guanine's -NH2 group (see above), shifts to 

lower frequency when GDP binds to EF-Tu and p21. This is seen from the data of 

Figure 4.4 by calculating the zero intensity position of this band in the various 

difference spectra. In solution, the positive and negative peaks in the difference 

spectrum are found at 1172 and 1190 cm-1, respectively. We take the zero position 

as the average of the positive and negative values (see above), which is 1181 cm-1 

here. Using the same criterion, we find a zero crossing for this band at 1178 cm"1 

from the EF-Tu data and 1174 cm-1 from the p21 spectrum . The band has 

downshifted -3 cm-1 for GDP in EF-Tu and -7 cm*1 in p21. Thus the data suggest 

that guanine 's am ino group interacts differently to both pro teins than in 

solution. This is consistent w ith binding studies ([55]) and the available X-ray 

diffraction studies ([8, 21-26]) which suggest that the guanine base is anchored by 

two major interactions: an aspartic acid residue (A spll9  in p21 and Aspl38 in EF- 

Tu) which is hydrogen bonded with the amino substituent in position 2 and an 

interaction between the 6-keto group and a main chain amine of Alal46 in p21 

and the side chain amine of Asnl35 in EF-Tu. It should be pointed out that the 

correlation found previously for the 1178 cm-1 band suggests that a decrease in 

frequency to be indicative of a stronger hydrogen bond. However, the m ode is a 

fairly complicated one, and it is unclear just how it will respond to particular 

hydrogen bonding groups (which is unknown in the previous work as opposed to 

a carboxylate here) and their positioning. These param eters may well affect the 

exact response of a particular mode ([56]) and the sign of a shift for a complicated 

mode. This needs to be probed more fully with direct isotopic labelling of the 

amino group.

The data clearly indicates that the guanine ring in  s i t u  does not interact 

with the protein in both p21 and EF-Tu through the N 7 position differently than
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it interacts with water in solution. This is seen from the general similarity of the 

bound difference data to that of the solution data. In particular, the 1487 cm-1 

band, which is shifted by the C8 deuterium  substitution to 1464 cm-1, is not 

affected at all by binding. As discussed above, this band has been shown to be a 

marker band for hydrogen bonding to N7. This conclusion is supported by the 

fact that modification of the 8 position w ith bulky groups as in 8-Br-GDP has 

almost no influence on the binding affinity to either EF-Tu or p21 ([57, 58]).

The general correspondence in the conformational sensitive 600-700 cm-1 

and 1300-1400 cm-1 regions between the solution spectrum and the protein spectra 

suggests that binding does not affect the conformation of the nucleotide. As 

discussed above, the solution spectrum  suggests an a n t i  conformation about the 

glycosidic ring and a C2 '-endo  sugar pucker. Thus, the data strongly suggest that 

the conformation of the nucleotides to EF-Tu and p21 is also C l ' e n d o  -anti. This 

is in agreem ent w ith X-ray diffraction studies on these bound complexes which 

show a C2' -endo  sugar pucker and a torsional angle of X = -125° for GDP bound to 

EF-Tu and X = -113° for p21 in the crystalline state ([8, 21-26]). It is also consistent 

with the crystallographic observations that the ribose moiety of the nucleotide has 

only weak interactions with the protein and a large portion of it (the 2' and 3' 

hydroxyls) is exposed to the solvent. The additional sharpness of the bands in the 

bound data suggest that there is less conformational accessibility for GDP bound to 

the proteins than w hen in solution. We suspect that the difference band at 661 

cm ' 1 is som ewhat sharper for GDP in p21 than in EF-Tu because the range of 

angles from an equilibrium  C2' - e n d o  ribose pucker angle is som ewhat larger in 

EF-Tu than in p21. This conjecture, as well as the extra sharpness of the p21 

spectrum  com pared to the EF-Tu spectrum  generally, is in agreem ent w ith the
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som ewhat greater binding affinity of p21 for GDP (Kd = 2xl0-11 M, [44]) than that 

of EF-Tu (Kd= 2x10-9 M/ [59]).

The experim ental results above provide a proof that the essential idea 

given Chapter III.C works very well. We have m easured the difference Raman 

spectrum  of protein bound nucleotides. Some structural information has been 

infered from this study.
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Table 4.1: Raman peak frequencies and mode assignments for the GDP-bound

forms of EF-Tu (left) and p21 (parentheses) proteins. Taken from the spectra 

shown in Figure 1. str.-stretching, def.- deformation, sc.- scissoring. Assignments 

are based on ([60-62]) and references cited therein.

Raman frequency (cm 'l) A ssignm ent
643 (—) Tyr

825(830) Tyr (buried)
850 (850) Tyr (exposed)

936(938) Val, CF13 sym. rock

950 (951) C-C str.
1001 (1002) Phe
1030 (1030) Phe
— (1059) C-N str

1124 (1124) C-N str
1172(1174) Phe, Tyr, Val, Leu CH3 asym. rock

1207 (1207) Phe, Tyr
1200 -1300 Amide III
1317 (1320) C-H def.
1338 (1339) C-H def.
1400 (1407) COO- str, Asp, Glu
1449 (1450) CH2 s c .

1571 (1570) ?

1605 (— ) Phe, Tyr
1618 (1618) Phe, Tyr, Trp
1667 (1663) Amide I
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Figure 4.1: Raman spectra of EF-Tu*GDP (a); EF-Tu (b). All the proteins were at 

2 mM in buffer R and was excited with 150 mW of 488 nm  argon 

laser light. Temperature of sample holder was set to 4°C.
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Figure 4.2: Ram an spectra of (a) GDP, (b) 8D-GDP and (c) the calculated 

difference spectrum. Both samples are at 50 mM in H 20 , pH  7.5. 

Excitation is with 100 mW of 488 nm argon laser light.
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Figure 4.2
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Figure 4.3: Raman spectra of (a) EF-Tu«GDP, (b) EF-Tu»8D-GDP and (c)

p21 *GDP. EF-Tu»GDP is at 2 mM in buffer R and is excited with 180 

mW of 488 nm  argon laser light. p21*GDP is at 3.6 mM in buffer R 

and is excited with 150 mW of 530.2 nm krypton laser light.
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Figure 4.4 Difference spectra between the GDP and 8D-GDP complexes in (a) 

EF-Tu and (b) p21. Spectrum (c) is the solution difference spectrum 

(same as Figure 2(c)).
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Chapter V

THE INTERACTIONS OF NUCLEOTIDES WITH G-PROTEINS I: HYDROGEN 

BONDING WITH THE GUANINE RING MOIETY OF THE NUCLEOTIDES

X-ray structures of EF-Tu and ras-p21 show that the two binding 'handles' 

between the protein and the nucleotide, namely, the carbonyl at position 6 and 

the 2-amino group, both on the guanine ring, are crucial for the in s i tu  anchoring 

and specificity of GDP to the binding site via hydrogen bonding to protein 

residues. Here, we investigate these interactions utilizing nucleotide analogues 

ch e m ic a l ly  modified at selected positions, suitable for instances where isotopic 

labeling is either more complicate or more expensive from a synthetic point of 

view. Accordingly, two nucleotide analogues were chosen: IDP which lacks the 

2-amino group, and 6-thio-GDP which contains a sulfur atom  replacing the 

6-oxygen. The chemical structures of these nucleotides are shown in Figure 3.1. 

To confirm the results that we got from the chemically m odified nucleotide, and 

to get the interaction of the carbonyl group of GDP with r a s -p21, isotopically 

labeled 6-lsO-GDP was also synthesized.

A. Nucleotide spectroscopy of GDP, IDP and 6-thio-GDP

Solution data of GDP, IDP and 6-thio-GDP are shown in Figure 5.1. The 

vibrational spectra of guanine and hypoxanthine as well as their respective 

nucleosides and nucleotides have been published and discussed previously (e.g. 

[51, 63-67]). We follow the previous spectral assignments in our discussion below. 

As the spectra of both GDP and IDP are dominated by bands which are associated 

w ith the purine base m oiety of the m olecule (guanine and hypoxanthine,
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respectively), the major negative and positive peaks in difference spectrum  

formed between GDP and IDP (figure 5.2a) arise from this part of the molecule. 

Since the only chemical difference between the two molecules is the presence of 

the 2-amino group in GDP, this difference spectrum  exemplifies the different 

types of effects a single substitution has on the vibrations of a ring system. For 

example, GDP delocalized purine breathing motions, which show the strongest 

Raman intensities, the GDP bands at 1577 cm-1, assigned primarily to the C4=C5 of 

the ring and at 1487 cm '1, assigned primarily to N7=C8 stretch, are shifted to 1554 

and 1473 cm-1, respectively, in IDP. Localized motions that are directly associated 

with the 'extra' amine group present in GDP are also clearly affected. These are, 

in general, much weaker as seen in the external C-N stretching mode observed at 

1178 cm*1 and the -NH2 scissoring mode at 1646 cm ' 1 in the GDP spectrum  ([52, 

68]), both of which are absent from the IDP spectrum. Im portantly for this study, 

the some w hat weak and broad carbonyl (C=0) stretching m ode located at 1685 

cm *1 in GDP, shifts and because stronger and sharper at 1692 cm -1 in the IDP 

spectrum  (Figure 5.1b). In the difference spectrum  of 5.2a, IDP's carbonyl peak 

clearly shows up as a negative peak at 1695 cm-1. On the other hand, GDP's 

weaker and broader carbonyl peak is essentially unobserved in the solution 

difference spectrum.

The so lu tion  spectrum  of 6-thioGDP is show n in Figure 5.1c. The 

replacement of GDP's keto oxygen by sulfur affects a num ber of GDP's bands. C=S 

group in 6-thio-GDP is less polar than the carbonyl linkage, and the vibration 

does not give rise to as characteristic a band as the C = 0 due to the complication of 

correlation's. However, the high polarizability of the sulfur atom leads to strong 

Raman spectrum  from all bonds connected to it. Due to the greater mass of 

sulfur the C=S vibration is expected to occur at considerably lower frequencies
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than C = 0  vibration. Calculations and model compound studies indicate that the 

C=S frequency would be found in the 1050-1200 cm ' 1 region ([69]/[46]). The most 

im portant spectroscopic feature of 6-thioGDP for our protein study is that this 

spectrum contain no bands in 1620-1750 cm' 1 region. Consequently, its difference 

spectra with GDP (Figure 5.3a) and with IDP (Figure 5.3c) show clearly GDP's and 

IDP's C =0 stretches and GDP's -NH2 scissoring mode.

