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ABSTRACT. The vibrational spectra of phosphate modes for GDP and GTP bound to the c-Han®sy p21
protein have been determined usiti@ isotope edited Raman difference spectroscopy. A number of the
phosphate stretch frequencies are changed upon GDP/GTP binding to ras, and the results are analyzed by
ab initio calculations and through the use of empirical relationships that relate bond orders and bond
lengths to vibrational frequencies. Bound GDP is found to be strongly stabilized by its interactions,
mostly electrostatic, with the active site Kg Bound GTP also interacts with the active site Vgia

its 5-phosphate group, as expected on the basis of crystallographic studies of bound GppNp. The angle
between the nonbridging=RO bonds of the/-phosphate of bound GTP increase by aboet2?lcompared

to its solution value, thus bringing about a geometry that is closer to planar for these bonds as expected
for the putative pentacoordinated transition state geometry of the phosphotransfer reaction. Modeling of
the interactions at the nucleotide binding site suggests that the water molecule in-line with@heoRd

is positioned to bring about the change in bond angle. Moreover, a weak fifth bond (about 0.03 vu)
appears to be formed between it and thghosphorus atom of bound GTP with a concomitant weakening

of the O—P bond between the GDP leaving group andytfghosphorus atom. Hence, an important role

of the active site structure appears to be the strategic positioning of this in-line water. These structural
results are consistent with a reaction pathway for GTP hydrolysis in ras of synchronous bond formation
between they-phosphorus of GTP and the attacking nucleophile and bond breaking between the
y-phosphorus and the GDP leaving group.

Guanine nucleotide binding proteins are involved in a analyses (for a review, see r&f. It is generally believed
variety of key cellular processes such as signal transduction,that phosphotransfer involving monoester dianionic phos-
cell growth and differentiation, protein synthesis, and protein phate in agueous solution is primarily via a dissociative
transport. They share common sequence elements and havpathway, with a metaphosphate-like transition state %ref
a highly homologous structuré&<{4), and their biochemical  and references therein). Here, the bond breaking of the
activities are tightly regulated by the nature of the bound original ester P-O bond is almost complete before significant
nucleotide. In general, these proteins are in an “active” stateformation of the new PO bond, and the sum of the bond
when complexed with GTP and in an “inactive” state when orders of the broken and new bond is significantly less than
complexed with GDP. The longer a guanine nucleotide one. However, both associative and dissociative transition
binding protein remains in its active GTP-bound state, the states have been proposed for phosphotransfer in enzymes
longer its particular signal is transmitted and amplified. (for example, see ref§—15).

Hence, the rate of GTP hydrolysis is of great importance In this paper, we use Raman difference spectroscopy to
for the right timing of many processes in a cell and in vivo. study ras, a protein which plays a central role in signal
The rate is increased through interaction with other proteins, transduction pathways controlling cell proliferation. It has
particularly GTPase activating proteins. Thus, there is been shown that this technique is well-suited for the
substantial interest in understanding the mechanism of thedetermination of the vibrational spectra of ligands bound to
GTPase reaction in guanine nucleotide binding proteins. proteins Q.G) In one approach, the Raman spectra of the

The interactions between GDP/GTP and guanine nucle- protein-ligand and that of the protein complex alone are
otide binding proteins are not fully understood, although there measured. The difference spectrum contains bands arising
has been much progress from X-ray and other structural from the bound ligand group. This method cannot be used
p— A . < o the Inetiute o Iin our study of the ras protein because the enzyme is unstable
e e e eamia:  enere without  bound nucleoide. We therefore have employed
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of GDP and GTP, and the spectra of the proteincleotide RasGppCp was isolated by passing the solution through a
and proteir-(*®*0)nucleotide are taken. The difference PD-10G25 column (Pharmacia-LKB, Piscataway, NJ) to
spectrum formed from these spectra arise from motions of remove excess GppCp. The protein was then was incubated
the labeled P-O bonds. Hence, our goal in this study is for 45 min at 25°C with 5-fold molar excess of-fO)GD-
the bond properties of the phosphate groups of GDP andP(GTP) in buffer I (200 mM Tris-HCI; 200 mM (Nk)2-
GTP bound to ras. SO;; 0.55 mM DTT; 0.5 mM Nal;, 0.6 mM EDTA; pH
Assignment of the Raman bands in tA# derived 7.5). Just before the Raman experiment, the sample was
difference spectra is made on the basis of comparisons towashed three times with buffer T (20 mM Tris-HCI; 10 mM
the parent spectra in aqueous solution previously reportedMgCl,; 0.5 mM NaN;; pH 7.5) using a Centricon 10
(19), considerations of bandwidths and intensities that vary (Amicon) at 8000 rpm.
for various normal modes, and tH© frequency shifts that Raman SpectroscopyRaman spectra were measured by
are evident in the difference spectra. There are a numberan optical multichannel analyzer (OMA) system consisting
of changes in the peak positions of many phosphate bandof a Triplemate spectrometer (Spex Industries, Metuchen,
of GDP and GTP upon binding to ras, which have implica- NJ) and a charge coupled device (CCD, Model LN/CCD-
tions for both how these molecules bind and the hydrolysis 1152UV liquid-nitrogen-cooled and a model ST-135 detector;
mechanism. The spectral changes are analyzed by employindPrinceton Instruments). The detector was interfaced to a
known empirical relationships between bond orders/lengths Macintosh computer (Apple, Cupertino, CA). Spectral lines
and frequencies as well as vibrational analyses from ab initio were calibrated against known assignments of toluene. All
calculations. The absolute accuracy of determining bond Raman spectra shown in the following figures were obtained
lengths and bond orders of the nonbridging-© bonds by using 568.2-nm lines of a krypton ion laser (Coherent
determined from the empirical correlations relating the Radiation Inc., Palo Alto, CA) at about 150 mW. Isotope
vibrational stretch frequencies to these quantit? Q1) is editing of the Raman spectra was performed in the following
very high compared to protein crystallographic studies, about manner. Separate spectra for enzymueleotide and isoto-
+0.04 vu andt0.004 A for bond orders and bond lengths, pically substituted enzymeucleotide complexes in solution,
respectively. The accuracy in determining changes in theseapproximate concentration 5 mM, were measured using a
parameters when a specific molecule is moved from one special split cell (the volume of each side being about 30
environment to another is probably about a factor of 5 more uL) and a sample holder with a linear translator as previously
accurate. In addition, it is possible to determine the described18, 26, 2F. The spectrum of one side of the split

nonbridging G=P--0 bond angles. cuvette is taken, the split cell is translated, and the spectrum
of the other side is taken. This sequence is repeated until
MATERIAL AND METHODS sufficient signal-to-noise is obtained. A difference spectrum

