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ABSTRACT

Raman Spectroscopic Studies of ras-p2l Proteins:

Mechanism of GTP Hydrolysis in Proteins

by

Dongguang Xiao

Advisor: Professor Robert H. Callender

We have studied the interactions of ras-p2l proteins,
including wild type p2l1, mutant p2l(Gl2V), mutant p2l1{G12D)
and mutant p21(Gl2P), with guanine nucleotides, and the
mechanism of GTP hydrolysis in proteins, by using nonreso-
nance difference Raman spectroscopy.

A 30 cm' downshift observed in the P=0 symmetric
stretching motion of the terminal PO,* group of GTP upon

binding to proteins indicates the strong hydrogen bonding

interactions between the y-phosphate group of GTP and the
proteins. The in-phase symmetric stretching band of the o-

PO’ and PB-PO°" group of GTP had no significant changes upon

binding to proteins. This result suggests that the hydrogen



bonding environment around the a-PO° and B—PO} group of GTP

in proteins is similar with that in solution.
The downshift of the P=0 symmetric stretching band in-

dicates the decrease of the P=0 bond order of the terminal

PO, group of GTP, therefore the increase of the Oy-P, bond

order in proteins. This result suggests that the mechanism
of GTP hydrolysis is an associative reaction in p2l pro-
teins.

We have also found strong interactions between p2l pro-
teins and guanine nucleotides at the guanine ring moiety.
Both the 2-amino and 6-carbonyl groups strongly hydrogen
bonded with proteins.

A series of phosphate model compounds were studied by
Raman spectroscopy. Our studies of mono-phosphate compounds
show that the -0-P- bond order of these phosphate compounds
is linearly related with the pK, of their corresponding R-O-
H compounds.

We have done normal mode analysis of phosphate model
compounds with empirical method. We have obtained the corre-
lation between Raman frequencies and force constants. We
have also found that the Raman frequencies of phosphate com-
pounds are very sensitive to the coupling between different

vibrational modes.
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Chapter 1

INTRODUCTION

Guanine nucleotide-binding (GNB) proteins are involved
in many cellular processes, such as signal transduction,
protein transport and secretion, and polypeptide chain elon-
gation. (Bourne, H. R. et al., 1990, 1991; Gilman, A. G.,
1987; Hall, A., 1990). They have several biological proper-
ties in common. They all bind GDP (Guanosine Diphosphate)
and GTP (Guanosine Triphosphate) each with high affinity and
high specificity, so the GNB proteins usually contain bound
guanine nucleotides when they are isolated in their native
state; and they all have GTPase activities (Miller, D. L. et
al., 1970; Ferguson, K. M. et al., 1986, 1587; Poe, M. et
al., 19B5). GNB proteins are believed to act as molecular
switches. In the "ON" or active state, they are complexed to
guanosine triphosphate (GTP); and in the "OFF" or inactive
state, they are bound to guanosine diphosphate (GDP). In the
GTP-bound conformation, they interact with an effector mole-
cule, and the duration of this interaction is regulated ei-
ther by the effector-mediated or by the intrinsic GTPase ac-
tivity, which is the rate of cleavage of the terminal phos-
phate group of GTP, of the protein. Thus, the operational
definition of the effector molecule is that it interacts

only with active form GNB proteins.



As a member of the GNB protein super family, ras-p2l

has a molecular weight 721 kd and is composed of 189 amino

acid residues. Point mutations of ras-p2l protein have been

found in more than 30% of human tumors (Downward, J., 1992).
The real functions and the nature of the alterations that

follow ras-mediated cell transformation are not known; how-
ever, ras-p2l1 proteins are believed to be essential switches

involved in regulating processes as diverse as cell growth,
cell differentiation, and cell fate during development
{Cuadrado, A. et al., 1993; Barbacid, M. 1987; Moore, K. J.

M. et al., 19%3). In general, ras-p2l has a GDP molecule

bound in a specific site and is biologically inactive 1in

this state. A cytosolic protein, ras-GNRF ( ras-guanine nu-

cleotide-releasing factor) triggers the exchange of GDP to
GTP, and thereby alters the protein conformation change,
which in turn triggers its biological activities. In the ac-

tive GTP-bound form, wild type ras-p2l interacts with the

GTPase activating protein (GAP), and the GTPase activity 1is
enhanced by 10° fold as a result of this interaction (John,
J. et al., 155%0; Rensland, H. et al., 1991). The complex of

ras-p2l and GAP will rapidly hydrolyze the GTP, and thereby
maintain the ras-p2l in its inactive GDP-bound state (Figure

1.1). Point mutations at certain positions, such as 12, 35
and 65, of p2l1 reduce their intrinsic GTPase activity; most

important, they lose the ability to interact with GAP pro-



teins (Adari, H. et al., 1988). Consequently the oncogenic
proteins are locked in the active GTP-bound state over pro-
longed time, which promotes the growth signal, resulting in
the unregulated cell growth (Langen, R. et al., 1992}.
Extensive studies have been carried out on the biologi-

cal properties of ras-p2l1. Expression of the recombinant
ras-p2l proteins has resulted in an abundant of sample that

has made it feasible to investigate these complete via crys-
tallography, NMR and vibrational spectroscopy. Given the
role these proteins play in cell growth, it is thus very im-
portant to understand, at an atomic level, how normal and

mutant ras-p2l proteins interact with GTP and GDP at active

and inactive states, as well as how these interactions are
invelved in the GTP hydrolysis in proteins.