B. Difference spectroscopy of GDP, IDP and 6-thio-GDP in EF-Tu and r«s-p21

Figure 5.2 shows the difference spectrum formed between the GDP and IDP 

when bound to EF-Tu (5.2ba) and p21 (5.2c). The solution difference spectrum is 

given in Figure 5.2a. A comparison between the difference spectra of bound 

nucleotides and their corresponding solution spectra shows that the overall shape 

of the spectra are not much affected by binding, a similar result as the "isotope 

editing" experim ent (Chapter IV.B), however the bound difference spectra are 

somewhat sharper than that of free nucleotides (especially in p21).

Protein  difference spectra form ed betw een protein® nucleotide and 

protein®nucleotide analogue contain nucleotide bands which shift in frequency 

or are absent in the spectrum of the analogue. In addition, it is possible, and even 

expected, that the difference spectra will also contain bands which arise from 

protein vibrations that are perturbed differently in their interaction w ith the 

nucleotide com pared w ith the nucleotide analogue. We m ay safely assign the 

largest of the bands in the protein difference spectra as arising from the bound 

nucleotide. The non-resonance Raman cross sections of the arom atic purine 

rings and analogues are quite large compared to the vast majority of apo-protein 

vibrations and their expected changes [20]. For example, the intensity of the 1487

79



cm -1 band in the GDP spectrum is about 3% of that of the 1449 cm-1 protein band 

of EF-Tu and about 6% of the corresponding protein band in the p21 spectrum  

[70]. From our previous studies, which determ ined difference spectra between 

EF-Tu and p21 containing isotopically labeled and unlabeled nucleotides (and 

therefore the difference spectra could not include any apo-protein bands), this 

band's position and intensity are unaffected by binding to these two proteins. In 

the protein GDP-IDP difference spectra of Figure 5.2b and 5.2c, an intense band is 

also observed at 1487 cm '1, at the solution position (Figure 5.2a), and its intensity 

relative to apo-protein bands is preserved. Thus, it is certain that this band arises 

from the bound nucleotide. On the same grounds, we can assign other major 

bands in the protein difference spectra to nucleotide bands which preserve their 

relative intensity from the solution difference spectrum  and which show either 

no or only small shifts upon binding. Those bands of special interest for this 

study which meet these criteria, their internal mode assignment, and shifts upon 

binding are tabulated in Table 5.1.

Figure 5.2a shows the difference spectrum  formed between GDP and IDP. 

The positions of a few vibrational modes change upon protein binding. A major 

purine peak appears at 1487 cm-1 for GDP and at 1473 cm-1 for IDP (see Figure 5.1). 

This band was assigned to the ring N7=C8 stretching motion coupled with 8-CH 

deformation ([51). When bound to both EF-Tu and p21, the position of this band 

remains unchanged from its solution value, indicating no interactions between 

the 7 and 8 positions of the nucleotide and the binding site. Lack of interactions at 

this position is supported  also by previous Raman and chemical m odification 

studies (see Chapter IV.B and W ittinghofer, 1977 #351]). The stretching vibration 

of the C4=C5 atoms in the purine ring contribute m ost of the intensity to the 

peaks observed at 1577 cm ' 1 and 1555 cm*1 in the Raman spectra of GDP and IDP, 

respectively ([51, 67, 71]). This results in negative and positive peaks at these
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locations in the difference spectrum (Figure 5.2a). These bands shift down when 

the nucleotide bind to proteins.

The presence of the 2-am ino group (-NH 2) of GDP is observed as 

contributions to two Raman intensities: an external C-N stretching mode at 1178 

cm-1, and an amine scissoring motion at 1646 cm-1, resulting in positive peaks at 

1179 cm -1 and 1644 cm-1 (see above and Figure 5.2a) in the difference spectrum. 

Upon binding, the scissoring m ode shifts to 1652 cm ' 1 and 1660 cm ' 1 in EF-Tu and 

p21, respectively. The external C-N stretching mode shifts down to 1176 cm ' 1 in 

EF-Tu and to 1174 cm-1 in p21. This assignment of the two bands in the 1600-1700 

cm ' 1 range in the protein difference spectra to the nucleotide C = 0  stretch mode 

and the -NH2 scissors mode is reinforced by observation of these bands in more 

than one difference spectrum. For example, the -NH2 scissors m ode is observed 

clearly at the same position and relative intensity in EF-Tu in the difference 

spectrum formed between GDP and IDP as well as that formed between GDP and 

6-thio-GDP. M oreover, no negative peaks are observed in the GDP m inus 

6-thioGDP and IDP m inus 6-thio-GDP protein difference spectra as is observed 

when apo-protein peaks are affected upon ligand binding ([20]).

Figure 5.3 show s the difference spectrum  form ed betw een GDP and 

6-thioGDP in solution (5.3a) and  in EF-Tu (5.3b), and the difference spectrum  

formed between IDP and 6-thio-GDP in solution (5.3c) and in EF-Tu (5.3d).

The C=S stretch is m uch m ore susceptible to coupling effects ([46]). It is 

expected that the C=S stretch, in which the carbon atom moves much more than 

sulfur, the influence of angle effects and of the effects of compression of the 

adjacent C-N, C-C bonds will be considerably more pronounced than in the 

carbonyl vibration. In spectra 5.3b, 5.3d, the vibration pattern of bound 6-thio-GDP
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changed dram atically due to protein-nucleotide interactions. The hydrogen 

bonding w ith C=S m otif m ay change ring coupling, therefor effecting the 

vibration mode that are coupled with C=S stretch.

C  Difference spectroscopy of GDP and 6-lsO-GDP in EF-Tu and ras-p21

One disadvantage of forming difference spectrum  between protein-ligand 

complex and protein with chemically modified ligand is that the effect of protein 

changes induced by the modification is hard to estim ate, especially w hen the 

interesting vibrational band overlaps with a strong protein band. For this reason, 

GDP with 180  labeled at 6 position was synthesized.

As expected, the major spectroscopic effect of replacing the oxygen at 

6-position by lsO is the down shift of the C =0 stretch (Figure 5.4, 5.5). However, 

the am ount of 10 cm*1 down shift is far less than the 33 cm-1 down shift predicted 

for the isolated C = 0  stretch by the simple mass law, ie. v is proportional to 

V (m i/m 2), where m i and m2 are reduce masses. The ring stretch peak at 1487 cm" 

1 is also down shifted 3 cm ' 1 upon isotopic labeling. This indicates an interaction 

of C = 0  stretch w ith other vibrations of the conjugated guanine ring. The 

difference spectrum formed between GDP and 6-lsO-GDP has a positive peak at 

1695 cm -1 and a negative peak at 1659 cm"1 (Figure 5.6a). The zero crossing of this 

derivative-like peak is at 1673 cm"1.

Figure 5.6 also shows the difference spectra of GDP m inus 6-ls O-GDP in 

EF-Tu (Figure 5.6b) and in p21 (Figure 5.6c). The overall features of these two 

difference spectra are very similar to that of the free nucleotides. The ring stretch 

at 1478 cm"1 is not affected by binding in both proteins, which confirms the results
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obtain with chemical modification of the nucleotide. The C =0 stretch is affected 

by protein binding to a different extent in the two proteins. In EF-Tu, the zero 

crossing of the derivative-like carbonyl stretches shifts dow n from 1673 to 1658 

cm-1, while in ras-p21, it shifts down to 1663 cm '1.

By using isotopically labeled nucleotide, the first order effect of protein 

changes can be ruled out. The relative intensities and positions of C = 0  stretches 

observed in this study are consistent with the observations of using chemically 

modified nucleotides, thus, confirms our previous result (Chapter V.B).

D. Discussion

The frequencies of the bands observed in vibrational spectroscopy are 

determ ined by the masses of the atoms and bond force constants of the internal 

coordinates that make up the observed normal mode. The force constants are 

functions of the distribution of the electrons in the internal coordinates. Thus, 

the observed band frequencies report on several structural attributes of the 

interacting atoms. For small molecular systems in particular, the geometry of the 

atoms may be surmised in some cases. In our previous work on the binding of 

GDP to EF-Tu and p21 (Chapter IV), we show ed that the purine ring-ribose 

glycosidic bond adopted an anti conformation while the pucker of the sugar is C2' 

e n d o -anti, in agreem ent with crystallographic studies ([8, 25, 72]). Virtually all 

Raman bands in the difference spectra of the protein-bound nucleotides are 

sharper then those observed in solution, the effect being m ore pronounced with 

p21 then w ith EF-Tu. We interpret this qualitative difference to arise from a 

m ore constrained conformation of the nucleotide w hen bound to the protein.
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Consistently, the binding constant of GDP to p21 (Kd= 2 x 1011 M; John et al., 1990) 

is significantly higher than to EF-Tu (Kd= 2 x 109 M; [59]).

The major interest in this section centers on the interactions that exist 

betw een the bound nucleotide's purine ring w ith EF-Tu and p21. For both 

proteins, high resolution x-ray crystallographic structures have been determ ined 

and a set of interactions between the guanine moiety of GDP and an array of 

conserved residues was im plied ([8, 25, 72]). U tilizing the conventional 

crystallographic criteria for hydrogen bonding (i.e. donor to acceptor distance <3.4 

A), the guanine base is anchored in the binding site with 7 hydrogen bonds in 

EF-Tu and 5 hydrogen bonds in p21. However, it is not possible to asses the 

m agnitude of these interactions with crystallographic data because of the limited 

accuracy of such studies, even for a 1.3 A resolution study now available for p21 

([11, 72]). The reason for this is that the shift in distance between atoms associated 

with even a strong hydrogen bond is a fraction of a tenth of an angstrom. On the 

other hand, the electrons associated with the moiety forming the hydrogen bond 

respond quite strongly, and this leads to easily measurable changes in vibrational 

force constants and the associated frequencies of the observed bands. For 

example, the frequency of an isolated ketone C= 0  stretch is quantitatively related 

to the hydrogen bond interaction energy form ed w ith nearby hydrogen bond 

donors to a good approximation. Every 2 cm*1 shift in the C = 0  stretch implies 

one kcal/m ol in interaction enthalpy. At the same time, a 2 cm-1 shift implies a 

distance change of the ketone bond of less than 0.01 A ([73, 74]). Thus, changes in 

frequency of bands associated with bonds undergoing hydrogen bonding (or lack 

thereof) when the nucleotide binds have implications for our understanding of 

the binding parameters.
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The intense purine peak which appears at 1487 cm-1 for GDP and at 1473 

cm -1 for IDP in solution (see Figure 5.1) is assigned to the ring N7=C8 stretching 

motion coupled with 8-CH deformation ([51, 63]), and the position of this band is 

sensitive to the m agnitude of hydrogen bonding to N 7 ([52]). W hen bound to 

both EF-Tu and p21, the position of this band rem ains unchanged from its 

solution value (Table 1), indicating no change in interaction between N7 of the 

nucleotide and the binding site relative to its interaction with water. Lack of a 

change in interaction at this position is supported also by previous Raman and 

chemical modification studies ([57, 70]). These results do not imply that there are 

no interactions between N7 and its environm ent. There is presum ably some 

hydrogen bonding with water for GDP in solution, and the X-ray show N 7 to be 

close enough to A sn ll6 in p 21 (3.2 A) and Asnl35 in EF-Tu (3.0 A) for effective 

hydrogen bonding.