Materials. GDP and GTP were purchased from Sigma is generated by numerically subtracting the sum of the spectra
or Boerhinger Mannheim. Th&O-substituted GDP and obtained from each side. In general, the two summed spectra
GTP (91-92% enriched in each position) were synthesized do not subtrapt to zero, as judged by the suptraction of well-
as described previoushl9). RasGDP was purified from known protein marker bands. These protein marker bands
the Escherichia colistrain RRIDM 15 containing the ptac- '€ determined from their bandwidths (generally much
c-H-ras plasmidZ2). The expression system was a generous broader than those of spectra from bound substrates) and
gift from Dr. A. Wittinghofer (Dortmund, Germany). Pro- their characteristic positions. Hence, one summed spectrum
teins were>95% pure as judged by ’SD{PAGE. All is scaled by a small numerical factor, generally between 1.05
preparations were analyzed for their nucleotide content by and 0.95, which is adjusted until the protein bands are nulled.
RP-HPLC @3, 24. Purified protein was stored at76 °C As an example, the summed spectra and the difference
in buffer A (50 mM Tris-HCI, pH 7.6, 10 mM MgG] 0.5 spectra generated by numerical factors somewhat larger to
mM DTE, 1 mM NaN;, 0.1 mM PMSF,) containing 0.1 mM somewhat smaller than that used to generate the difference
GDP, and was routinely checked for its activity using a SPectrum in Figure 2b below are shown in the Appendix. In
radioactive GDP binding assag). addition to the primary spectra, a control difference spectrum

Ras complexed witi0)GDP(GTP) was prepared in two is generated whereby the protein binary complex sample is
stages: first, protein was complexed with GppCp in the used to generate both the sample as well as the reference
presence of alkaline phosphatase (agarose or acrylic bead§Pectra. Our Raman difference spectrometer is able to obtain
linked; Sigma Chemical Co., St. Louis, MO23). When difference spectra smaller than 0.1% of the protein back-
all of the GDP was converted (afterl h) as assessed by ground bands (accuracy of better than 0.2% is shown here).

RP-HPLC, the phosphatase was removed by filtration. All marked bands have been observed in at least four
' different runs. The same control procedures were performed

o . n all of the differen ra results herein. Resolution
1 Abbreviations: vu, valence unit (a measure of bond order based on all of the difference spectra resuits here esolutio

on atomic valence)p-O; refers to the nonbridging oxygens of the ©Of the spectrometer is 8 crhfor the present reSU|t3-_ A
a-group of GDP or GTP and similarly fg8-Os (in GDP) orf3-O; (in spectral calibration is done for each measurement using the
GTP) andy-Os (in GTP); 0,8-O is the bridging oxygen between the known Raman lines of toluene, and absolute band positions

and S-phosphates of GDP or GTP affig-O is the bridging oxygen e 1
between thes- and y-phosphates of GTP3(#0,)GDP, the three are accurate to withint2 cnt®. None of the spectra

nonbridging oxygen atoms of th@phosphate group are replaced by ~Presented here have been smoothed.

180; (a,5-1%0;5-1803)GDP, the four oxygen atoms of thfephosphate

group are replaced byO; (3-180;y-1¥0)GTP, the two nonbridging ~ RESULTS

oxygen atoms of thg-phosphate group as well as the bridging oxygen .

atom of B-O-P, are replaced b{fO;, (y-10;)GTP, the three nonbridg- We have determined the Raman spectra of GDP and GTP

ing oxygen atoms of theg-phosphate group are replace ¥@. bound to the ras protein from Raman difference spectroscopy
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Wavenumber (Cm'l) Ficure 2: Raman difference spectra of MgTP minus Mg(s3-

180,;8y-180)GTP in (a) aqueous solution and (b) ras, both at pH
7.5. The temperature of the sample was maintained®’@t during
the Raman measurements.

Ficure 1: Raman difference spectra of MgDP minus Mg($-
1803)GDP in (a) aqueous solution and (b) ras, both at pH 7.5. The
temperature of the sample was maintained & 4luring the Raman

measurements. L .
flexibility of small bound molecules, which reduces hetero-

(16) using isotope editing techniquek/( 1§. Since isotope  geneous line broadening. Generally, more bands are ob-
labeling induces spectral shifts of the vibrational modes served in the protein difference spectra than in the solution
associated with motions of the labeled atom, all Raman difference spectra because what were overlapping bands now
bands, including those of the apoprotein and those of thebecome resolved. Many of these newly observed bands
bound nucleotide that do not involve the isotopic tag, cancel cannot be assigned easily.

out in the difference spectrum. In the results reported here, Raman Spectra of GDPFigure 1a shows the Raman
difference spectra are obtained BJO labeling of the difference spectrum of GDP anf-{803)GDP with 1:1 molar
nucleotide P-O bonds and incorporating these nucleotides MgCl, in aqueous solution at pH 7.5. At pH 7.5, the
into the binding site. Thé®0-substitution typically shifts  diphosphate moiety of GDP is composed of BO,™ group
P--O stretch bands downward 2@0 cnt!. The %0O- and a —PQO?~ terminal group. The P& group has
associated bands show up as positive features whil€@he  approximate &, symmetry yielding a symmetricRO stretch
substituted spectra show up as negative bands in themode,vs{3-PO:27), and a doubly degenerate antisymmetric
difference spectrum, yielding typically a positive/negative P--O stretch modep,(5-PO:?7). The >PQ,~ group has
couple. There are many positive/negative features in the approximate @, symmetry which leads to a symmetric
difference spectra presented below, which would ordinarily stretch modep{(a-PO,”), and an antisymmetric moder-
make assignments quite difficult. However, accurate band (a-PO,7). In addition, there are PO single bond stretch
assignments of the solution difference spectra can be madeanodes of the PO—P linkage.

largely on the basis of the previously reported parent spectra The positive/negative features at 946/900, 1001/990, and
(19) since the individual bands are observed as are their shifts1101/1080 cm! (the high frequency denoting tHéO peak
upon®O-substitution. Then a comparison is made between position and the low frequency denoting tH® position)
these difference spectra and their corresponding proteinarise from the symmetric-2O stretch modeys(3-PO:?") of
difference spectra to assign the protein difference spectra.the-POs?~ group, a mode involving significantFO stretch