The X-ray structures of wild type and several mutant
p21 proteins with complexed with GDP and different GTP ana-
logues have been determined. (Pai, E. F. et al., 1989, 1990;
Milburn, M. V. et al., 1990:; Schlichting, I. et al., 199C;
Krengel, U. et al., 1990, 1991; Tong, L. et al., 1989; de

Vos, A. M. et al., 1988). The overall structure of p21 con-
tains a central f(-sheet consisting six strands, five helices

and nine loops (Figure 1.2). There are three loops which are
particularly important for the function of the protein: loop
L1l contains Glyl2, the residue which is the most frequently
mutated residue in the human tumors; loop L2 contains the

residues believed to be involved in the interaction with GAP



such as ASP33; loop L4 contains Glné6l, the other residue
which 1is highly important for the oncogenic activation of

ras-p2l1. In the three-dimensional structure, these three

loops comprise the active site of the molecule centered
around the Y-phosphate, where the important interactions

that can initiate GTPase reaction are observed {(Pai, E. F.
et al., 1989). X-ray structure studies show several hydrogen
bonding interactions between nucleotide and p2l1 protein,
both at the guanine ring moiety and at the phosphate moiety.
These strong hydrogen bondinginteractions are attribute to
the high affinity and specificity for GDP and GTP. It has
been found in the kinetic binding studies, that p2l does not
tolerate many substitution of GDP and GTP. The affinity of
GMP and ADP for p2l are about six orders of magnitude
smaller than that of GDP (John, J. et al., 19%0}). Loop L4,
which contains residues 61 to 65, is found to have the high-
est temperature factor, which indicated that they are highly
mobile or discordered. Glnél in loop L4 is suspected to be
involved in activation of a water molecule, which attacks
the terminal phosphate in the transition state, thereby hy-
drolyzing the GTP (Pai, E. F. et al., 1989). The overall

structure of mutant ras-p2l proteins is very similar to that
of wild type ras-p2l protein. Significant effects of the mu-

tations on the three-dimensional structure are confined to

the active site around y-phosphate. We have chosen to study



wild type p21, mutant p21(G1l2V), p21(G12D}) and p21{(Gl2P) in
order to understand, at an atomic level, the interactions
between these p2l proteins and guanine nucleotides, as well
as the differences of the interactions between wild type and
mutant p2l proteins. Mutant p21(Gl2P) 1is the only non-
oncogene protein mutated at position 12, which makes the
comparison study very useful.

Vibrational spectroscopy give detailed information on
the vibrational motions of atoms in molecules, and because
these vibrations are sensitive to chemical changes, the vi-
brational spectrum can be used as a monitor of molecular
chemistry. The conformation of a molecule may be probed and
the ionization states of polar groups are easily determined.
In addition, vibrational spectroscopy provides a wealth in-
formation on protein-ligand interactions, such as hydrogen
bondingwhich perturbs a molecule's electronic distribution,
and results in modified vibrational force field and vibra-
tional frequency shift. Thus, the changes observed in the
vibrational spectrum of a bound ligand is a direct measure
of how a protein acts upon it. Our group has succeeded pre-
viously in obtaining the classical Raman spectra of a small
molecule bound to a protein by difference spectroscopy tech-
nique. (Callender, R. H. et al., 1988, 1994; Yue, K. T. et
al., 1984; Chen, D. et al., 1987). The changes between a
spectrum of a ligand bound in protein and that in solution
yield much information about the protein-ligand interac-

tions. The interactions of EF-Tu (Elongation Factor Tu) and



wild type p21 with guanine nucleotides at guanine ring moi-
ety have been previously studied by our group with classical
Raman spectroscopy method. Here we continue the study of the

interactions between ras-p2l proteins and guanine nucleo-

tides at the phosphate moiety, as well as the differences of
the interactions between wild type and mutant p2l proteins;
and also how these interactions contribute to the hydrolysis

of GTP in ras-p2l proteins.

Unlike X-ray structure, Raman spectroscopy directly
measure the strength of the chemical bond rather than the
distance between atoms; Raman spectra are taken at agueous
solution, which are more bioclogically relevant. In addition,
the protein sample is minimally perturbed during the course
of experiment. Moreover, the preparation of the sample is
simple and the data c¢ollection is fast. This is extremely
helpful when the s:mple is not very stable, such as with nu-

cleotide-free ras-p2l protein studied in Chapter 8.