A pronounced spectral shift is observed in the ring m ode assigned to the 

C4=C5 stretching motion. This band, observed at 1577 cm-1 in GDP and at 1555 

cm ' 1 in IDP, shifts down by 7 cm"1 upon binding to EF-Tu, and by 10 cm ' 1 when 

bound to p21 (see Table 5.1). In solution this band is virtually unchanged for 15N 

labels at 7-N and 9-N positions ([75]) and for all the deuterium  labeled derivatives. 

15N labels at 1-N, 2-N and 3-N positions down shifted this band about 7 cm ' 1 ([75]). 

The nearest nitrogen atom to C4=C5 double bond among the three is 3-N, it seems 

reasonable to assume the down shift of C4=C5 stretch is mainly caused by mass 

increase of 3-N. Despite the insensitivity to deuteration on position 1-N, 2-N or 

8-C, this vibration band is very sensitive to environmental changes. This mode 

has shown to be sensitive to 15N  labeling on the 6 membered ring ([75]) and to 

solvent polarity: its frequency is down shifted by 12 cm ' 1 when guanosine is 

dissolved in DMSO and increases gradually with incremental additions of water.
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The data therefore suggests that the protein-induced dow n shifts of this m ode 

arise prim arily from the different polarity of the environm ent of the nucleotide 

when in water vs . when bound to the protein. The x-ray studies have showed the 

different roles of a conserved Lysine residue around Guanine ring in EF-Tu than 

in p21 ([26, 29]). These difference in interactions may functioned via nitrogen 

atom at 3 position.

A major effect of binding is seen on the vibrational modes associated w ith 

positions 2 and 6 of the guanine base. In general, the formation of a stronger 

hydrogen bond will increase the frequency of a donor deformation vibration like 

-N H 2 scissoring while decreasing the frequency of an acceptor stretching vibration 

like the C = 0 stretch ([18, 76,77]). This is because the H-N-H scissoring motion will 

be 'stiffened' by the hydrogen bond. On the other hand, electrons are draw n from 

the C = 0  bond by attractive electrostatic interactions which lower its bond order 

and hence its frequency. The amine deformation m ode of GDP, observed at 1646 

cm -1 in solution, is shifted up by 8 and 16 cm ' 1 upon nucleotide binding to EF-Tu 

and p21, respectively. The carbonyl stretching frequency of IDP is shifted down by 

15 cm ' 1 and 20 cm ' 1 w hen bound to EF-Tu and p21, respectively, while the 

carbonyl stretch of GDP down shifts by 15 cm-1 and 10 cm*1 when it binds to EF-Tu 

and p21 (Table 5.1). This indicates stronger hydrogen binding (AH) of the 6-keto 

and 2-amino moieties of the nucleotides to EF-Tu and p21 than w ith water. 

Interactions w ith these positions are conserved in EF-Tu and p21 as well as 

am ong other members of the GTPase super family, as part of the NKXD motif 

(e.g. [78]). The 2-amino group is known to be only 3A or less away from an 

invariant Asp residue (Aspl38 in EF-Tu and A sp ll9  in p21), while the 6-keto 

group is hydrogen bonded to the main chain NH of a conserved Alanine residue 

(Alal46 in p21 and Alal74 in EF-Tu). In principle, it is possible to determine the 

m agnitude of the hydrogen bond from the shifts in frequency of the C = 0  stretch
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and -N H 2 scissors modes since, in general, fairly accurate correlations are found 

betw een bond frequencies and the interaction enthalpy betw een donor and 

acceptor (Badger-Bauer relationships; see e.g. [73]). H ow ever, quantitative 

relationships require calibrating model solution studies between the purine ring 

of GDP or IDP, in this case, and a series of proton donors in the case of the C =0 

moiety and proton acceptors for -NH2. This has not yet been performed. From 

our previous work (see e.g. [79]), the shifts observed for the -NH2 scissors mode 

upon binding suggest relatively small interaction enthalpies. On the other hand, 

the shifts in the C = 0  stretch suggest reasonably strong hydrogen bonding between 

this group and protein, on the order of a few kcal/m ol.

Hydrogen-bond-induced shifts observed in the present study are such that, 

in the interaction with GDP, the strength of the hydrogen bond w ith N H 2 group 

is greater in p21 than in EF-Tu, while the hydrogen bond with C = 0  group is 

weaker in p21 than in EF-Tu (see Table I). This is consistent w ith the available 

x-ray crystallographic data ([72, 80]). The 6-oxygen is seen to be interacting with 

three hydrogen bond acceptors in EF-Tu (3A from Alal74, 2.7A from Asnl45, and 

3.2A from Serl73), while it is interacting w ith only one acceptor on p21 (2.9A 

from Alal46). But, a som ewhat conflicting situation is seen in the vibrational 

modes involving the 2-amino group. The exocyclic arr -ne's distance of closest 

approach to its hydrogen bonding Asp in EF-Tu is identical to that in p21 (2.9A), 

where the interaction is expected to be slightly weaker, since the carboxylate's 

electronegativity in p 21 is also shared by a nearby (2 .8A) structural w ater 

molecule. On the other hand, the spectral shifts of both the -NH2 deform ation 

(1647 cm ' 1 in solution), and the external C-N stretching (1178 cm*1 in solution) 

are roughly twice as pronounced for the nucleotide in p21 then in EF-Tu.
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H ydrophobic interactions and hydrogen bondings are the two major 

interactions that anchor the nucleotide in the proteins. In EF-Tu and ras-p21, 

these interactions contribute to a different extend on nucleotide binding. The 

radioactive binding assay show ed that the replacem ent of the 6-oxygen by a 

hydrogen atom abolishes the affinity of the nucleotide to EF-Tu, while the affinity 

of the nucleotide to p21 is only reduced by 25 fold. This result indicate that the 

hydrogen bonding at 6 position is more im portant in nucleotide binding in EF-Tu 

than in p21, which is consistent with the result of Raman m easurement that the 

hydrogen bonding at this position is stronger in EF-Tu. Binding assays showed 

that the elimination of -NH2 group on the guanine ring reduces the affinity of the 

nucleotide to EF-Tu by a factor of 85, while, in p21, the reduction is a factor of 123. 

This result is consistant w ith the Raman study that the hydrogen bonding at 

-N H 2 position contributes more in the binding in p21 than in EF-Tu. W hen IDP 

binds to p21, the reduced affinity due to the absence of hydrogen bonding at 

2-position seems, partly, to be compensated by the increase in the hydrogen bond 

strength at 6-position, since the observed frequency shift for IDP's C = 0  stretch is 

clearly greater in p21 then in EF-Tu (-15 cm-1 vs. -20 cm-1, respectively), which is 

the opposite case of C = 0  stretch of GDP (table 5.1). The mechanism of such a 

rearrangem ent of interactions is currently unclear. Overall, p21 binds GDP ([57, 

81]) some 100-fold more strongly than does EF-Tu. Hydrophobic interactions may 

play an im portant role in p21 binding to the nucleotide. The substitute guanine 

ring of the 6-thioGDP is m ore hydrophilic than that of GDP. Decreasing the 

hydrophobicity of the nucleotide by replacing 6-oxygen with a sulfur completely 

abolish the binding affinity of p21 to the nucleotide while the elimination of the 

carbonyl group only reduce the affinity by 25 fold.
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We take the above mentioned data to indicate that although the hydrogen 

bond with 6-oxygen is weaker in p21 than in EF-Tu, the overall interactions of the 

guanine moiety of the nucleotide are tighter in p21 then in EF-Tu. The hydrogen 

bonding w ith N H 2 group and the hydrophobic interactions are im portant in the 

interactions w ith p 21, thus contributing majorly to the reduced dissociation 

constant observed in p21. The binding affinity of the two proteins to different 

nucleotides (6-thioGDP and 6-hydroGDP) support this notion. Both proteins bind 

IDP, suggesting that the hydrogen bonding of the 2-amino group, while definitely 

contributing, is not an absolute requirem ent. Accordingly, GDP analogues 

substituted at this position w ith bulky groups such as tolyl-, butyl-, or phenyl- 

bind with similar or even greater affinity to p21 ([48]). On the other hand, while 

p21 binds 6-hydroGDP with greater affinity than IDP, EF-Tu does not show any 

significant binding of this analogue when m easured in a filter exchange assay. 

The situation is reversed w ith respect to 6-thioGDP (Table 3.2). The binding of 

6-thioGDP to EF-Tu was shown to be accompanied by a decrease in the pK of the 

thiol group of 0.7 units ([47]).
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Table 5.1: Frequencies (in cm-1) of selected nucleotide vibrations in solution and 
their frequency shifts when complexed to p21 and Elongation Factor Tu.

MODE_______________v (solution)__________ Av (EF-Tu)____________ Av (p21)

GDP vibrations
N7=C8 stretch 1487 0a'b 0a'b
C4=C5 stretch 1577 -7b -10b
C2-NH2 stretch 1179 -2b -5b
-NH2 scissor 1646 +8b'c +16b
C= 0  stretch 1685 -15c'e -10e

IDP vibrations
C4=C5 stretch 1555 -5b -10b
C = 0 stretch 1691 -15d -20d

(a) shift in frequency obtained from [70]; (b) difference spectrum formed between 
GDP and IDP, which may have some error because of overlapping bands in C = 0 
stretch region; (c) difference spectrum  formed between GDP and 6-thio-GDP; (d) 
difference spectrum  formed between IDP and 6-thio-GDP; (e) difference spectrum 
formed between GDP and 6-lsO-GDP, (see Figure 5.6a and 5.6c).
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Figure 5.1: Solution Raman spectra of (a) GDP, (b) IDP, and (c) 6-thio-GDP.

Samples are at 0.1 M in H 2O, pH  7.5. Excitation is w ith 150 mW of 

the 488 nm Ar+ laser line for (a) and (b), and 150 mW of 568.2 nm 

line from a Kr+ ion laser for (c).
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Figure 5.2. Raman difference spectra form ed betw een GDP and IDP. (a) in 

solution, (b) complexed with EF-Tu and (c) complexed with c-H-ras 

p21. Panel (a): the difference spectrum  obtained from the data in 

Figures 5.1a and 5.1b. Panel (b): EF-Tu is at ca. 2.5 mM in buffer R 

and excitation is with the 530 nm line from a Kr+ ion laser. Panel (c): 

p21 is at ca. 3.5 mM in buffer R and is excited with the 568.2 nm line 

from a Kr+ ion laser.