A similar pattern was typically observed except that the modev(P—O) of the R—O—P;s linkage, and the symmetric
spectral bandwidths are almost always relatively smaller for stretch modeyy(a-PO,7), of thea-PO,~ group, respectively
the protein spectra and, additionally, band shifts of the (19). The assignment of the 1001/990 cheouple is based
positive/negative couple may be observed. Bandwidth upon the Raman spectrum of GDE9) as well as the Raman
narrowing for protein-bound ligands is well understood and difference spectrum of GDP andf-120;5-1803)GDP since
comes about because proteins typically limit conformational a strong derivative feature appears at 1002/982'cm
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Table 1. The Frequencies (in ci) of the Phosphate Modes of
Mg-GTP in 1:1 Complex in Aqueous Solution and Their Shifts for
Mg-GDP/GTP Bound to ras

mode aqueous solutidn ras(Av)
GDP Vs Po-O—Pp)P 921 —28
vo(B-POs2) 942 (946) —27
Vsi(Po-O—Pp)P 1001 0
vs(a-PG,7) 1094 (1101) 0
va(B-POs?7) 1123 =23
va(0-POy") 1215 +21
GTP vs(Ps-O—P,)° 921 —38
vyy-PO27) 926 -10
vsi(Ps-O—P,)P 1019 +6
va(y-POs>) 1128 +1
v(in-PG,") 1122 0
vs(out-PQ") 1088 +3
vB-POy) 1247 -3z
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ligands. There is an additional feature at 870/854 tm
which remains unassigned. The shifts of the bands of bound
GDP from their respective solution positions are given in
Table 1. The most important result is that both the
symmetric stretch,u(5-PO27), and the antisymmetric
stretch,v(8-PO27), whose positions have been determined
in FTIR studies (ref28, 29 see Table 1), undergo substantial
frequency shifts when GDP binds to ras as dags-PO,).
X-ray crystallographic studies shows that the only interaction
between ther-phosphate group of the bound GDP molecule
and protein is a hydrogen bond between an oxygen atom on
the a-phosphate and the main-chain amide group of residue
Alal8 30). In comparison, thg-phosphate group interacts
extensively with residues 1317 of ras as well as the bound
Mg?" (30). The downward shifts in frequency show that

aThe number in parentheses is the peak position observed in theth® nonbridging P~O bonds of thef-POs*" group are
solution difference spectra presented herein. This value is sometimesstrongly polarized and indicate a strong interaction between

different than the position in the solution specti®)(due to some

protein and thgs-PO;2~ group. Below, the change in bond

intensity cancellation in the difference spectrum when the labeled and order of the nonbridging-O bonds is calculated based on

nonlabeled bands are separated from each other by an amount smalle

than their bandwidths. The modes indicated hys(P,—O—P;s) contain
significant stretch motions of the,PO—P; linkage as indicated by
their shifts in frequency upoHO substitution of the £-O—P; oxygen.
Similarly for modes indicated bys(Ps—O—P,). ¢ From refs28, 29
dThere are two possible bands that could be assigneg(1eP0:>),
at 1128 or 1140 cmt (refs 28, 29 see text); the 1140 cniis favored.

Empirical relationships between bond order and vibrational
frequencies.

Raman Spectra of GTPRaman difference experiments
were carried out using twO derivatives. In §-180,;8y-
O)GTP, the two nonbridging oxygens of tAePO,~ moiety
were substituted; in(1803)GTP, the three nonbridging
oxygens of they-POs?>~ group were substituted. Figure 2

(unpublished data). Another mode that contains significant shows the Raman difference spectrum of GTP afid (

P—O stretch motion of the >~O—P; linkage is found at
approximately 941 crrt (19), which shifts down in§-1805)-
GDP to yield the prominent 921 crhnegative band in the

180,;4y-180)GTP with 1:1 MgCl in agueous solution (panel
a) and the corresponding difference spectrum between the
natural abundance afd#D-substituted nucleotides bound to

difference spectrum. This assignment is consistent with theras (panel b). Figure 3 shows the corresponding difference

Raman difference spectrum of GDP ang3{'80;3-1805)-
GDP in which the 921 cmt negative band shifts down to
895 cn1!, overlapping the negative band at 900 €m
(unpublished data). For broad bands where'#eand'®O

spectra using)(-®03)GTP. All studies were carried out at
pH 7.5. At this pH, the triphosphate moiety of GTP in
solution is composed of two BOgroups and ong-POs?~
group. They-PO;?~ group has approximatesCsymmetry

band profiles overlap somewhat, there is some cancellationwhich leads to a symmetric:RO stretch modeys(y-POs2"),
of intensity in the difference spectrum, and the peak and a doubly degenerate antisymmetrie® stretch mode,
frequencies observed in the difference spectrum can bey,(y-PO2"). The symmetric stretch motions of the two £O

shifted from their proper position [apparently shifting up in
the %0 part of the derivative looking band and shifting down
in the 80 part of the difference couple for bands whéi@
substitution induces a downshift§)]. This has affected the
apparent position ofi{(3-P0O:2~), which is observed to be at
946 cn1tin the difference spectrum of Figure 1a. Its actual
position in the solution data of GDP is at 942 ¢m Since

groups are often strongly coupled to form an in-phase
combinationp«(in-PQ,"), and an out-of-phase combination,
vg(out-PQ7), while two antisymmetric modes,(a-PO; )
and vy(-PO,7), are not strongly coupled. The Raman
intensity of the in-phase combinationy(in-PQ, "), is much
higher than that of the other modes.

In the difference spectrum between the two -K&gP

the 180-substituted shifts are generally larger than band- complexes (Figure 2a), with unsubstituted afetq02;3y-
widths, not many of the band positions are so affected, and180)nucleotide, there are four major positive/negative cou-
the band positions reported in the difference spectra typically plets at 1123/1106, 1088/1065, 1019/999, and 921/894,cm
report on the actual position. The positions and assignmentsyhich can be assigned to-FO stretch modes related with

of the bands are summarized in Table 1.

B-PO,~ motions. Based on the frequency shifts 60

Figure 1b shows the difference spectrum formed between substitution, relative Raman intensities, and the positions of

Mg-GDP and Mg(3-*%03)GDP when bound to wild-type ras.

the bandsX9), the strongest and sharpest Raman derivative-

There are three positive/negative couplets at 919/886, 996/like band at 1123/1106 cm (Figure 2a) can be assigned to

983, and 1101/1071 cm (Figure 1b), respectively. These

the in-phase combinationy{(in-PO,”), of the a,5-PO,~

are similar to the solution bands observed at 946/900, 1001/groups. The weak feature at 1088/1065 éiffrigure 2a) is

990, and 1101/1080 cm (Figure 1a) in strength (allowing

due to the out-of-phase combination(out-PQ~). The

for the apparent increased strength that would come aboutfrequency shifts ofvg(in-PO,”) and v{out-PQ~) (17 and

for a band with a reduced bandwidth) afi@ shift, and they

23 cn1l, respectively) are less than tH® shift of the P~O

can be assigned as the corresponding mode found in solutionsymmetric stretch modes in monophosphates (40 ceither
The peak positions of the protein-bound nucleotides are verymonoanionic or dianionic) indicating that there is consider-
unlikely to be shifted from their true positions because of able mixing of PO stretch motions of the andg-phosphate
the substantial band narrowing that results for protein-bound groups. The much weaker derivative-like band at 921/894
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stretch mode of the-PQ:?>~ group. The 1121/1105-cmh
feature (Figure 3a), which is observed in the Figure 2a, is
the in-phase combinationg(in-PO,”) of a- and 5-PO,~
groups. The much weaker couplet at 1019/1003 tm
(Figure 3a), which is very similar to 1019/999 chband in
Figure 2a, is thus assigned as involving® stretch motions
of the R,—O—P; linkage (9).