The results of the study on the interactions between

ras-p2l proteins and guanine nucleotides by classical Raman

difference spectroscopy are reported here. The hydrogen
bondinginteractions and the mechanism of GTP hydrolysis are
discussed. We also report the results of the Raman studies
on some relevant phosphate model compounds as well as the

normal mode analysis of them.



SIGNAL

Figure 1.1 Schematic representation of the GTP/GDP cycle
of ras-p2l. The replacement of GDP.for GTP is accomplished by
receptor activation of ras-p2l activated by specific GNRPs.
Ras-p2l reguire the presence oflspecific GAPs for inactiva-

tion and probabkly of their signal transmissions.
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Figure 1.2 Three dimensional structure of ras-p2l-GppNHp

complex {Pai.E.F. et al., 1990). The overall structure con-

tains a central P-sheet consisting six strands, five helices
and nine loops. B-strands are drawn as arrows, Q-helices as
curled ribbons, and loops as double lines. The resolution is

1.35 A.



Chapter 2

DIFFERENCE RAMAN SPECTROSCOPY

2.1 Theoretical Background of Raman Spectroscopy

2.1.1 Raman Scattering

The Raman effect arises from the interactions of the
incident light with the electrons in the illuminated mole-
cules. The frequencies of the scattered light are shifted
relative to the incident light by the amounts corresponding
to the normal mode frequencies of the meclecular vibrations,
Raman spectra give detailed information on the vibrational
motions of atoms in molecules. Moreover, because these vi-
brations are sensitive to chemical changes, the vibrational
spectra can be used as a monitor of changes in the mole-
cule's structure.

Figure 2.1 shows some of the possible consequences of a
photon-maolecule interactions from a quantum mechanical point
of view. If contributions from molecular rotations and
translations are ignored, molecular energy E,, is a sum of
electronic energy E.,.. and vibrational energy E,,, (Eg. 2.1).

The vibrational energy levels in each electronic state are
equally spaced by the amount hv,,,, which reflects the nature

of melecular vibrations {(Eg. 2.2).

Emol = Eelec + E\ub N (21)



jtr

E,, = (n + 1/2Yhv,,, n=20, 1, 2, ...(2.2)

In this quantum mechanical model, light scattering is
depicted as a two-photon process. The first step in this
process, indicated by the upward-pointing arrows in Figure
2.1, 1is the combination of a photon and a molecule to a
higher energy state, which may or may not correspond to a
guantized energy state of the molecule, with extremely short
life time. The second step, indicted by the downward-

pointing arrows in Figure 2.1, involves the release of a

11

photon after a very short time interval (< 10 seconds) .

For Rayleigh scattering, no change in the freguency of pho-
ton occurs; therefore, no information about molecular vibra-
tions is given. For normal Raman scattering, the molecule is
brought to a virtual energy state, and then a photon is re-
leased. This photon has either a higher energy (anti-Stokes
process) or lower energy {Stokes process) than the incoming
light, and the difference in light frequency corresponds di-
rectly to the ground state vibrational frequency of the
molecule, which reflects the vibrational moticons of the
molecule. Since the anti-Stokes transitions take place when
the molecule is in a higher wvibrational state (n »> 0) within
the electronic state, and the population of these higher
states is governed by a Boltzmann distribution, only a small
percentage of molecules are in these higher vibrational

states. The ratico of the number of molecules in the n=1 and



n=0 vibrational states in the ground electronic state, which
we denote N, and N. respectively, is
N, /N, = exp(-hv,,,/KT) oL (2.3)

where h is Planck's constant, T is the absolute temperature,
and k is Boltzmann's constant. Therefore; the intensity of
Stokes line is several orders higher than that of anti-
Stokes line, and the feeble anti-Stokes scattering is usu-
ally ignored in conventional Raman spectroscopy and only the
Stokes spectrum is recorded. For resonance Raman scattering,
the molecule 1is brought to a real electronic excited state,
so the intensity of scattered light 1i1s greatly enhanced. The
pre-resonance Raman scattering is a process between normal
and resonance Raman scattering, in which the molecule 1is

brought near but not to the electronic excited state.

2.1.2 Raman Intensity

When a molecule, which is in the molecular state m, is
perturbed by an electromagnetic wave of frequency v, and in-

tensity I,, the total Raman intensity of the scattering
light corresponding to the transition from state m to state

n is given by

Br .
1, = :):;I..(u"Zi((zm,)m I L. (2.4)

oyr

where

(@) = %Z(Cﬂlﬂ,m(rlﬂnw . Ml pa |7 X\ |m) 2

- v, — v, +il, v, +v,+iI,



In these expressions, (Qa),, 15 the component of the

polarizability tensor, I, is a damping constant which takes
into account the finite life time of each molecular state,

and the «<n|u.lr>, etc., are the amplitudes of the electric
dipecle transition moments, where M, is the electric dipole

moment operator along direction p.