93



Figure 5.2
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Figure 5.3: Raman difference spectra of GDP minus 6-thio-GDP in solution (a)

and in EF-Tu (b), and the difference spectra of IDP minus 6-thio-GDP 

in solution (c) and in EF-Tu (d). Solution spectra (a, c) were obtained 

w ith 180 mW of the 568.2 nm line from  a Kr+ ion laser, the 

nucleotide concentrations are at ca. 0.1 M, pH  7.4. EF-Tu is at ca. 2.5 

mM in buffer R and excitation is w ith the 530 nm line from a Kr+ 

ion laser. P21 is at ca. 3.5 mM in buffer R and is excited with the 

568.2 nm  line from  a Kr+ ion laser. Right Panel shows the 

expanded view of the high frequency region for the corresponding 

difference Raman spectra at left panel.
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Figure 5.4: Raman spectra of GDP (a) and 6-180-GDP (b) in solution. The spectra

were obtained w ith 180 mW of the 568.2 nm  line from a Kr+ ion 

laser, the nucleotide concentrations are at ca. 0.1 M, pH  7.4.
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Figure 5.5: A blow-up view of the C = 0  stretch regions of the Raman spectra of

GDP (a) and 6-18O G D P  (b) in solution. The two spectra are 

norm alized to the intensity of the peak at 1577 cm '1. The -NH2 

bending and C = 0 stretch modes of GDP are fitted to two Lorenzian 

peaks. In the spectrum  of 6-180-GDP, the Lorenzian peak at 1641, 

which is obtained from the fitting of the GDP spectrum  (a), was 

subtracted out from the overlaped C = 0  stretch and -N H 2 bending 

modes. This operation leaves the C=180  stretch at 1675 cm '1. The 

C = 0  stretch shifts down 10 cm ' 1 upon the isotopic labeling.
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Figure 5.6: Raman difference spectra of GDP m inus 6-lsO-GDP in solution (a),

in EF-Tu (b) and in p21 (c). The "zero crossing" ponts of the spectra 

are labeled with arrow lines. Solution spectra (a) was obtained with 

180 mW of the 568.2 nm line from a Kr+ ion laser, the nucleotide 

concentrations are at ca. 0.1 M, pH  7.4. EF-Tu is at ca. 2.5 mM in 

buffer R and excitation is with the 568.2 nm line from  a Kr+ ion 

laser. P21 is at ca. 3.5 mM in buffer R and is excited w ith the 568.2 

nm line from a Kr+ ion laser.
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Chapter VI

THE INTERACTIONS OF NUCLEOTIDES WITH G-PROTEINS II: 

INTERACTION WITH THE PHOSPHATE MOIETY OF GUANINE

NUCLEOTIDES

The phosphate  m otif of nucleotide is very im portan t for binding. 

Removal of the (3-phosphate from GDP reduces its affinity to the r a s -p21 by a 

factor of more than 106 ([44]). Phosphate groups on GDP and GTP are negatively 

charged under physiological pH. As is generally the case for nucleotide-binding 

proteins ([82]), the phosphate binding of EF-Tu and r a s -p21 are stabilized by a 

positive dipole m om ent of the phosphate binding loop. In x-ray studies of EF-Tu, 

the four m ain-chain nitrogen atoms in the loop Asp21 to Lys24 encircle the 13- 

phosphate g roup w ithin a distance of approxim ately 3.5 A. In r a s - p 21, the 

phosphate binding site is also characterized by a num ber of interactions. Thus, 

attempts were taken to address the specific interactions on the phosphate group.

A. Difference Spectrum of EF-Tu® GDP and EF-Tu® GDP(3S

GDP(3S is a commercially available compound where one of the oxygens on 

(3-phosphate is replaced by a sulfur atom. M easurements were carried out with 

EF-Tu that contains a GDPJ3S in its active site. The difference spectrum of GDP 

m inus GDP(3S is shown in Figure 6.1a. A num ber of Raman bands of GDP are 

affected by the sulfur substitution. W hen one of the P-phosphate oxygen is 

changed to sulfur, the sym m etry of the P-phosphate is broken as well. On 

unsubstituted P-phosphate, the two negative charges are distributed equally on all 

the three oxygen atom s which lead to a tetrahedral bond conform ation for 

P-phosphate. The symmetric stretch of P-PO32'  group appears around 1090 cm ' 1
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which overlaps with the symmetric stretch of a-PC>2' group at 1087 cm '1. Since 

su lfur is less electro-negative than oxygen, the P=S bond on substitu te  

(3-phosphate contain more double bond character. Sulfur substitution breaks the 

symmetry of the (3-phosphate group and effects bond strength and bond order of 

the other two P -O  bonds, which, in turn, affects the vibrations of the phosphate 

group extensively. The negative peak at 612 cm -1 in Figure 6.1a is assigned to P=S 

stretch ([69]), while the positive peaks around 1090 cm*1 can be assigned to the 

symmetric stretch of the (3-PO32* group. The symmetric vibration of a-PO* is at 

1087 cm-1 in the GDP solution spectrum. This vibration is unlikely to be effected 

by a sulfur substitution on (3-phosphate, therefore is subtracted out when forming 

the difference spectrum, leaving the P-PO32' stretch in the 1050 cm ' 1 to 1150 cm-1 

region. The peak at 1107 cm ' 1 may due to asymmetric vibration of (X-PO2'  w hich 

is also affected by the substitution ([83]). The peak at 942 cm-1 of the solution 

difference spectrum of Figure 6.1 can be signed to the P-O stretch of the phosphate 

backbone ([83]). This m ode is strongly affected by sulfur substitution, for which 

the corresponding vibration in the substituted phosphate is hard to assign.

The p ro tein  complex difference spectra in Figure 6.1b has a sm all 

m agnitude compared to the ring vibration modes of the nucleotides, the largest 

peak in the solution difference spectrum  being only 18% of the guanine ring 

vibration at 1360 cm-1. This indicates that the signal being detected in the protein 

difference spectrum is about 0.5% of the strongest protein peak.

The protein difference spectrum (Figure 6.1b) shows sharp vibrations in the 

region above 1200 cm-1 where no obvious difference peaks are observed for free 

nucleotides (Figure 6.1b). Comparing to the differences of free nucleotides, this 

protein spectrum  is dom inated by protein changes which obscure the nucleotide 

bands. A lthough it seems likely that the bands at 436 cm*1 and 459 cm*1, 632
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cm '1, 670 cm '1, 715 cm '1, and 932 cm-1 of the protein spectrum may correspond to 

the bands at 445 cm '1, 612 cm '1, 665 cm '1, 724 cm '1, and 941 cm ' 1 of the solution 

difference receptively, it is very hard  to confirm  these assignm ents. The 

m axim um  m agnitude of the protein changes are about 0 .8% of the strongest 

protein band.

B. Difference Spectrum of EF-Tu ° GDP and EF-Tu °P-180 4 -GDP

In our previous studies, the protein changes induced by ligand binding 

were on the order of 1% of the strongest protein Raman peaks. In the studies 

describe in the Chapter VI.A, the phosphate vibrational modes were obscured by 

protein changes. The phosphate vibrations are generally very weak, isotopic 

labeling seems to be the only option to study phosphate vibration m ode using 

Raman difference technique, since all the protein bands should be subtracted out 

when forming difference spectrum.

To study phosphate binding, p-180 4 -GDP was synthesized. At pH. 7.4, the 

pyrophosphate group on GDP is ionized, which consists a a -P 0 2 '  and a P-PO3"2. 

The vibrations of those P-O bonds are correlated. The sym m etric stretching 

vibration of the a-P O ' appears to be a strong Raman band at 1087 cm-1 ([83]). This 

band is not affected by 180  labeling on [3-phosphate. The small positive peak at 

1092 cm-1 in the solution difference spectra formed between GDP and p-180 4 -GDP 

(Figure 6.2b) may be due to the stretching vibration of the P-PO32'  group, which 

shifts dow n to lower frequency upon isotope labeling. The stretching vibrations 

of P-O bonds of. the pyrophosphate backbone give a vibration of medium  intensity 

at 943 cm '1. This band shifts down to 894 cm"1 when P-phosphate is labeled with
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180, an effect of replacing the oxygen atom linking a- and (3- phosphate groups by 

180.

The difference spectrum  (Figure 6.2a) formed between EF-Tu»GDP and 

EF-Tu •(3-I8O4-GDP complexes is considerably simpler than the spectrum of Figure 

6.1b. Since the chemical structure of labeled and unlabeled nucleotide are the 

same, all the protein bands should be canceled out during the subtraction, we 

assign the differences in Figure 6.2a to the bound nucleotides. The signal to noise 

ratio of Figure 6.2b is not very high due to the weak vibrations of the phosphate 

group. The largest peak is about 0.7% of the protein peak at 1003 cm-1. The 

signals we m easured here are just above the sensitivity of the instrument.

The correspondence of the two difference spectra in Figure 6.2 seems very 

obvious. One striking difference of the two spectra is the solution P-O stretching 

vibration at 943 cm 'l is considerably sharpened and down shifted to 918 cm -1 

when the nucleotide binds to the protein. There are not enough information for 

us to address the cause of the down shift, but the shift seems unlikely due to the 

interactions of the phosphate groups with Mg++, since the difference spectrum  

formed between GDP and G D P/M g++ (in 1:1 ratio) does not show the effect on 943 

cm "1 band (data not shown). The symmetric vibration of P-PO3*2 in solution at 

1092 cm_1 shifts up to 1102 cm-1 in protein and which has similar band w idth in 

the two environm ents.
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Figure 6.1: Raman difference spectra form ed betw een GDP and GDPPS in (a) 

solution, concentration of the nucleotides is ca. 0.1 M, pH  7.0, 4°C, and 

(b) in EF-Tu, the concentration of the complexes is at ca. 2.5 mM in 

buffer R. Both spectra were excited with 488 nm  line from an Argon 

laser.