Figure 3b shows the Raman difference spectrum formed
between MgGTP and Mg(y-1803)GTP when bound with

(a) Mg*GTP - Mge (y-180,)GTP

SL6—

| |
3 § 5 < to ras at pH 7.5. Qualitatively, Figure 3b is very similar to
e o < Figure 3a. However, some peak positions are shifted by the
(b) raseMgeGTP - raseMg* (y-180,)GTP binding. The three major positive/negative bands at 1120/

1108, 1024/1005, and 917/? ch(Figure 3b), respectively,
are the corresponding bands in the solution spectrum
observed at 1121/1105, 1019/1003, and 927/897cm
(Figure 3a). There is also an additional sharp feature at 885
cm 1 which is also observed in the radg-(3-180,;y-10)-
GTP difference spectrum of panel b, Figure 2. /3 shift
is only 10 cnt* when they-PO?~ group is labeled as
opposed to a 16 cm shift when theg3-PO,~ group is labeled.
This mode is thus fairly extended. The sharp positive 885
cm! band also obscures the real positionugfy-P0s?")
for rasMg-(y-1803)GTP which is expected to show up as a
negative band in the difference spectrum near 890'cm
(hence, the nomenclature 917/? above). All these results are
tabulated in Table 1.
800 900 1000 1100 1200 Ab Initio Vibrational Analysis. Ab initio norrn'all—mode '
Wavenumber cm-1 analy_ses were performed to assess how sp_ecmc interactions
tribute to the frequency shifts observed in the binding of
Ficure 3: Raman difference spectra of MgTP complex minus eon d q Y Ma g
Mg-(y-1803)GTP in (a) aqueous solution and (b) ras, at pH 7.5 and GDP an GTP fo ras. It is expecied that gnt(.araCt.S
at 4°C. strongly with the oxygens and hence alters vibrational
frequencies of the polar phosphate bonds. Such interactions
cm! (Figure 2a) most likely contains-FO stretch motions  will depend on the nucleotidemetal ion distance as well
of the B—O—P; linkage. The other couplet band at 1019/ as relative orientation. Hence, the phosphate frequencies are
999 cn1! (Figure 2a) is thus assigned to a mode containing likely affected differently in solution versus in protein as
P—O stretch motions of the,”O—Ps linkage (see Figure  the geometries are different. Moreover, it is of considerable
4 in ref 19). interest to investigate the interaction of thghosphate group
Figure 2b shows the Raman difference spectrum formed with water-175, which is in-line with the-PO bond of ras-
between MgGTP and Mg(3-180;8y-1%0)GTP when bound ~ bound GTP and is a candidate for the attacking nucleophile.
to wild-type ras at pH 7.5. Qualitatively, Figure 2b is very All calculations were performed with the guanosine moiety
similar to Figure 2a. However, some peak positions are replaced by a methyl group to simplify them. A sodium
affected by the binding. There are three major couplets ation is used to model the effect of Miginteracting with GDP-
1123/1111, 1091/1060, 1025/1009, and 883/867 ¢m (GTP) in aqueous solution and in ras. The reduced charge
respectively, and they are just slightly shifted and maintain takes partial account of screening of the ¥igharge by its
their relative intensities compared to the solution bands surrounding medium. In this way, the modeling allows a
observed at 1123/1106, 1088/1065, and 1019/999 (Figuresemiquantitative assessment of the spectral changes that take
2a). The protein 883/867 crh pair (2b), while strongly place when the spatial arrangement of the interacting group
shifted and substantially narrowed from the corresponding with respect to the nucleotide is changed and also provides
921/894 cm? solution pair (2a), appears to be the same some idea of the size of the spectral changes that can be
mode. Hence, these bands can be assigned to shifted modesxpected §1—33). It must be stressed that the goal of these
as assigned in the solution spectra. This is tabulated in Tablecalculations is not to determine specifically how the nucle-
1. otides bind with ras from the vibrational data; that would
Figure 3a shows the Raman difference spectrum of GTP require modeling of the entire binding site, which is outside
and ¢-1803)GTP with 1:1 MgC} in aqueous solution at pH  our present scope. Rather, we are concerned with assessing
7.5. Upon!®O-substitution at they-position, the stretch  which interactions are important, in what way they affect
modes related withy-POs?~ group are mostly affected. the phosphate stretch frequencies, and how symmetric and
There are four major positive/negative bands at 1121/1105,antisymmetric modes are affected by a putative interaction.
1019/1003, and 927/897 cry respectively, which can be  The symmetries of these modes are different, and they shift
assigned to the-PO/P—0 stretch modes. Based on & quite differently depending on the geometry of the interacting
isotope labeling, relative Raman intensities, and the positionsatoms.
of the bandsX9), it is clear that the most prominent feature The calculations presented here were performed at the HF/
at 927/897 cm'® (Figure 3a) results from the symmetric 3-21g* level for the following reasons. Chemical bond

Raman Intensity
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lengths, especially those bonds which contain oxygen, are Mt _ Mt
underestimated by ab initio methods at the Hartieeck Y o o 5

level compared with observed value84), Moreover, CH3'0‘17‘0‘K§,0 CH=O-P-0—-P-0-F"
calculated stretch frequencies are in error by about2% 0O o 3 O LYo

due to the neglect of electron correlation forces in the L 1L ©
calculations, the limited basis set (particularly severe for

phosphorus), and also that the calculations are done in gas

phase which does not treat the interactions with solvent. On MY M+

the other hand, we have systematically determined all the ? »° o 0 0
vibrational frequencies of phosphates of varying ionization CH3'0'}.)'O_PF,O CHy~0-P-0-P-0~Ry
states in solution (i.e., P&, HPQ?2~, H,POl~, HsPOy, and 0O o 0O o o
CH3;OPQ?") and their®O-substituted analogues. The gas - v

phase ab initio calculations at the HF/3-21g* level provide ' '

an adequate force field over this entire range of ionization <
states, overestimating double-bond stretches antf@hghifts o o-M% -0 \\9
by about 15% while underestimating single-bond stretches CH3—O-}I)-O—1|>—O—P—)—d—o'H
and their'®0 shifts by approximately 6%Trial runs with LA l:o\ \‘1}/

higher order basis sets at the Hartré®ck level did not
significantly improve the agreement; post Hartré®ck V.

calculations were somewhat better but, in view of the limited r ze 4: The various structures used to model the environment
scope of the calculations herein, do not seem worthwhile of GDP in solution () and in ras | ) and the environment of GTP
given the extensive computer time required. Finally, the HF/ in solution (Il ) and in ras v andV).