2.1.3 Depolarization Ratio p

Polarization characterizes the nature of scattered Ra-
man radiation. The depolarization ratio has proved to be
very useful in determining Raman bands. The depolarization

ratio is defined as:

. (2.6)
Pz b

where / and / are the intensities of the Raman radiation
polarized perpendicular and parallel respectively to the
scattering plane, that is, the plane normal to the incident

beam.
I =const (3¢ +5g°)E {207

I =const x(10g" +4g" VE; ... (2.8)
where g°, g", and g* are known as the isotropic, symmetric
anisotropic, and antisymmetric anisotropic components re-

spectively.



Detailed calculations show that p = 0.75 for normal vi-
brations which do not preserve molecular symmetry during the
motion of the nuclei (non-totally-symmetric modes), and p =

0.75 for modes which do preserve molecular symmetry {totally

symmetry modes) .

2.1.4 Isotopic Substitution

Isotopic substitution can be an invaluable aid in the
analysis of vibrational spectra. By making the assumption,
which is generally valid, that the force constants are unal-
tered by isotopic substitution, the shift in observed fre-
gquency can be attributed principally to mass effects. There-
fore, in a given spectrum, by observing which bands shift
and the extent to which they shift on isotopic replacement,
it is often possible to gain insight into the participation
of the replacement nucleus in the normal mode giving rise to
the bands.

For example, in our Raman studies of the phosphate
model compounds (Chapter 4), ‘O substitution on the oxygen
atoms of the phosphate compounds is used to assign the vi-
brational modes. In general, if a mcde is well localized,

the Raman frequency of the P-O bond can be expressed as

1 |k
i ... 12.9)
2x\u

where



mm,
= ... {2.10)
m +m,

So the ratic of the P-0 mode frequencies between the

0 phosphate compound and its '°0 isotopic derivative is:

llz/i22093 .. (2.11)
v M

where v and ' are the frequencies of the **0 phosphate com-

pound and its '"0 isotopic derivative respectively.

2.2 Theoretical Background of Normal Mode Analysisas

2.2.1 Small Vibrations in Classical Mechanics

For a molecular system which has N atoms, it has 3N de-
grees of freedom. The kinetic energy in Cartesian coordinate
is given by

ol dAxs .  dAve . dAz. .
?:-— o - - B B ot 2 2
2a|m H i ) +( ” ) +( » )] { 12}

If we choose mass-weighted Cartesian displacement coor-

dinate g, ... g,y defined as follow:

g, = JmAx,.q. = Jm Ay,.q, = Jm Az .q, = Jm.Ax erc. .. (2.13)

The kinetic energy is then expressed as
kAS .
r=%4’ ... (2.14)
[

For small values of the displacements, the potential
energy V can be expressed as a power series in the displace-

ment q,:



L5

i\ i
V=l:,+z_f.%+Z.f{;qiq1+higher order terms ... (2.15)
il

1y

Where Vo is the energy of the equilibrium state and is cho-
sen to be zero.

f.=(i), i=1, 2, ... 3N ... {2.186)

a

When all atoms are at equilibrium positions, the energy
must be minimized. So, f, = 0. For sufficiently small ampli-
tudes of vibration, the high order terms can be neglected
and a harmonic oscillator model is chosen. The potential en-

ergy 1s then given by

1 W
V= ;Z.f.,-Q,q; c.. (217
‘lfn' [

Where f,, is the force constant given by

T

S, = )., ... (2.18)
L AL,

by solving Newton's equations of motions
ii+§—=0 i= 1,2,3, ... 3N co. (2.19)
d‘(hi (bl

we can get the normal modes of the vibratiocnal motion of a

molecule (Wilson, E. B. Jr. 1955) .,

2.2.2 Internal Coordinates. Genaralized Valence Force
Constant and GF Formalism

The vibrational motions of a molecule are independent

of the translations and rotations of the molecular. Changes
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in inter-atomic distances or in the angles between chemical
bonds, or both, can be used to provide a set of 3N-6 (or 3N-
5 for linear moclecules) internal coordinates, which are un-
affected by translations or rotations of the molecule as a
whole. The internal coordinates are defined as geometrically
localized basis coordinates, and are referred as bond
stretching, which is the increase of distance between two
atoms; valence bending angle, which is the increase in the
angle between two valence bonds attached to the same atom;
and dihedral angle, which is the angle between a bond and a
plane defined between two bonds. Each internal coordinate is
considered to have an intrinsic force constant. Coupling
among such coordinates produces normal modes and the inter-
nal coordinates can be expressed as the linear combination

of the normal ccordinates.
EAN
S, =Y Bg, t = 1,2,3, ...,3N-6 .. (2.20)
11

where §, is one of the 3N-6 internal coordinates and q, is
one of the 3N Cartesian displacement coordinates. B,, are
constants determined by the geometry of the molecule.