107



801

*Ti
*

rS
ON

o
436- 

459 — C 445

632-<  
656- -6 6 5612-670

>-715 -724

00o  —O - 833 - C  
or7r_ ^ > -8 6 1  875 — <C

-821 
— 850
> -8 8 4

833-

-941
932

1040
ooo 1033-

n
3 1090

-1097
1107

1154N> _ OO - 1190 —

1256-

^  _ oO - 1378 - -1402
1441

-1486

-1571
1606-

1670

1711 -
00 _ o

(a) GDP 
m

inus G
D

PpS



Figure 6.2: Raman difference spectra formed between GDP (c) and f3-18C>4-GDP (d) 

in solution (a), concentration of the nucleotides is at ca. 0.1 M, pH  7.0, 

4°C; (b) in EF-Tu, which is at ca. 2.5 mM in buffer R' (20 mM tris-HCl, 

pH  7.4, and 10 mM MgCl). Both spectra were excited with 568 nm line 

from a Kr+ laser. In GDP (c) and (3-18C>4-GDP (d) spectra, phosphate 

modes are labeled w ith (p).
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Figure 6.3: Raman spectra of monophosphate (a) and 180  labeled m onophosphate 

(b). Both samples are at pH  7.4, and concentration ca. 0.1M. The four 

oxygens are all replaced by 180  from 180  labeled phosphate. At pH  7.4, 

monophosphate solution contains two species, HPO43' and H 2PO42'. 

The modes at 1077 cm ' 1 and 877 cm ' 1 are assigned to the symmetric 

stretches of the P-O8' and the P-OH groups on H 2P O 42'., while the 

strongest peak at 991 cm-1 comes from the sym m etric stretching 

vibration of three P-O5" groups on HPO43'. All these three vibrations 

shift down about 50 cm ' 1 upon isotopic labeling. Both spectra (a) and 

(b) were excited with 488 nm line from an Argon laser. The difference 

spectrum formed between unlabeled and labeled phosphates is shown 

in (c).
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Chapter VII

THE CONFORMATIONAL CHANGES OF THE G-PROTEINS DURING THE 

TRANSITION FROM INACTIVE TO ACTIVE FORM

A. GTPase Activities of EF-Tu and ras-p21

For G-protein, the change from an inactive state to an active state, with 

respect to signal transduction, is induced by GTP binding. All G-proteins have 

some intrinsic GTPase activity (the ability of hydrolyze GTP). In some well 

studied cases, the acceleration of GTPase activities is the result of the G-protein 

binding to another protein, dissociation of a molecular complex as a result of GTP 

hydrolysis, or catalysis of GDP/GTP exchange by another protein ([30]).

EF-Tu and ras-p21 are both monomeric G-proteins. Their intrinsic GTPase 

activities are considerably lower than those of trimeric G-proteins which are in 

the ranged of 3-5 min ' 1 ([78]). The hydrolysis rate of bound GTP of EF-Tu is about 

0.036 m in -1 ([6]), while that of r a s -p21 is 0.02 m in*1 at 37°C as m easured by 

Eccleston el. al ([84]).

According to Arrhenius law, the chemical reaction rate is 2-4 times slower 

for every 10°C tem perature drop. To check the GTPase activity of p21 under 

conditions of spectroscopic m easurem ent (in buffer R, w ith  a p ro tein  

concentration of ~ 2 mM), the hydrolysis rate of GTP was m easured (Figure 7.1). 

According to the simple reaction scheme:

k
p21*GTP -------------► p21*GDP + Pi

the data should follow first order kinetics:
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[p21*GTP]/[p21]0 = exp(-kt)

where [p21»GTP] is the concentration of the GTP complex at time t and [p21]o is 

the total concentration of the protein. At room temperature, the reaction curve is 

found to fit to a value of k = 9.4 x 10"3 m in-1 (Figure 7.1). At 0°C, k = 2.9 x 10' 4 

m in '1, corresponding to a half life time ( t i /2) of about 40 hours. This hydrolysis 

rate is low enough to allow Raman m easurem ent on the complex of p21*GTP. 

The spontaneous hydrolysis of GTP in solution, at room temperature, is less than 

2% in a time period of 20 hours. Obviously, the presence of p21 accelerates GTP 

hydrolysis.

In our Raman spectroscopic studies, we wish to measure Raman spectra of 

both active and  inactive form  of the proteins, so that differences in the 

vibrational properties of these forms can be revealed. To obtain the Raman 

spectrum  of the proteins in their active forms, the lifetime of protein«G TP 

complexes has to be long enough to allow the sam ple preparation and data 

collection, or slowly hydrolyzable GTP analogs have to be incorporated into the 

protein. In the case of EF-Tu, two GTP analogs: GMP-PCP and GMP-PNP were 

used. For r a s -p21, GTP was used directly because of the low intrinsic GTPase 

activity of this protein. The spectra of these complexes will be discussed in this 

chapter.

B. Raman Spectra of GTP and GTP analogs

The Raman spectra of GTP, GMP-PNP and GMP-PCP are shown in Figure 

7.2b-d. The spectra of GDP (Figure 7.2a) is also shown for comparison. The ring 

stretching region, from 1200 cm ' 1 to 1600 cm’1, of these spectra are very similar, 

reflecting the fact that all these nucleotides share the sam e purine base. The
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largest differences of these spectra are located at the phosphate mode region (1050 

to 1150 cm-1). Peaks in this region are labeled in the figure. All nucleotides show 

a phosphate band at 1087 cm-1, assigned to the out-of-phase symmetric vibration 

of the PO2'  groups ([83]). For GTP and GTP analogs, additional phosphate bands 

show up at higher frequency, at 1118 cm ' 1 for GTP, at 1109 cm-1 for GMP-PNP and 

at 1106 cm ' 1 for GMP-PCP respectively. This band is associated w ith the third 

phosphate group and is assigned to an in-phase stretching m ode of the Y-PO32' 

g roup  ([83]). This vibration is correlated with backbone P-O bond stretches to 

some degree, so that the frequency of this band shifts down slightly when the 

oxygen linkage of the third diester bond is replaced by atoms of smaller mass.

Usually, G-proteins require Mg++ ion for their biological activities. It was 

shown that Mg++ can interact with the phosphate group of guanine nucleotides 

and change their conformation. Raman studies show the direct evidence of these 

interaction (Figure 7.3). When Mg++ is added to solutions in 1:1 molar ratio with 

nucleotides, the phosphate band of GDP at 1088 cm-1 shifts to 1090 cm*1 and the 

phosphate band of GTP at 1118 cm-1 up shifted to 1122 cm '1.

G Conformational Changes of EF-Tu from Protein "Off’ State to "On”

state

To study the differences of EF-Tu in its active state, slowly hydrolyzable 

GTP analog GMP-PNP was incorporated into EF-Tu. The Raman spectra of 

EF-TueGDP and EF-Tu*GMP-PNP were measured.

D i f f e r e n c e  s p e c t r a  o f  t h e  n u c l e o t i d e s :  The difference spectrum  form ed between 

GDP and GMP-PNP is shown in Figure 7.4a. The strongest difference band in the
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phosphate region is about 22% of the purine vibration at 1488 cm '1. Considering 

that the strongest band of purine ring is about 3% of the intensity of the amide I 

peak of EF-Tu, the difference band at 1118 cm ' 1 (Figure 7.4a) w ould be less than 

1% of the protein Raman amide I intensity.

D i f f e r e n c e  S p e c t r u m  o f  E F - T u * G D P  a n d  E F - T u * G M P - P N P :  The spectrum formed 

between EF-Tu*GDP and EF-Tu*GMP-PNP, both in solution, is shown in Figure 

7.4b. This spectrum shares no common features w ith the one obtained in solution 

(Figure 7.4a). The intensity of the largest feature in the spectrum  is about 3% of 

the most intense protein peak, more than three times larger than the expected 

intensity for nucleotide differences. Comparing the intensity and overall shape of 

the spectrum  (Figure 7.4b) with that of free nucleotide in solution (Figure 7.4a), 

we conclude that most of these differences are due to protein changes. This is not 

an unexpected result, since the protein is know n to undergo conform ational 

change from GDP bound form to GTP bound form , to "switch on" protein 

function.

A m id e  I I I  band: W hen protein is dissolved in D2O buffer, Raman intensities at 

1220 cm ' 1 to 1320 cm-1 region shift down. Most of Raman bands in this region 

which are affected by deuteration are called amide III band. These vibrations are 

mainly involve the N-H bending vibration of polypeptide bonds (Figure 2.2). The 

biggest intensity of the spectrum 7.4b is located in this region, characterized by a 

broad negative peak centered at 1255 cm ' 1 and sharper peak at 1301 cm ' 1 and 1337 

c m '1. Amide III vibrations are sensitive to protein  conform ational changes. 

Hydrogen bonding exerts a great effect on the frequencies of the amide I and in 

bands. When a peptide-bond N-H or C = 0  is involved in hydrogen bonding, it 

decreases the am ide I band frequency, whereas it increases the am ide III band 

frequency. The difference in amide III region, in Figure 7.4b, can be invoked by
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the dow n shift of amide III band when protein is activated, which implies a 

weakening of hydrogen bonding formed betw een backbone N-H group and 

nearby protein residues.

A m id e  I  b a n d : Differences also show up in amide I region between 1645 cm-1 and 

1700 cm*1. Bands in this region arise m ainly from peptide-bond carbonyl 

stretching vibrations (Figure 2.2). The positive band at ~1666 cm-1 of EF-Tu*GDP 

and the negative band of EF-Tu*GMP-PNP may be interpreted as an up-shift of 

backbone carbonyl stretch. If we assume that the intensity of amide I band is 

proportional to the num ber of backbone carbonyl groups, the Raman intensity in 

the difference spectrum , being 0.76% of the area of the total am ide I band, 

corresponds to at least 3 residual C =0 stretches. The up-shift of carbonyl stretch 

indicates a weakening of the hydrogen bonding of this group. It seems that in the 

GTP bound form, peptide carbonyl groups of several residues are more accessible 

to water. This conclusion is consistent w ith the analysis discussed above in 

relation to the amide III band.

T y r o s in e  re s id u e  changes:  It was found that the relative intensities of the Raman 

bands at 830 cm-1 and 850 cm ' 1 in proteins are related to the environm ent of the 

tyrosine side chain ([85, 86]). The intensity ratio of 850/830-cm '1 is lower when 

tyrosine is buried and acting as a strong hydrogen-bond donor, while if tyrosine is 

on the surface of a protein exposed to aqueous solution, this ratio is higher ([31]). 

In the difference spectrum Figure 7.4b, a positive peak at 822 cm-1 and a negative 

peak at 858 cm'] are observed, indicating that the GTP bound form of the protein 

has a higher 850/830-cm '1 ratio than the GDP form. This indicates that one or 

more tyrosine residue may involved in the loop that become more exposed to 

water during protein activation.
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C y s te in e  r e s id u e  c h a n g e s : The sulfhydryl group of cysteine is one of the most 

chemically reactive functional groups in proteins, confirming its nucleophilic 

nature and the polarity. A common feature of the interaction of cysteinyl S and 

S-H groups w ith protein side chains is the requirem ent of a shift of electron 

density from the donor hydrogen toward its covalently bonded sulfur, yielding 

partial charge separation S5'-H 8+, thereby facilitating favorable interaction at 

either end of the dipole with an appropriate, oppositely charged group.