3-21g* level basis set does not treat properly the observed
coupling between the-PQ,— groups of GTP, probably  Table 2: Frequency Shiftof Phosphate Groups of

because of the neglect of electron correlation, and resultsN&methyldiphosphate (MCH;DP) and NaMethyltriphosphate
on these modes al’ge not reported (M*-CH3TP) Calculated by ab Initio Methods to the HF/3-21g*

Level
It is known that most of the phosphate stretch bands of solution
GDP (or GTP) in solution are affected when the 1@pP model rasGDP-M+
complex is formed 19). In the analyses of the solution mode structurel structurell
complexes, the geometries of the models used to simulate M*-CHs;DP vo(f-PO2) 1050 —34
solution conditions were first optimized at the HF/3-21g* va(f-PO ) 1335 —30
level, and the frequency calculations are then performed on Ziﬁ:g%_g iggg +_2(l)

the optimized geometries using the same basis set. The result

of freely optimizing the geometry indicates that the metal solution  rasGTRM" rasGTRM"-H,0

. . . model  structurelV structureV
ion binds to botha- and g-phosphates groups (Figure 4, structurelll

structurel), as is known from experimental studies. The y+.cH,TP v(y-PO2) 1000 1 9
PO bond of the terming-POz>~ group directly interacting va(y-POs27) 1287 +2 -1

with the ion is longer than the other two, slightly breaking — a Al values are in cm™.
the G, symmetry of the terminal group. The&ymmetry

of a-PQ,~ group is also slightly broken. The approximate
symmetry classification of the resultant stretch modes was

identified based on calculated Raman intensities and depo-b dt th tal i laced at vari it
larization ratios. Table 2 lists the symmetric modgs- ound fo ras, the melal ion was placed at various positions

PO2) (1050 cnT?) and the average antisymmetric stretch relative to t_h_e phospha’ge moiety, restricted so as to be clpse
mode,vs(3-PO2") (1335 cnrl). For thea-PO;~ group, the to the position determined by the X-ray crystgllograpmc
character of the 1234 and 1368 chmodes is also quite  Studies of rassDP. The P-O stretch frequencies of the
close to the symmetric and antisymmetric stretch modes for-POs*~ group are quite sensitive to the position of the metal
PO, with approximate &, symmetry, respectively. The shifts

only with one oxygen atom of th8-phosphate group (cf.,
Figure 4, structurd ). To simulate the MgsDP (and GTP)

ion since the interaction between the negative charges of

in frequencies of the phosphate stretch modes induced by "PQs” and the positive charge of Mchanges the -0
the metal ion as obtained by the ab initio procedure pond angle §|gn|f|cantly. The position of the metal ion that
adequately reproduce the direction of the shifts experimen- iS Most consistent with the data is one where the4@—P
tally measured, although the magnitude can be overestimated@ngle is about 20from that reported in the X-ray structure;,
For example, the relative shifts of the important terminal this resultis tabulated in Table 2. The calculatg-POs*")

group (in cnm?) are (calculated, measured)(3-PO>) (=3, mode for rasGDP/M* shifts down by 34 cm! compared to
—2); v(B-PO2) (52, 8). the solution model structure whike(5-PQs?") shifts down

. ! - 1 i i

Crystallographic studies of GDP bound to ras indicate that 30 e This can be compareld to the_ shifts_found

the binding site M@ lies in such a way that it interacts €xPerimentally of-27 and—23 cnr, respectively (Table
1). The shifts found for the-PO,~ phosphate stretches are

; . the doublo bonds and their - also in very satisfactory agreement with the experimental

More specifically, the double bonds and their frequency shifts are ;
overestimated by 10, 15, 19, 20, and 15% fouPCHPQ2 -, HPQE sh|fts.(compare Tables 1 and'Z). 'I"herefore,' the present
HsPQ,, and CHPO?2", respectively, and the single bonds and their €XPerimental results, and the simulations, are in reasonable

shifts are underestimated by 82, 2, and 4%, respectively. agreement with previous conclusions thati¥ginds to both




11112 Biochemistry, Vol. 37, No. 31, 1998 Wang et al.

Table 3: The G=P=-0 angle, R-O Bond Length of GDPEPO;?", PO Bond Length of the-Phosphate Group as a Function of
Water—Methyltriphosphate Distance in the Model of the Active Site ofMgGTP Complex from ab Initio Calculations in the HF/3-21g*
Level

Na-MeTP-:-H,
distance (A) Avy-POs2") Av(y-PO2") O-=P=-0 anglé P=-0 bond length (A) P—O bond length (&)
infinite 0 0 114.9 1.513 1.7187
4.0 -3 +2 115.3 1.512 1.7311
3.7 —4 +2 115.3 1.512 1.7331
3.5 -5 +2 115.4 1.512 1.7359
3.25 —6 +1 115.6 1.513 1.7394
3.00 -9 -1 115.8 1.513 1.7447
2.75 —-12 -3 116.1 1.513 1.7528
2.50 —18 -8 116.6 1.515 1.7647

aBond angles are in degrees.

a- andS-phosphate groups in aqueous solution, while it binds the O=P=-O bond angle flattens out, i.e., thePO;>~
to only thef-phosphate in ras3Q). constellation becomes more planar, as the water molecule
Similar procedures were performed for the G P 1:1 approaches the central phosphorus atom, and this brings
complex (solution model structutd, Figure 4) and forthe  about systematic downward shiftsigy-POs?~) and smaller
rasMg-GTP (structureV). The result of geometry opti-  shifts of vy(y-POs?). The best fit to the data is when the
mization shows that the metal ion binds to e -, and water oxygen is about 3.0 A from the-phosphorus; the
y—phosphates in a tridentate manner in the solution modelfrequency shift of the symmetric stretch mooig€y-P0Os?")
(structurelll ); this is also in agreement with experimental (9-cm?) is close to that observed in the Raman difference
results (9). The results are listed in Table 2. To simulate spectrum (Table 1). The ab initio results of the stretch
Mg-GTP in the ras complex, a sodium ion was placed frequency shifts are also listed under the heading for the GTP
between the- and 3-phosphate groups so that the sodium protein complex, structur¥, Table 2.
interacts only with the phosphates as found in the X-ray Bond Length/Bond Strength/Vibrational Frequency Rela-
results. After geometry optimization, the resultant confor- tionships. For the P~O and P-O bonds of phosphates (and
mation maintains metal ion interaction with the and some other metal and nonmetal oxides), there exist very
B-phosphate groups (structub€), and the results for the  accurate empirically derived relationships between bond
y-POs*~ group are reported in Table 2. The symmetric and |ength/bond order and bond order/vibrational frequency.
antisymmetric stretch modes of thePO?~ group are  Using the definition of bond order or bond strength based
virtually unaffected by the metal ion placed in any geometry on the valence of a given ator87), the sum of the bond
that is reasonably close to that found in the X-ray structures orders over all the bonds to the central phosphorus atom is
compared to the values obtained from the solution model its valence, i.e., 5. The bond orders (bond strengths) are
(I'). Hence, neither mode shows much of a change in given in terms of valence units in this paper, and labeled as
frequency in the calculations for various geometries locating vu, to make it clear that other definitions of bond orders

the metal ion from structurél to IV. exist 21). In this case, the equations a@d( 37, 38
However, it is observed experimentally that the symmetric
stretch decreases by 10 chmwhich is a substantial shift. — —4.29 1
Spo = ("'pd1.620 1)