By choosing the internal coordinates, we eliminate the
rotations and translations from the motion of the molecule,
and there are only 3N-é independent coordinates involved.
The force constant defined with internal coordinates, called
generalized valence force constants, have clear physical
meaning and are often transferable from one molecule to an-

other similar molecule with little modification.
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If we construct a G-Matrix as follow:

LR
. «— |}
(:,,=Z;B,,B“ t,t'= 1,2,3,...,3N-6 c.. (2.21)
f | I
The kinetic energy and potential energy can be written in

terms of internal coordinates in the form:

I= %Z((; 9, 8.8, .. (2.22)

-

V=%Zf*;,b',b', .. (2.23)

where S, is internal coordinate, F,, is force constant. Thus
the Newton's equations of motion can be written in the form
of
|GF - EA)=0 co. (2.24)

where G matrix is constructed from the geometry of the mole-
cule and F matrix is constructed from given force constants.
The frequencies of vibrations can be calculated from these
equations. Therefore, the problem of calculating vibrational
frequencies are reduced to find an appropriate set of force
constants to fit the observed freguencies with the calcu-

lated frequencies by the equation 2.24.

2.2.3 Potential Energy Distribution (PED) and Group Fre-

quency
From observation of the Raman spectra of a number of
compounds having a common group of atoms, it is found that,

regardless the rest of the molecule, this common group has a



narrow range of freguencies called group frequencies. The
PED values give the relative contributions of a specific
force constant or a certain chemical function group to a
calculated frequency.

Since the discovery of Raman effect (Raman and Krish-
nan, 1928), a considerable amount of theoretical work has
been done on Raman spectroscopy (Williams, R. W. et al.,
1995; Snyder, R. G. et al., 1967). Several empirical and
semi-empirical methods, such as normal mode calculation and
their relative Raman and IR intensity calculations, have
been developed to analyze Raman spectra. However, Raman
spectra of biological molecules, such as proteins, protein-
ligand complexes, or even large ligands themselves, are usu-
ally very complicated because of their low symmetry and
large number o¢f vibrational modes. For most compounds, some
characteristic vibrational frequencies are found to be cor-
related with certain functional groups. These vibrational
modes are called group frequencies. The existence of group
frequencies contributes to the fact that the force constant
for a given chemical bond is, to a certain degree, transfer-
able from one molecule to another. In order to apply the
group frequency concept to a part of a molecule, the motion
in a given normal mode must be essentially localized within
that group. Group frequencies find their maximum utility
when they give rise to intense features, when they occur in
a spectral region that is free from other intense features,

and when small variations in the group frequency can be cor-
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related with conformational and environmental changes. The
group frequencies have been used with great success to study
hydrogen bondinginteractions. For example, the protein amide
I band (which arises from peptide C=0 stretch) in the region
between 1600 cm ' and 1700 cm ', and amide III band {(which is
mostly due to peptide N-H bending) in the region between
1200 cm’’ and 1300 em' are correlated to the secondary
structure of the peptide backbone (Carey, P. R. 1982; Tu, A.

T., 1982}.

2.3 Instrumentation

Figure 2.2 shows the typical instrumental set-up of our
Raman experiment. A laser beam is introduced through the
sample. The scattered light is collected at 90 degrees and
is focused on the entrance slit of a monochromator. The
gratings in the monochromator disperse the incoming 1light
into a spectrum of frequencies. This spectrum is transformed
into electronic signals by a detector, and then sent to a
computer for analysis.

The laser sources available in our laboratory are a 4-
Watrt argon ion laser from Spectra Physics (Model 165), a 5-
Watt krypton ion laser and a 10-Watt argon ion laser
{Coherent Radiation Inc.). The sample holder can hold a dou-
ble or a triple split cuvette specially designed for measur-

ing several spectra under the same conditions, and each sam-
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ple space of the split cell has a dimension of 2.5 x 2.5 mm.

The cuvette is set on a computer-controlled stage which can
be moved to within 1 pum accuracy. Raman spectra are measured

by a Triplemate spectrometer (Spex Industries), equipped
with a solid state detector system (Model DIDA-100 water
cooled photodiode array and a Model ST-100 detector control-
ler; Princeton Instruments), or a charge coupled device
{CCD) system (CCD Model LN/CCD-1152UV liguid nitrogen cooled
and a model ST-135 detector controller; Princeton Instru-
ments). Data are acquired, stored, and analyzed on a Macin-
tosh computer (Apple, Cupertino CA). Spectral lines are

calibrated against known Raman lines of toluene and are ac-
curate to within =*2cm’°. The spectral resolution of the in-

struments is typically set to 6 cm ' full width at half

maximum.,

2.4 Difference Raman Spectroscopy

To study protein-ligand interactions, we intend to
measure the Raman spectra of bound ligands or other small
protein molecular moieties. However, an important experimen-
tal constraint needs to be considered in vibrational spec-
troscopy, the signals from the ligands are generally over-
whelmed by background vibrational bands from the protein it-
self. This difficulty has been largely overcome in recent

years using difference Raman spectroscopy (Chen, D. et al.,



1987; Yue, K. T. et al., 1984). The Raman spectrum of pro-
tein-ligand complex as well as that of apo-protein (protein
itself without bound 1ligand) are measured under the same
conditions, and the protein spectrum is numerically sub-
tracted from the complex spectrum after these measurements.
The difference spectrum thus obtained, contains signals of
bound ligand, as well as those of protein changes induced by
ligand binding. The operation can be represented by:

Spectrum {(Enzyme.L) - Spectrum (Enzyme)

= Spectrum (L bound in Enzyme)

+ Spectrum {protein changes) ... 12.25)
where L represents a cofactor, inhibitor or substrate cof the
enzyme.

This procedure is not suitable for the studies of the
interactions between protein and ligand for the phosphate
moieties of GDP and GTP because the signal from phosphate
is the same order as that from protein changes, which has a
magnitude of 0.5% to 1% of protein amide 1 intensity in gen-
eral. An alternative route we have taken to get the differ-
ence spectra of these protein-ligand complexes 1is repre-
sented by the following:

Spectrum (Protein.l} - Spectrum (ProteinslL*)

= Spectrum (L - L* bound in protein) .. (2.26)
where L* is isotopically labeled L at certain positions.

There is no protein changes involved in this approach
0of the measurement because L and L* have the same chemical

properties.



Spectrum (L bound in protein} or Spectrum (L - L* bound
in protein) are compared with those collected in scolution.
The comparison gives information about the protein ligand
interactions.

In order to obtain accurate difference spectrum and to
avoid artifacts, we used a split cell (Figure 2.2) to meas-
ure several samples. The temperature and humidity in the
room, where the measurements are taken, are Kept nearly con-
stant. Arrangements like these are made to reduce the influ-
ences of different optical properties for the different sam-
ples, and to control the environmental fluctuations which
may affect accuracy of forming the difference spectrum. 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. A detailed procedure of the
alignment is described as follows: assume sample A is a sta-
ble protein-ligand complex, sample B is another stable pro-
tein-ligand complex different from A. The spectra of A and B
are measured in a A,BAB. ...... A.B, fashion, with each run
taking 10 to 20 minutes. The sets of data are then checked
by the subtraction A,-A,,, A,-A,., ....,A,-A, and B,-B,;, B, -
B,., .--.. B,-B,. Every subtraction should give a flat fea-
tureless background. All the spectra taken for the same sam-
ple are then added together as A or B. To get the difference
spectrum, B is subtracted from A. In this study, the sharp

protein characteristic band from phenylalanine around 1000
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cm -~ is used as a reference for the extend of the subtrac-
tion.

Figure 2.3 shows some typical results from studies of
ligands bound to proteins with difference Raman spectros-
copy. Figure 2.3a and Figure 2.3b show the Raman spectra of

wild type ras-p2leGDP complex and the nucleotide free ras-

p2l respectively, and Figure 2.3c shows the difference spec-
trum between these two by subtracting Figure 2.3b from Fig-
ure 2.3a. The difference spectrum mainly contains the Raman

bands from GDP bound to ras-pll.
For the ras-p2l proteins studied here, the intensity of

the largest nucleotide peak 1is about 6% of that of the pro-
tein amide I peak. With careful measurement, intensity dif-
ferences as little as 0.1% of the meost intense Raman peaks

can be detected by our experimental system.
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interactions. In infrared process, the molecule absorbs a

photon with an energy Vyip:; in normal Raman process, the
molecule is elevated to an energy difference vyjp (Raman
shift); in resonance Raman process, the molecule is elevated

to an electronic excited state by a photon and then releases

another photon with an energy difference V.ip. and the band

intensities are usually orders of magnitude greater.
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Chapter 3

SAMPLE PREPARATION

3.1 Nucleotides

GMP, GDP, GTP, 1IDP, and GMPPCP were purchased from
Sigma or Boerhinger Mannheim and used without further puri-
fication. ’H-GDP (12 Ci/mmole) was purchased from Amersham.
All other chemicals were purchased from Sigma.

6-'"0-GDP and 8D-GDP were synthesized by C. X. Chen
(Chemistry Department, City College of CUNY). “*0-GDP and
®O6_GTP were synthesized by Dr. M. Webb (London). The '°0-GDP
and '0-GTP samples from Dr. M. Webb were treated with
biobeads (SM-2, 20-50 Mesh, Bio-Rad) to remove the fluores-
cence impurities: 0.5 ml of 30 mM **0-GDP or '"0-GTP was
added to ~ 0.5 ml of biobeads in a 1.5 ml Eppendorf tube,
and the mixture was shaken at 4°C for ~ 2 hours before it
was centrifuged at 2000 r.p.m. with table top centrifuge
(Jouan Model MR1812) for approximately 20 minutes. The ‘‘O-
GDP or ‘°0-GTP solution was then separated from the biobeads
by pipetting. The remaining biobeads were then washed with 1
ml H.O several times to insure all the nucleotides had been

collected.