Cysteine's specific S-H stretching mode is unique in its isolated appearance 

in the Raman spectrum (-2500 cm-1). The Raman band at this region could be a 

sensitive probe of conformations of cysteine residues.

Figure 7.5 shows the Raman spectra of EF-Tu®GDP and EF-Tu®GMP-PNP 

in the S-H stretch region. The peak maximum of S-H vibration is located at 2565 

cm -1 and 2569 cm*1 for EF-Tu®GDP and EF-Tu®GMP-PNP respectively. The 

vibrational bands have different shapes for the two complexes. This S-H 

stretching band is result of the vibrations, of the three cysteine in this protein 

([87]. Figure 7.5 shows the analysis of these data. The experimental data were fit 

to three G aussian bands, corresponding to the S-H stretching m odes of three 

cysteine residues in EF-Tu. The two lower frequency Gaussian peaks are located 

at 2549 cm ' 1 and 2563 cm ' 1 in the EF-Tu®GDP complex. These two bands are not 

effected by the protein activation, since in the EF-Tu®GMP-PNP complex the 

fitting yields about same results of these two bands at 2547 cm ' 1 and 2563 cm ' 1 

respectively. However, the third band at higher frequency is shifted from 2571 

cm ' 1 to 2576 cm-1 when the protein changed from GDP bound state to GMP-PNP 

bound state. This result indicates only one cysteine residue out of the three is 

affected by the switching.
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Jonak el al. ([88]) have studied the role of cysteine residue in the biological 

function of EF-Tu. They found N-Tosy-L-phenylalanyl chloronethane (TPCK), a 

known sulfhydryl modifying agent, can be used as a specific irreversible inhibitor 

of EF-Tu from E s c h e r i c h ia  c o l i  and B a c i l l u s  s t e a r o t h e r m o p h i l u s ,  and this 

com pound destroyed the ability of EF-Tu to bind aminoacyl-tRNA by modifying 

residue Cys81. High resolution x-ray study ([72]) showed that Cys81 is located at 

the beginning of the effector loop of Cys81-Pro-Gly-His-Ala85 (Figure 1.2a). This 

loop corresponds to L4 loop of r a s -p21 (Figure 1.2b). Cys81 of EF-Tu may have 

same function as Gly60 or Gln61 of p21. Point mutations at these positions in p21 

effect the GTPase activity of the protein by disrupting GAP binding. It seems 

reasonable to assign the shifted S-H band to Cys81.

The other cysteine of EF-Tu, Cysl37, is in the loop Asnl35-Lys-Cys-Aspl38, 

which is responsible for the interaction with guanine base. X-ray study ([26]) 

show ed that in the presence of GDP, the loop containing C ysl37 is held in a 

conform ation that m aintains the cysteine's side chain in a half-buried, half­

exposed position. The environm ent of Cysl37 in the three-dimensional structure 

is similar to that of Cys81 which is also not fully exposed but half buried. Because 

the position of the S-H stretch of a cysteine residue is influenced by its 

environment, we assign S-H at 2563 cm '1, which is the band closer to Cys81 band, 

to Cysl37. The third cysteine band at 2547 cm-1 is signed to Cys257 which is 

located at domain II of EF-Tu.

Li and Thomas ([89]) have systematically studied the correlation of the 

Raman S-H band w ith hydrogen bonding and intramolecular geometry in model 

com pounds. They found that the m ost definitive change in Ram an S-H 

stretching band is its shift to lower frequency when S-H acts as a hydrogen bond 

donor, and the frequency interval in which the Raman S-H stretching vibration

119



occurs is diagnostic of S-H donors which are strongly hydrogen bonded (2525-2560 

cm*1), moderately hydrogen bonded (2560-2575 cm*1), or weakly hydrogen bonded 

(2575-2580 cm’1). According to these model compound studies, the three EF-Tu's 

cysteine residues are hydrogen bonded to the near by groups to different extent, 

Cys257 is strongly hydrogen bonded, giving a S-H stretching mode as low as 2547 

cm-1, while the other two cysteines are moderately hydrogen bonded. Because of 

its crucial location, Cys81 was expected to undergo conform ational changes, 

depending on w hether GDP or GTP is bound. O ur Raman results not only 

confirm that this change indeed occurs, bu t also indicate that the hydrogen 

bonding status of this residue is influenced by the GTP analog binding. When 

dissolved in w ater, 1-proanethiol, a com pound that has sam e structure  as 

cysteine's side chain, has a S-H stretching band at 2578 cm '1, this band is at 2577 

cm ’1 when dissolved in a hydrogen bonding donor solvent and shifts to 2582 

cm ’1 when dissolved in the inert solvent carbon tetracloride ([89]). Accordingly, 

we can in terpret the change we observe as the binding of the third phosphate 

group m ay pushed  away effector loop of residue 80-93, thus reducing the 

hydrogen bonding of Cys81 with near by protein residue and exposing this residue 

more to the solvent.

C o n c lu s io n :  Com paring to GDP binding form of EF-Tu, certain residues of the 

protein are more exposed to w ater in the GTP binding form. From our Raman 

results, the loop that under goes changes may contain one cysteine residue and at 

least one tyrosine residue. These result are consistent w ith the result of x-ray 

studies, which show that Cys81-Pro-Gly-His-Ala-Asp-Tyr-Val-Lys-Asn-Met-Ile- 

Thr93 compose the effective loop of tRNA binding, which is expected to undergo . 

conformational changes on the protein activation.
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D. Conformational Changes of ras-p21 During Protein Switching

R a s  proteins participate as a molecular switch in the early steps of the 

signal tran sduction  pa thw ay  that is associated  w ith  cell g row th  and 

differentiation. When the protein is in its GTP complexed form it is active in 

signal transduction, whereas it is inactive in its GDP complexed form. X-ray 

studies revealed that the "on" and "off" state of the switch are distinguished by 

conformational differences that are localized in two regions: residues 30 to 38 (the 

switch I region) and 60 to 76 (the switch II region) ([22]). Since the lifetime of the 

complex p21®GTP is long enough for Raman m easurem ent, the possibility to 

probe protein changes by difference Raman spectroscopy was explored.

T h e  t i m e  c o u r s e  o f  t h e  p r o t e i n  c h a n g e s  d u r i n g  G T P  h y d r o l y s i s :  Raman spectra of 

p21*GDP and p21»GTP were m easured at 4°C. Totally 8 runs were completed 

during a period of about 12 hours. The GTP content of the GTP complex was 

monitored by HPLC and found to decrease from 85% to 50% within this period.

Figure 7.7 shows the difference spectra of p21®GDP minus p21»GTP for the 

first, fourth and eighth runs. These three spectra have same features except that 

the size of the difference signal is decreasing with time, at t=0 (85% GTP) the 

maximum difference is 3.7% of the amide I intensity. The m axim um  difference 

for t=12 hrs is only about 2.7%. This dynamic change is a result of the internal 

GTPase activity associated with the protein. The results here show the potential 

application of difference Raman spectroscopy to track the protein changes during 

transitions.

P r o t e i n  c h a n g e s  f r o m  G D P  b i n d i n g  t o  G T P  b i n d i n g :  Figure 7.8 shows the total 

difference spectrum of eight runs and the spectrum of GDP minus GTP in p21.
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It is not surprising that there are changes in protein amid I and amide III 

regions since certain protein loops are moved by the third phosphate binding ([22, 

23]), but the changes here seems different from those in EF-Tu activation since the 

difference spectrum in these regions have different shapes.

W hen p21 is activated, the environm ent of tyrosine residue(s) seems also 

changed. The doublet of tyrosine residues at 830 cm*1 and 850 cm-1 show up as 

negative peaks in the protein difference. The negative peak at 830 cm-1 is more 

intense than the peak at 850 cm*1. It seems that tyrosine residues move to a more 

hydrophobic environm ent w hen pro tein  is "sw itched on". The opposite 

situation was observed in EF-Tu (see above).

C O O ' group has a strong vibration around 1400 cm '1. In Figure 7.8b, the 

changes in 1350 cm '1 region to 1430 cm '1 may correspond to changes of COO' 

group in the two protein forms. There are 7 side chain COO' are involved in the 

switch regions.

T h e  p h o s p h a te  b in d in g  in  th e  a c t i v e  f o r m  o f  ra s -p 2 1 :  The vibrations of phosphate 

group are rather weak compared to those of puring ring's. The maximum peak 

in the difference spectrum of GDP minus GTP (Figure 7.8a) is 25% of the strongest 

puring vibration at 1487 cm '1. W hen incorporated in p21, this difference may 

compose about 1.3% of the Amide I Raman intensity. One of the advantages of 

Raman difference measurements on ras-p21 is its smaller mass compare to EF-Tu, 

the same difference signal that can be detected in p21 may fall to half that in 

EF-Tu.

The major peak in the solution difference of nucleotides complexed w ith 

M g++, is the peak associated w ith the vibration of the terminal phosphate which 

appears at 1122 cm-1. A lthough the pro tein  differences are m uch m ore
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complicated compared to those in solution, both the intensity and the position of 

the negative peak at 1122 cm"1 of the protein difference suggest that this peak 

corresponds to the phosphate peak in solution. This peak is assigned to an 

in-phase stretching vibration of the y-phosphate group ([83]). The fact, that this 

band appeared at the same position when complexed with Mg++ in solution as 

w hen the nucleotide b inds to the protein, can be in terpreted  as that the 

interactions of the y-phosphate w ith protein are not very different than with 

M g + + in w ater, and the GTP®Mg++ complex inside p21 has the sim ilar 

conformation as in water. Binding studies on GTP binding to ra s -p21 seems to 

support this conclusion. The affinity of GTP to ra s-p21 is only about twice that of 

GDP, while the affinity of GDP to ras-p21 is a factor of 106 stronger than that of 

GMP ([44]). Although an x-ray study ([11]) showed that the phosphate binding site 

is characterized by large num ber of protein residues that can form hydrogen 

bonding w ith the oxygen atoms on the phosphate, the effective binding of the 

phosphate motif w ith protein residues seems focused on (3-phosphate and the 

slight increasing in the protein affinity to GTP may come from the interactions of 

protein residues with Mg++ ion.
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E. Nucleotide Binding in the Active Form of ras-p21

In the last section, the phosphate binding to the active form of ra s -p21 was 

discussed. It is possible that the guanine binding motif may also be influenced by 

the changes from GDP binding form to GTP binding form. This possibility was 

investigated with difference Raman spectroscopy by incorporating into p21 GTP 

or GTP analogs that are isotopically labeled or chemically m odified at guanine 

b ase .