Since, this observed frequency shift of the symmetric stretch
modevy(y-PGs?") (Table 1) is not due to the interaction of
Mg?" with GTP at the binding site of ras, it is useful to
examine alternative interactions. In the crystal structure of
GppNp complexed with ras, water-175 is in-line with the 429
phosphorus atom of the-phosphate of GTP group at a Spo = [0.175*In(2245000)] ™ 2
distance of 3.7 A%5; 36). To further simulate the M@ TP

moiety in ras, a water molecule in-line with the bridging where v is the frequency of the phosphate stretch. The
P—O bond of methyltriphosphate was placed at various symmetric stretch frequency can sometimes be usetbin
distancesd (structureV). The geometry of the complex, correlations in phosphate2k). However, in general, and
with the y-phosphoruswater oxygen distance fixed at particularly in situations where the changes in the angle of
various lengths, was optimized with HF/3-21g* basis set. the O=P--0 bonds in the-PO;>~ group are important in
Table 3 shows the results of calculations on several modelaffecting the observed shifts of(—POs?") andv(—P0Os%")
complexes with P- - -Okldistances ranging from 2.5to0 4.0 as here, it is necessary to substitute the so-call fundamental
A. As can be seen from Table 3, the water molecule can stretch frequency into eq 2, which is the geometric average
have a rather large effect on the symmetric stretch mode.of the symmetric and antisymmetric stretch frequencies, i.e.,
The reason for this is that the frequencies of the symmetricv = [(v&® + 2v2)/(3)]¥? (for dianionic phosphate esters).
and antisymmetric stretch modes are functions of bond orderHence, bond lengths and bond orders can be determined if
(force constant) as well as the angle of the-B--0O bond the stretch frequencies are known. The error in these
(see structur®/, Figure 4). The small interaction between relationships is estimated to be abet.04 vu andt+0.004

the water molecule and thePO2~ group does not affect A for bond orders and bond lengths, respectively, and better
much the bond order of the nonbridging=f® bonds (the  at estimating changes in the parameters for a given molecule
P=-0 bond length is hardly affected; see Table 3). However, as it goes from one environment to anoth2@)(

wheres is the bond order of the PO bond (in vuyop is the
length of the PO bond (in A), and



GDP and GTP Binding to c-Harvey ras Biochemistry, Vol. 37, No. 31, 19981113

Application of these equations for th&phosphate of
Mg-GDP 1:1 complex in aqueous solution, yields 1066
cm ! (vs= 942 cmi! andv, = 1123 cn1?, Table 1), and a
bond order of 1.327 vu and a bond length of 1.517 A for
each of the three nonbridging=FO bonds. For ras-bound
Mg-GDP, the fundamental stretch frequency of the-® the—10 cn1? shift observed when GTP binds to ras, implies
bonds of theS-phosphate shifts down to = 1042 cm? an increase ob (see eqs 7 and 8, r&0). The amount of
(Table 1). The shift to lower frequency translates to increase is affected by the value of antisymmetric mode,
somewhat lower bond order and longer bond length for eachwhich is uncertain. Considering the range in the possible
of the three nonbridging terminatPO bonds: 1.303vuand values forv, A6 = +1.1° for v = 917 cmt and v,
1.523 A, respectively. This derived bond length for ras- 1128 cnt! or A9 = +2.3° for vs = 917 cn! and v, =
bound MgGDP is in excellent agreement with the result 1140 cnt!. This is in fair agreement with the ab initio
from X-ray diffraction studies, 1.528 A30). Our results calculations which yield &\@ = +0.9° (compare the 3.00
show that the total bond order of the nonbridgirg®© bonds A row with the infinite row of Table 3). This angle change
of the5-POs?~ group decreases by 0.024 vu when GDP binds is relatively small, and this is consistent with the weak
toras. Since the total bond order about the phosphorus atorinteraction that water-175 has with bound GTP inras. As a
can be taken to a good approximation to be constant (equalcomparison, it is observed that the widths of antisymmetric

known. We estimat&/Cssfor Mg-GTP in aqueous solution
by assuming tha = 114.9 from the ab initio calculations
(Table 3), takingvs = 927 cn! andv, = 1128 cm?, and
applying egs 7 and 8 of re#0. This yieldsf/Css = 60/1.
For any angléd > 90°, a downward shift invs(—P0s?), like

to five), this means that the bridging <®0>~ bond
increases by 0.072 vu. Thg-PO?>~ group of GDP is
strongly stabilized when it binds to ras.

For Mg-GTP in aqueous solution, the fundamental fre-
quency of they-phosphate is 1065 crifrom vs = 927 cn1t
andv, = 1128 cn?! (see Table 1), which yields a bond order
of 1.326 vu and a bond length of 1.517 A for each of the
three nonbridging-O bonds of the’-phosphate group using
egs 1 and 2. For ras-bound M§TP, the P~O symmetric
stretch mode of-phosphate shifts down to 917 cf(Table
1). The position ofr,(y-P0:?") for bound GTP has not been
definitively assigned. Two bands, at 1128 and 1140%m
are observed in IR studies of rascaged®gP—rasMg-GTP

(28, 29, and both are good candidates for the antisymmetric

stretch (1140 cmt is favored). It is also possible that the

symmetry that gives rise to a degenerate pair of antisym-

metric modes has been broken for ras-bound®P, in
which case the 1128 and 1140 chibands could correspond

to two antisymmetric-like modes. In any case, the calculated
change upon binding in the bond order (or bond length) of

the nonbridging P-O bonds is very small;-0.003 vu or
+0.006 vu using 1128 and 1140 chas the extreme ends
of the possible position of the antisymmetric stretch,
consistent with the ab initio calculations. The downward
shift of 10 cn1? for v(y-PO?7) upon binding, and the ab

initio analysis above, suggests that the in-line water molecule

is interacting with they-phosphorus atom of bound GTP.

Using eq 1 and a distance of 3.7 A between in-line water-

175 and the/-phosphorus atom determined from the X-ray
study of ras-bound GppN8%, 36), the bond ordérof this
incipient bond is 0.03 vu.

While the fundamental frequency of a symmetric/anti-

stretch modes of dianionic monoesters in solution are quite
broad (32 cm® fwhm for GTP; ref 19) while those of
symmetric stretch modes are relatively narrow (less than 10
cmtfor GTP). The reason for this is thdtadopts a range

of angles by thermal motion, and this shows up as a range
in the value offs as well. The two changes cancel for the
symmetric stretch but are additive for the antisymmetric
stretch according to eqs 7 and 8 of @9 when6 > 90.
Hence, the width of the antisymmetric mode arises from
heterogeneous broadening. From the width of the antisym-
metric stretch, we estimate that the angle e£B--O of the
—POs?>~ moiety undergoes an excursion of aboufZ#0.5°)

for GTP in aqueous solution due to thermal motion.