3.2 Wild Type and Mutant ras-p2l Proteins



3.2.1 Isolation of Plasmid
c-Ha-ras gene was expressed in Escherichis coli. strain

RRIDM 15 under the control of the tac promoter (Turcker, J.

et al., 1986). The cloned Eecolli. strain was obtained from

Prof. A. Wittringhofer (Heidelberg, Germany). The gene was
checked to its plasmid DNA content. The extraction proce-
dures are described as follows:

Cells from 5 ml overnight culture were centrifuged at

6000 r.p.m. for 10 minutes with table top centrifuge, and

the pellet of the cells was resuspended in 50 pul of 25% su-

crose in H,O0. 300 ul of M-STET (5% triton X-10C; 5mM EDTA;
50 mM Tris, pH 8.0; 5% sucrose) was added and mixed well.
The mixture was transferred to 1.5 ml Eppendorf tube and 25
Hl of 10 pg/ml lysozyme was added to it. The tube was heated

in boiling water bath for 1 minute and immediately chilled
on ice. It was then centrifuged at 6,000 r.p.m. for 15 min-

utes with table top centrifuge, and the supernatant (about

200 pl) was transferred to a new Eppendorf tube before 200

wl of ice-cold iso-propanal was added to it to precipitate

nucleic acids. The tube was frozen in a dry ice ethanol bath
for 20 minutes before it was centrifuged at 6,000 r.p.m. for
15 minutes, and the supernatant was drained on paper towel.

After the pellet was dried in vacuum system, it was resus-



pended in 200 ul TE buffer (10mM Tris, pH7.4; 1mM EDTA}, and

was run on 0.7% agarose gel. The gene with the right plasmid
was transferred to a recipient bacterium which was from a LB
plate (5 grams of NaCl; 10 grams of Kryptone; 5 grams of

Yeast Extract; 15 grams of Agar; 1 liter H.,0) containing 50

pug/ml ampicillin for future cell growth.

1.2.2 Cell Culture
The cloned Eecoli. cells were grown in large quantities

in a high density fermentor (Lab-line Instruments, Inc.).
The procedures for cell growing are described as follows:
Medium A (43 grams of Tryptone; 93 grams of Yeast ex-
tract; 20 ml of Glycerol; 20 grams of NaCl and 3 liters of
H.0) and medium B (7.19 grams of KH.PO,; 60.48 grams of
K,HPO,; 1 liter of H,0; pH 7.6) were autoclaved separately
and mixed together after they cooled down. 20 ml of CacCl.
(0.1 M), 20 ml of MgSO, (1M} and ampicillin (50 ug/ml) were
filter-sterilized and added to the mixed cell culture. In-
oculum was grown in 500 ml medium overnight and then added
to the fermentor with the rest of media. The fermentation
conditions were set to: temperature at 37°C, air pressure at
15 psi, speed of the rotation of the fermentor at 250 r.p.m.
After 2 hours of cell growth, the cells were induced by the

addition of 50 puM IPTG, S50 ug/ml of ampicillin and 50 ml of

50% glycerol. A small amount of cell sample was taken out
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every hour, and the UV absorption of the sample {(at 560 nm)
was measured accordingly. The growing curve (Figure 3.1) of
the absorption of the cells at 560 nm vs. growing time was
used to monitor the cell growth. The cells were harvested
when cell growth stopped (normally around 10-12 hours}. Har-
vested cells were pelleted down by centrifugation at 10,000
r.p.m. with GSA rotor, washed with buffer A (50 mM Tris-HCl;
lmM NaN,; 0.5 mM DTE; pH 7.6) three times ,and stored at -

80°C in freezer.

3.2.3 Column Chromatography

Approximately 100 grams of frozen cells were suspended
in 500 ml of buffer A (50 mM Tris-HCl; 1mM NaN,; 0.5 mM DTE;

pH 7.6). PMSF {(0.01 mM), benzamidine (0.01 wM), 1ml EDTA
(0.5 M; pH7.6), 200 ug lysozyme and 20 ug of DNase I were

added to the cell suspension. The cells were homogenized and
the mixture was incubated at 4°C for 30 minutes, during
which it was stirred. 5 ml of MgCl. (1 M) and 2.5 ml 4% of
DOC (Sodium Deoxycholate) were then added. After further in-
cubation with stirring at 4°C for another 30 minutes, the
mixture was centrifuged at 10,000 r.p.m. at 4°C for 60 min-
utes with a Sorvall GSA rotor to remove cell debris. The su-
pernatant was applied to a column (5 x 30 cm) of DEAE-
Sepharose CL-6B (from Pharmacia) equilibrated with buffer B
(buffer A with 10 mM MgCl.;) . The column was washed with 500