Figure 7.9 shows the difference Raman spectra of GTP minus 8D-GTP in 

solution (a) and p21 (b). The spectra of p21»GDP minus p21®8D-GDP is also 

plotted in Figure 7.9c for comparison. Data were collected for 10 hours period at 

4°C. The GTP and 8D-GTP contents of the complexes were decreased from 90% 

before Raman measurement to 60% after. The hydrolysis of GTP is a result of the 

intrinsic GTPase activity of the protein.

There are very few differences when com paring spectrum  of p21*GTP 

m inus p21®8D-GTP (Figure 7.10b) with that of p21®GDP m inus p21®8D-GDP 

(Figure 7.10c). This suggest that the same interactions between nucleotide and 

protein are exerted on the guanine ring of GTP and GDP. The bands at 1300 cm"1 

to 1400 cm"1 region are nearly identical, indicating the guanosine m otif of GTP 

binds to the active site in the same conformation, namely c 2 '-e n d o  a n ti , as GDP. 

This is a known result of x-ray studies ([22, 23]).

ITP was also incorporated into p21 to investigate nucleotide binding. 

Figure 7.10 shows the difference spectra of the GTP minus ITP in solution (a) and 

in p21 (b). Comparing to the difference of p21 »GDP and p21 ®IDP (Figure 5.2c), two 

bands at 1461 cm"1 and 1315 cm*1 of the inactive form of protein did not show up
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in the difference of active protein complex. The band at 1315 cm-1 may 

corresponding to the band at 1322 cm-1 of the free spectrum, while the band at 

1461 may come from the protein. The reasons that these difference do not appear 

in the difference spectrum  of IDP and ITP complexes need to be further 

investigated. The major nucleotide bands at 1350 cm-1 to 1700 cm-1 region 

rem ain the same for the two forms, which m ay reflect the fact that the 

interactions that protein act upon guanine ring are not m uch different for the 

protein active and inactive forms, and it is not the puring ring portion of the 

nucleotide that controls the activity of the protein.
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Figure 7.1: The hydrolysis of GTP in ra s -p21. The relative am ount of GTP and 

GDP were determ ined by RP-HPLC. The ratio of [p21«GTP]/[p21]o is 

e q u iv a le n t  to  th e  n u c le o tid e  c o n c e n tra tio n  ra t io  of 

[GTP]/([GDP]+[GTP]) after the free nucleotides were washed out. The 

curves do not extrapolate to 100% GTP content at time t=0, since some 

of the bound GTP was already hydrolyzed during  the 3 hours of 

sample preparation. P21 complex was at ca. 3 mM in buffer R. The 

curve fittings gave the GTP hydrolysis rate of kRj = 9.4xl0"3 m in-1 at 

room tem perature and ko°c = 2.9x1 O'4 min*1 at 0°C.
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Figure 7.2: Raman spectra of GDP (a), GTP (b) , GMP-PNP (c) and GMP-PCP (d).

The excitations were with the 488 nm line from an Argon laser. The 

nucleotides were all at concentrations of about 0.1 mM and pH  7.0. 

The vibrations from phosphate group are labeled with (p).
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Figure 7.3: The Phosphate region of the Raman spectra of GDP (a), GDP + M gCb

(b), GTP (c), GTP + M gCh (d). Phosphate vibrations are labeled with 

(p). The excitation was w ith the 530 nm line from an Kr+ ion laser. 

The nucleotides were all at concentrations about 0.05 M and pH  7.0, 

and the ratio of Mg++ to nucleotides was 1:1.
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Figure 7.4: Raman difference spectra of GDP minus GMP-PNP in solution (a) and 

in EF-Tu (b). GDP and GMP-PNP were at ca. 0.1 M, pH  7.4 and excited 

with 180 mW of 488 nm argon laser light. EF-Tu complexes were at 2 

mM in buffer R and excited with 100 mW of 488 nm argon laser light.
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Figure 7.5: The S-H stretching region of EF-Tu®GDP (a) and EF-Tu®GMP-PNP (b).

The experim ental conditions were same as those in Figure 7.4. The 

peaks at 2622 cm-1, 2681 cm '1, 2727 cm '1 and 2766 cm '1 are the 

vibrations of protein CH-containing groups ([90]). These bands remain 

the same for both active and inactive forms of EF-Tu.
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Figure 7.6: A blow up view of S-H stretching bands 

Gaussian bands.

The peaks are fit to three
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Figure 7.7: The Raman difference spectra of p21*GDP m inus p21«GTP at (a) t= l 

hour; (b) t=4 hours; (c) t=8 hours after the complexes were made. The 

Raman measurement was started at t=0, 85% p21»GTP. After 8 hours, 

GTP complex dropped to 50%. P21 complexes was at 3 mM in buffer R 

and excited with 100 mW of 568 nm Kr+ ion laser light.

138



intensity

2.7% of am ide I intensity

1000

Figure 7.7



Figure 7.8: The difference spectra of GDP minus GTP in solution contained MgCl2 

in 1:1 ratio to the nucleotides (a), the concentration of the nucleotides 

were ca. 0.05 M, pH  7.2, and in p21 (b), the experimental conditions 

were the same as indicated in Figure 7.7.
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Figure 7.9: The Raman difference spectra of GTP minus 8D-GTP in solution (a), 

and in p21 (b). The spectrum of p21 *GDP m inus p21«8D-GDP is also 

plotted (c) for comparison. The nucleotide spectra were excited with 

180 mW of 568 nm Kr+ ion laser light. P21 complexes were at 3 mM 

in buffer R and excited with 100 mW of same laser line.
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Figure 7.10: The Raman difference spectra of GTP minus ITP in solution (a), and 

in p21 (b). The spectrum  of p21*GDP minus p21*IDP is also plotted

(c) for comparison. The nucleotide spectra were excited w ith 180 

mW of 568 nm Kr+ ion laser light. P21 complexes was at 3 mM in 

buffer R and excited with 100 mW of same laser line.
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Chapter VIII

HYDROGEN-DEUTERIUM EXCHANGE IN PROTEINS

A. Evidence for the different hydrogen exchanging rate in different
protein-nucleotide complexes.

It has been know n for a long time that hydrogen atom s attached to 

nitrogen and oxygen in proteins, as well as those exchangeable hydrogens on 

ligands, are replaced by deuterium  when a protein-ligand complex is dissolved in 

D 2O solution. Raman m easurem ents in D2O buffer for protein-nucleotide 

complexes were carried out to get additional support to the conclusions derived 

from experiments performed in H 2O buffer.

W hen protein is dissolved in D2O buffer, the amide III bands in the 1200 

cm -1 to 1300 cm '1 region, arising from in-plain vibration of the peptide N-H 

group, shifts dow n to -980 cm '1 (Figure 8.1). This shift to a lower frequency, 

approximately by the factor of = 1-4 (the square root of the mass ratio of D /H ) 

reflects the fact that the major contribution to the am ide III is the N-H band. 

O ther bands in the spectrum  orig inated  form  m ethylene group , tyrosine, 

tryptophan and phenylalanine side chains rem ain virtually  unchanged upon 

deuteration. In amide I bands of EF-Tu and p21, at -1668 cm-1 and 1662 cm*1, shift 

down 7 cm '1 and 2 cm '1 respectively to 1660 cm '1 upon deuteration, showing a 

different extend of the correlations of N-H bending w ith C =0 stretching mode for 

these two proteins.

Figure 8.2a shows the difference spectrum  of GDP m inus IDP in D2O. 

Vibrations from purine ring dom inate the 1300 cm '1 to 1600 cm '1 region of this 

spectrum. These ring vibrations are not much affected when the nucleotides bind 

to protein (Figure 8.2b). In the higher frequency region (1600 cm '1 -  1700 cm '1),
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the pattern is drastically different between the solution difference spectrum (8.2a) 

and the protein bound ones (8.2b, 8.2c). Instead of the simple derivative-like 

feature observed in solution, the protein difference spectra bands in this region 

are broad, at different positions and have m uch higher intensity. It is hard to 

draw  any correspondence between the bands in solution difference spectrum with 

the protein differences spectrum.

It was the observation that these bands in carbonyl stretch region diminish 

with time (Figure 8.3), that lead us to the idea that these bands may represent a 

different deuteration extent of the two protein-nucleotide complexes. Since our 

experiments are designed to detect a single group vibration of a bound ligand, it is 

quite possible that the differences of a few unexchanged hydrogens may obscure 

the weak nucleotide bands we were looking for. To test this idea further, the 

difference spectrum  between EF-Tu*GDP samples incubated in D2O buffer for 

different lengths of time were taken. Figure 8.4a shows the difference spectrum 

formed between EF-Tu*GDP samples incubated in D2O buffer for 4 hours and for 

72 hours. Initially the intensity of the bands in amide I region are about 1.6% of 

the am ide I peak. The fact that this derivative-like feature is relatively small 

indicates that m ost of the exchangeable hydrogens were replaced by deuterium  

within 4 hours. The association of the lower frequency band with the sample that 

was incubated in D2O buffer longer is also consistent with that the species which 

is deuterated in higher degree has amide I peak with lower frequency. We expect 

that this difference w ould reduce in intensity if the incubation in D2O for both 

sam ples was longer, which was indeed the case (Figure 8.4b). The am ide I 

difference reduce to 0.4% after both samples were incubated in D2O buffer further 

for another three days. The attem pt to see the complete dim inishing of the 

differences failed because prolonged incubation in D2O buffer d isrupted  the
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protein structure; the difference spectrum  for the samples incubated in D2O 

longer than 6 days showed dramatic protein changes.

B. The origins of the different hydrogen-deuterium  exchange rates

The bands in the amide I region of the difference spectra (Figure 8.2, 8.5 and 

8.6) are very similar, all of them  have a negative band at -1635 cm-1 and a 

positive band around 1665 cnrT  If these bands are truly the result of different 

extent of deuterium -hydrogen exchange, it seems that the exchange rate is always 

slower in proteins complexed w ith GDP than complexed with other nucleotide 

analogs, i.e. IDP, GDPpS and 6-thioGDP. Results of exchange studies performed by 

tritium  out-exchange ([91]), NMR spectroscopy ([92]) and theoretical m odeling 

([93]), w hich concludes that the deu terium -hydrogen  exchanging rate  is 

determ ined by the accessibilities of the catalysis ions (H+, O H ' or H 2O) in water 

solution and by the strength of the hydrogen bonding betw een exchangeable 

hydrogens and hydrogen bond acceptors of the protein. In this later case, 

hydrogen bonds m ust be broken tem porarily to allow the exchange to occur. 