DISCUSSION

Vibrational frequencies are determined by the force
constants within chemical bonds and the geometry of the
atoms that make up a molecule. Hence, vibrational frequen-
cies report on bond orders, bond lengths, and geometry. A
clear result from our investigation is that the ionization state
of GDP or GTP does not change from its solution value when
these nucleotides bind to the ras protein. This is so because
the frequencies associated with the stretch motions of the
various PO bonds of bound GDP and GTP are not altered
to the extent that would indicate protonation of one or more
of these bonds. Such a protonation of th&0;2~ moiety
of bound GTP would be found if substrate-assisted catalysis
occurred such that bound GTP activates an attacking water
molecule by abstracting a proton to form hydroxyl. This
has been postulated to occi3( 39, 40. Our results rule
out a significant population of protonated bound GTP, but
do not rule out a minor population or one that is formed

symmetric set depends chiefly on a force constant, we havetransiently.
shown that the symmetric and antisymmetric modes depend  p;y 4 jent cations are generally located in the binding sites

additionally on the angle between the=®--0 bonds ¢ in
structureV, Figure 4) and the ratio of the stretch force
constant for the 2-O bond to the P-O/P+=0O stretch/stretch
off diagonal force constarnt/Css(20). Hence, it is possible
to calculate changes ifi once the frequencies ares are

of nucleotide phosphotransferases and complex directly to
oxygens of bound phosphates, thereby strongly affecting
binding of GDP and GTP as well as GTPase activity41,

42). For ras, Mg" forms a very tight complex with GDP
which reduces, for example, the GDP dissociation rate by 4
orders of magnitude compared to Refree ras 42). On

3 This must be considered approximate. The empirical relationship the other hand, the dissociation rate of GTP is enhanced by
given by eq 1, which holds over a broad range of bond orders, has not,only about a factor of 10 in Mg-free ras 43).

however, been tested for such low bond orders. In addition, the distance

between water-175 and thephosphorus atom of bound GppNp may
not be the same as for bound GTP.

On the basis of the present studies of the MasGDP
and rasMg-GTP complexes, the following structural conclu-
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sions can be made. In the first place, it seems likely that solution. The ab initio calculations suggest that the binding
the binding site Md" ion is substantially responsible for the site Mg?" is unable to produce even this small frequency
observed frequency shifts of ras-bound GDP, and so ashift for vg(y-PQ?). Its geometry relative to the terminal
dominating factor in how th@-phosphate moiety of GDP  phosphate group is such that its effect through electrostatic
interacts with the ras binding site. This is so for the interactions is calculated to produce negligible changes in
following reasons. Although the X-ray structure of the symmetric and antisymmetric stretch modes of the
rasMg-GDP shows that a number of hydrogen bonds are y-PO:?~ group. On the other hand, a water molecule in-
formed between binding site residues of ras angBHRO,?~ line to the y-phosphate, structur& of Figure 4, can
group of GDP, these are noncharged polar groups. Suchreproduce the experimentally observed shift because of their
groups generally make much smaller contributions to elec- relative geometry. The ab initio calculations place the water
trostatic interactions than groups that carry charge. In molecule at a POH, distance of 3.0 A to yield the correct
addition, the ab initio calculations show that the interaction shift in v{(y-PO?") (Table 3). This can be considered to
between Mg and GDP at the binding site can easily account be in good agreement with the 3.7-A distance observed for
for the observed frequency changes atdhghosphate. Thus,  water-175 in the ra&ppNp crystal structure, considering
the frequency shifts of the specifiefO bonds of bound GDP  that our results are on the r&TP complex while the X-ray
indicate that Mg" interacts with ras-bound GDP only with  determined distance is of the r&ppNp complex and also
the 3-phosphate group, in agreement with a previous EPR considering the inaccuracies in the calculations.
study @4). This is in contrast to M@sDP complexes in Generally, theories of phosphotransfer reactions for dian-
solution, where vibrational studies indicate that there is a ionic phosphate monoesters have a pentacoordinated phos-
bidentate interaction of Mg to the a- and S-phosphates  phorus transition state in which the nonbridging-® bonds
(19). Hence, the frequencies BfPO:* for ras-bound GDP  become planar and the leaving group and attacking nucleo-
are decreased upon binding relative to-&®P in solution phile form apical bonds. Such a transition state is consistent
while those of thex-PO,™ group increase. This coordination for ras on the basis of crystal structures of guanine-binding
pattern is in agreement with the X-ray studies ofg GDP proteins with bound GDfALF,~ (1), which is believed to
(30, 35). Nevertheless, the relative importance of the active resemble the transition state of the pathway, and by studies
site polar groups in affecting the electronic properties of of the hydrolysis stereochemistry in ras, which suggest a
bound nucleotides requires a systematic study, perhapsdirect in-line transfer of the-phosphate from GTP to water
through the use of mutant proteins in vibrational studies and with inversion of the configurationt§). With this in mind,
through modeling. the 1-2° angle increase of the nonbridging-&”=0 bonds
The nonbridging P-O bonds of the3-POy?~ group of toward a planar geometry of the-phosphate can be
bound GDP are strongly polarized upon binding to ras, considered. It is clear that the ground state of GTP is
reducing their bond order by 0.024 vu from the {&PP destabilized by its binding to ras in such a way that a small
solution value (equal to 1.327 vu) and increasing the averagebut a clear geometry change takes place that brings bound
P--O bond length by 0.006 A. This indicates a strong GTP closer to its transition state geometry. There has been
favorable electrostatic interaction between the binding site much discussion of the role of GIn-61 in GTP hydrolysis
Mg?t and GDP. The Brown and Wu paradigidi7} states since mutations of this residue reduce the hydrolysis rate
that the sum of all bonds about a phosphorus atom be equall0-fold or so and it is within hydrogen bonding distance to
to 5 (the valence of phosphorus), so that the weakening ofwater-175, which is generally believed to be the attacking
the nonbridging P-O bonds of the8-POs?~ group results in nucleophile. Several possible catalytic roles have been
a strengthening of the bridging GMP®0s?~ bond of 0.072 advanced for this residue. One theory has this residue
vu. lItis clear that the termingl-phosphate group of bound  activating water-175 by abstracting a proton to form the
GDP interacts strongly with the ras binding site and that GDP stronger hydroxyl nucleophile for attacBs, 49. This might
is energetically stabilized. For bound GTP, the binding site occur even though the amide of GIn-61 is a weak base in
Mg?* maintains its interaction with thg-phosphate group  water when the entire binding site structure is considered
as judged by the shifts in the,($-PO,”) band from its (39). Another possibility that has been advanced is that the
solution value (ref28, 29 Table 1). Hence, the bonds of functional group of GIn-61 participates in a proton shuttle
the S-phosphate of both bound GDP and GTP are strongly that finally protonates the-phosphate of bound GTRY).
polarized, indicating a substantial interaction with the ras Finally, it has been supposed that it could help stabilize the
binding site. In contrast, the-PO bonds of they-PO;>~ formation of negative charge on the attacking water nucleo-
group of GTP are little affected by binding to ras since there phile or negative charge on the phosphate oxygens in the
is only a very small change in their bond polarization as transition state40, 48. Our results suggest, rather, that it
calculated in Results. may have an important structural role in that it, and other
As shown by the modeling results and the analytical residues interacting with water-175, hold this water close
relationships relating these stretch frequencies to force enough and tight enough to the phosphorus atom of the
constant and angle (see Results), the small 16*cfown- y-phosphate to cause a significant interaction between them.
ward shift of the symmetric stretch mode of bound GTP, The calculations from the empirical relationships relating
vs(y-POs?7), is well explained by about a-12° increase in bond distance and bond order indicate a small incipient fifth
the O=P-=-0 angle ¢ in structureV, Figure 4), approaching  bond between water-175 and thghosphorus atom of GTP
the® = 120 for a planar P@moiety, with little change in of approximately 0.03 vu. In addition to bringing the
bond order. Hence, the structure of thPO;2~ group of geometry of the bound GTP closer to its transition state, this
ras-bound GTP is such that the three nonbridgisg@bonds interaction weakens the bridging GDP®0:?~ bond in the
approach a more planar arrangement compared to GTP inground state by a corresponding amount since most of the
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bond order formed by the phosphorus atom with water-175
is taken from the bridging bond (see Results).

This study does not directly speak to the electronic nature (@) ras*MgeGTP
of the transition state structure, that is whether it is
dissociative (one where the sum of the apical bonds is close
to zero) or associative (wherein there is considerable bond
formation between the attacking nucleophile before much
bond breaking with the leaving group) or concerted2(S
like), because our results are on ground state complexes.
However, the results are highly suggestive of a concerted
transition state where the bond formation is more or less
synchronous with the bond cleavage of the GDP leaving
group based on the following reasoning. In the ground state,
there is a small formation of the incipient fifth bond between
water-175 and corresponding weakening of theFObond
between the GDP leaving group and thhosphorus of
bound GTP. This state presumably shows some transition € : i
state character and so suggests a concerted mechanism. | g M
addition as discussed above, the active sité¢'Mgn (with
perhaps other active site residues) interacts more strongly
with the P=O bonds of the GDP leaving groyisphosphate
than with they-phosphate of bound GTP. This interaction ;
would appear to impose stabilization of the GDP leaving (e) raseMg+GTP - raseMge (B~ 180,;By180)GTP x5
group while they-phosphate forms the bond with the ‘
attacking (water) nucleophile, prior to release of inorganic i ;
phosphate. Finally, results on a MgADP-vanadate com- ® raS‘Mg'GTP'1-03*faS‘M8‘(ﬁ;*woz?mlso)GTP xp
plex bound to myosin subfragment 1, which is believed to : \
resemble the transition state of the ATPase reaction catalyzed
by myosin, show that the sum of the bond orders of the two
apical bonds involving the attacking water molecule and the Wavenumbers cm-

ADP leaving group is little changed upon bmdmg.’ as Ficure 5: (a) Raman spectrum of r&dg-GTP, (b) Raman
expected_ for a concerted reactiof9)(. Hence, assuming  gpectrum of radig-(5-1°0,,8y-10)GTP, (c) difference spectrum
the reaction pathway of the ras and S1 enzymes are similar of even-numbered ralslg-GTP runs minus odd-numbered runs, the
this result reinforces the notion that the process in both result was then multiplied by a factor of 20, (d) difference spectrum

-1003

(b) raseMg (3-180,;8y180)GTP

(c) raseMge*GTP [eveni#] - ras'Mé'GTP [odd#] x20

man Intensity

(d) raseMgeGTP - 0.97sraseMg» (- 180,;8y180)GTP x5
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proteins has concerted mechanisms. between radvig-GTP and rasvig-(8-1%0;8y-'*0)GTP, a factor of
0.97 was multiplied on the latter spectrum and the result multiplied
ACKNOWLEDGMENT by a factor of 5, (e) difference Raman spectrum betweeM@&TP

and rasMg-(3-180,;8y-180)GTP, same as Figure 2b, (f) difference

We thank Drs. V. Cepus, C. Ulbrich, C. Allin, A. Troullier, ~ SPectrum between rddg-GTP and radvg-(5-1%0,,5y-*0)GTP,

' ! . . a factor of 1.03 was multiplied on the latter spectrum and the result
and K. Gerwert for showing us their manuscript prior to multiplied by a factor of 5.
publication.

APPENDIX sample were averaged, and their difference spectrum is
shown in Figure 5c (enhanced by a factor of 20 relative to
We show in this section the procedure used to obtain the Figure 5a). This difference spectrum, which would null
difference spectra presented in the main article. In general,completely in an ideal case, is a strong indicator of ultimate
Raman difference spectroscopy requires a high degree ofmoise levels. The noise in this spectrum, all of which is
precision in calculating the difference spectrum, and it is simple shot noise and is free from systematic subtraction
necessary that the instrument be calibrated to ensure thagrtifacts, is 0.2% of the strongest protein band at 1003'cm
neither systematic noise factors nor shot noise are mistakerivhich is adequate for the present studies.
for small difference peakslg). We show here the control In the subtraction process, several protein Raman bands
procedures that were performed in determining the data of were used as internal references, and the bands at 1003 and
Figure 2b. All the other difference spectra presented herein 1126 cni! are indicated in the Figure. A multiplication
underwent the same procedures. factor was applied to one of the spectra, and adjusted, so
The rasMg-GTP and rasMg-(3-180,;8y-1%0)GTP com- that in the final difference spectrum these two bands were
plexes were loaded into the separate compartments of a splino longer visible. Since the peak-to-peak intensity in the
Raman cell, and Raman spectra were taken alternatively fromspectrum of the control (Figure 5c) is about 0.2% of the 1003
the two samples. Typically about 10 runs were taken from cm™* band intensity of the original spectrum, we expect that
each sample, and they were then summed and averaged. Thehe noise level in the ralg-GTP minus rasvig-(3-180,;8y-
averaged spectrum so obtained for theMagGTP complex O)GTP difference spectrum to be the same. Figure 5e
is shown in Figure 5a while Figure 5b shows that of kég: shows the rad/g-GTP minus rasvg-(3-80,;5y-¥0)GTP
(B-180,;5y-180)GTP. As a control experiment, the odd- difference spectrum, with both 1003 and 1126 ¢rbands
numbered runs and even-numbered runs on th&I@&TP subtracted properly. Of Figure 5, parts d and f, show the
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slightly under-subtracted and over-subtracted difference 24.

spectra, respectively. In these two spectra, both the 1003

and

1126 cm!® bands are clearly visible, either positive or

negative. The intensities of the spectra in Figure 5, parts d

and

f were enhanced by a factor of 5 relative to the scale of

Figure 5a for clarity. The intensities of the difference peaks
in Figure 5e are about-23% of the intensity of the original
spectrum’s 1003 cnt peak. Hence, the signal-to-noise in
the difference spectrum is about or greater than 10/1.
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