Replacement of the natural ligand by GDP analogs in the active site of EF-Tu 

reduces protein-nucleotide affinity dramatically, and this may affect the hydrogen 

bonding betw een the ligand and protein and betw een protein hydrogen and 

protein acceptor groups. In contrast to the case of EF-Tu, which binds GTP one 

hundred  times weaker than it binds GDP, r a s -p21 has about two fold higher 

affinity for GTP than for GDP. Perhaps by checking the deuterium -hydrogen 

exchange characters of these different protein-nucleotide complexes, we may get 

an idea whether the differences in the affinities originate form hydrogen bonding 

and, if it is, how many hydrogen bonds are involved.
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The first attem pt to correlate the deuterium -hydrogen exchange rate with 

strength of hydrogen bonding perform ed on EF-Tu did not give a conclusive 

result. G-proteins are not quite suitable to begin such studies because of their 

high cost and low stabilities. A better choice m ight be ribonuclease. Raman 

spectroscopy has a special advantage to this type of study since the strength of 

hydrogen bonding is directly correlated with vibrational frequencies.

Sample preparation for Raman m easurem ents usually takes more than 

five hours. The difference bands in amide I region were relatively small, usually 

1 to 5 area percentage of the whole amide I peak. This may indicate that the 

hydrogen exchange rates for the two protein-nucleotide complexes differ only for 

very small am ount (probably 4 to 20 hydrogens after 5 hours for a protein w ith 

about 400 residues, such as EF-Tu). W hen samples are incubated in the D2O 

buffer, the spectroscopic effects of these very slowly exchangeable hydrogens may 

show up in a process that last for few days. This time range is very suitable for 

Raman studies.

H ydrogen-deuterium  exchange experim ents carried ou t previously by 

other m ore com plicated m ethods have provide very useful inform ation in 

understand ing  protein  folding and protein dynam ic structures ([91, 94, 95]). 

Raman technique has also been used to study such exchanges ([96]). Raman 

difference technique m ay turn out to be a more powerful tool to pursuing this 

type of research, if the idea discussed above can somehow be proved on a more 

solid basis. The difference Raman technique may have higher sensitivity than all 

the techniques used to date and also may provide conformational information of 

the slowly exchanging protons.
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Figure 8.1: Raman spectra of EF-Tu*GDP and p21«GDP in H2O buffer and in D2O 
buffer. EF-Tu complex was at 2 mM in buffer R and excited with 100 
mW of 488 nm argon laser light. R a s - p21 complex was at 3 mM in 
buffer R and excited with 100 mW of 530 nm argon laser light.
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Figure 8.2: Raman difference spectra of GDP minus IDP in D2O (a), in EF-Tu (b), 
and in p21 (c). The nucleotides were at ca. 100 mM, pH  7.4 and excited 
with 180 mW of 488 nm argon laser light. EF-Tu complex was at 2 
mM in deuterated buffer R and excited with 100 mW of 488 nm argon 
laser light. R a s - p21 complex was at 3 mM in deuterated buffer R and 
excited with 100 mW of 530 nm argon laser light.
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Figure 8.3: Raman difference spectra of GDP minus IDP in EF-Tu after incubated 
in deuterated buffer R for 4 hours (a), overnight (b), and for three days 
(c). The samples were at 2 mM and excited with 180 mW of 488 nm 
argon laser light.
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(a) Tu«GDP minus Tu«IDP in D20  buffer, 12 hrs.

(b) Tu*GDP minus Tu®IDP in D20  buffer, 48 hrs.

(c) Tu*GDP minus Tu*IDP in D20  buffer, 72 hrs.
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Figure 8.4: Raman difference spectra formed between EF-Tu*GDP incubated in 
deuterated buffer R for different length of time. The samples were at 2 
mM and excited with 100 mW of 488 nm argon laser light.
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Figure 8.5: Raman difference spectra of GDP m inus GDPpS in D2O (a) and in 
EF-Tu with deuterated buffer R (b). The nucleotides were at ca. 100 
mM, pH  7.4 and excited with 180 mW of 488 nm argon laser light. 
EF-Tu complexes were at 2 mM in deuterated buffer R and excited 
with 100 mW of 488 nm  argon laser light.
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Figure 8.6: Raman difference spectra of GDP m inus 6-thio-GDP in D2O (a), in 
EF-Tu with deuterated buffer R (b). The nucleotides were at ca. 100 
mM, pH  7.4 and excited with 180 mW of 530 nm Kr+ ion laser light. 
EF-Tu complexes were at 2 mM in deuterated buffer R and excited 
with 100 mW of 530 nm Kr+ ion laser light.
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Chapter IX 

APPENDIX

A. Protein Activity Assays

The assays for EF-Tu and r a s -p21 are based upon their binding ability to 

GDP. The activities of the proteins are m easured by examining the extent of 

binding of 3H-GDP to the proteins absorbed on to a cellulose nitrate filter.

M a t e r i a l s

Radioactive Mix: 3H-GDP, 250ul (l.OmCi/ml, 22.5mCi/mg, from Amersham);
ImM GDP, 187pl; distilled water, 7813pl and absolute ethanol, 
1.5ml. The absorption of the Mix at 260 nm is around 0.25.

Binding Buffer: 0.2 M (NH4)2S0 4 ; 0.2 M Tris-HCl, pH  7.4; 5 mM DTT; 1 mM
N aN 3; 1 mM MgCl2; 3 mM EDTA (for p21 assay only).

W ash Buffer: 10 mM Tris-HCl, pH7.4; 10 nmM MgCl2.

Cellulose nitrate filters: 25 mm diameter (Millipore Corp, type HA or Schleicher 
and Schuell type C-5).

EF-Tu or p21: Absorption at 280 nm should be between 0.01 to 0.1 OD.

M e t h o d

An aliquot of 20 pi protein is added to a 10x20 mm test tube in a total 

volum e of 200 pi, containing 50 pi binding buffer, 20 pi radioactive mix. The 

reaction m ixture is allowed to equilibrate for 30 min room tem perature, and is 

then diluted with 2 ml of wash buffer, filtered, and washed three times w ith 3-ml 

portions of the same buffer. The filters are dissolved in 4 ml of scintillation fluid
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(Filtron-X, N ational D iagnostic Inc.), and radioactiv ity  is m easured  in a 

scintillation counter.

Radioactive labeled GDP is expensive. The am ount used  can be 

determined by the accuracy required from the assay. To assay column fractions, 

10 pi mix for each assay would be enough.

To assay EF-Tu, the incubation time can be reduced to 15 min. by increasing 

the tem perature to 37°C.
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B. Isolation of Plasmid DNA - M ini Prep

The following procedure is used to isolate multicopy plasmids from small 

cultures. It is one of a num ber of procedures developed to enable researchers to 

screen and characterize plasmids from large numbers of different strains.

Procedure:

1) Pellet cells from 5 ml overnight cultures with a GSA rotor, 6000 rpm  for 10 

minutes and re suspend each in 50 ml of 25% sucrose in H2O.

2) Add 300 pi of M-STET (5% triton X-100, 50 mM EDTA, 50 mM Tris pH  8.0, 5% 

sucrose and mix well.

3) Transfer mixtures to 1.5 pi Eppendorf tubes and add 25 ml of 10 m g/m l 

lysozyme.

4) Heat tubes in boiling H2O bath for 1 minuet and immediately chill on ice.

5) Centrifuge for 15 min. in microfuge and remove supernatant (about 200 pi) to 

a new Eppendorf tube.

6) Add 200 ml of ice cold isopropanol to precipitate nucleic acids. Freeze in dry 

ice-ethanol bath for 20 minutes.

7) Centrifuge for 15 min. in microfuge and drain supernatant on paper towel.

8) Dry pellets in vacuum system.

9) Resuspend pellets in 200 pi TE buffer (10 mM Tris pH  7.4,1 mM EDTA).

10) Run the samples on 0.7% argrose gel.
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C. Ferm entation

High density fermentor (Lab-Line Instruments, Inc.) was used for growing 

cell in large quantities. The media is made up of two solutions, A and B.

solution A: Tryptone, 43 g; Yeast extract, 93 g; Glycerol, 20 ml; NaCl, 20 g; add 

water to 3,000 ml.

solution B: KH2PO4, 7.19g; K2HPO4, 60.48g; add water to 1.000 ml. The pH  of 

solution B should be between 7.5 - 8.5.

The two solutions are autoclaved separately and mixed together after they 

cool down. 20 ml of 0.1 M CaCl2, 20 ml of 1 M MgSC>4, and ampiciline (100 fig/m l) 

are filter-sterilysed and added to the culture.

Inoculum  is grown in a 500 ml cell culture overnight and then added to 

the fermentor with the rest of media. The fermentation conditions are set to 37°C 

and air pressure 15 psi. After 2 hours growth, the cells are induced with 50 (xM 

IPTG, 100 |ig /m l of ampiciline and 50 ml of 50% glycerol are also added to the 

culture. The cells are harvested after further 8 hours.

Harvested cells are pelleted down by centrifugation and washed with buffer 

A for one to three times and then stored at -70°C.
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D. The conform ation of nucleotides

The free bases adenine, guanine, cytosine, uracil and thym ine bear a 

hydrogen atom at positions 9 (purine) or 1 (pyrimidine) which in the nucleosides 

is replaced by the sugar moiety. A nucleotide is a nucleoside phosphorylated at 

one of the free sugar hydroxyls, generally the 5' position.

Relative to the sugar moiety, the base can adopt two m ain orientations 

about the glycosl C l'-N  link, called s y n  and a n t i  (Figure 9.1b).

The five-membered furanose ring is generally nonplanar. It can puckered 

in an envelope (E) from with four atoms in a plane and the fifth atom is out by

0.5 A; or in a twist (T) form with two adjacent atoms displaced on opposite sides 

of a plane through the other three atoms. Two envelope conformations, C y - e n d o  

and C y - e n d o  are shown in Figure 9.1c.
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Figure 9.1: (a) The chemical structure of GDP.

(b) Definition of a n t i  and s y n  conformational ranges according to ref 

([97]). % is defined as torsional angle 0 4 '-C i'-N 9-C4 for purine 

nucleoside, and torsional angle 0 4 '-C r -N i-C 2 for pyrim idine 

nucleosides. In the figure, base is toward the viewer; the base is 

rotated relative to the sugar. In anti, the bulk of the hetercycles, is 

pointing away from the sugar, and in s y n  it is over or toward the 

sugar.

(c) Two envelope form of sugur puckering m odes. In C y - e n d o  

co n fo rm a tio n , C2'- C i ,- 0 4 ,-C 4' are in a plane. In C y - e n d o  

conform ation, C i'-0 4 '-C4'-C3' are in a plane. Views in the figure 

are with this plane perpendicular to the paper.
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