ml of buffer B and then developed with a 5,000 ml linear



gradient of 0-0.3 M NaCl in buffer B. The flow rate was con-
trolled at 3.6 ml/min and 20 ml-fractions were collected.
The elution was checked by UV absorption at 28C nm , radio-
active binding assay and SDS-PAGE. The fractions containing
P21 were pooled and brought to 60% saturation with ammonium
sulfate. The precipitation recovered by centrifugation was
dissolved in 15 ml of buffer C (buffer B with 0.05 mM GDP
and 200 mM NaCl), and was applied to a system of two columns
{one AcAS4, 25 x 100 cm and one AcAR44, 25 x 100 cm). The
columns were developed with buffer C at a flow-rate of 1.2
ml/min and 9ml-fractions were collected. The portion con-
taining pure p2l, which had been checked by UV-absorption,
radivactive binding assay, and SDS-PAGE, was poured together
and brought to 70% saturation with ammonium sulfate. The
precipitate was collected by centrifugation and the pellet
was dialyzed against buffer C to remove the ammonium sul-
fate. The p21 protein samples were then stored at -80°C in

freezer.

1.2.4 Radicactive Binding Assay and 5DS-PAGE

The procedures of radicactive binding assay are de-

scribed as follows:

The radiocactive mix contained [250 upl of ’'H-GDP (1.0

mCi/ml, from Amersham); 187 ul of 1 mM GDP; 7.814 ml of H.O

and 1.5 ml of absolute ethanol. Absorption of the mix at 260

nm 1is approximately 0.25 OD]. Binding buffer [0.2 M



(NH,).S0,; 0.2 M Tris-HCl, pH 7.4; 5 mM DTT; 1 mM NaN,; 3 mM
EDTA)] and washing buffer {40 mM Tris-HCl, pH 7.4; 40 mM
(NH,),80,; 10 mM DTT; 10 mM MgCl, and 1 mM NaN,) were pre-

pared. Cellulose nitrate filters (25 mm diameter, type HA})

were bought from Millipore Corp. 20 Ml of protein sample
(concentration to ~ 50 uM) was added to a 10 x 50 mm test
tube in a total volume of 200 pl, which contains 50 pl bind-

ing buffer, 20 ul radicactive mix. The reaction mixture was

allowed to equilibrate for 30 minutes at room temperature,
and was then diluted with 2 ml of washing buffer, filtered
and washed three times with 3 ml of the same buffer. The
filters are immersed in 4 ml of scintillation fluid
(Filtron-X, National Diagnostic Inc.), and radiocactivity is
measured in a scintillation counter.

The SDS Gel was prepared and used as follows:

The running gel solution [15 ml of 40% Acrylamide; 1.4
ml of 2% Methylenebisacrylamide; 13.6 ml of 1M Tris, pH 8.8;
9.5 ml of H,0; and 0.4 ml of 10% SDS (sodium dodecyl sul-
fate)] and stacking gel solution (2.5 ml of 40% Acrylamide;

1.3 ml of 2% Methylenebisacrylamide; 1.3 ml of 1M Tris, pH
6.8; 14.5 ml of H,0; 0.2 ml of 10% SDS; 5 ul of Phenol red)

were prepared. A gel rack {(Hoffer Scientific Instruments;
Model SE 250 unit) was set up with spacers between glass and

aluminum plates. 0.2 ml of ammonium peroxodisulphate and 31

pl of tetramethylrthylenediamine were added to the running



gel solution and the solution was then well mixed. The mixed
running gel solution was immediately poured into the gel
rack. Care was taken to prevent the formation of bubbkles.

The rack was filled to two-thirds capacity. The running

gel inside the rack was dried at room temperature for about
1 hour. 0.1 ml of ammonium peroxodisulphate and 10 Ul of te-

tramethylrthylenediamine were added to stacking gel solution
and then the solution was well mixed. The mixed stacking gel
solution was then poured into the gel rack on top of the
running gel until it filled up the top of the rack. Well
combs were then placed on the top of the gel rack to make
the sample wells. After 1 hour, the gels were removed from
the rack and put on the gel holder. Electrophoresis buffer
was poured into the gel holder and fully filled up to the

space between the gel holder and the gel. At the same time,

10 ul of protein samples, from each test tubes, were trans-

ferred to 1.5 ml Eppendorf tubes, where 10 pl of blue dye
{(Briliant Blue) was added to each sample tube before they
were heated in a boiling water bath for 1 minute. 10 pl of

protein samples from each tube, as well as the molecular
weight marker, were then loaded to each sample wells. The
gel was run under 20 mA constant current until the line of
blue dye reach the end of the gel. The gel was taken out and
put into stain solution (500 ml of 1% Comastic Briliant Blue
solution; 500 ml of methanol; and 200 ml of acetic acid).

After 1 hour, the gel was transferred to destain solution



(300 ml of methanol:; 100 ml of acetic acid; and 600 ml of

H.O0) for approximately 2-4 hours until the gel became clear.

The same methodology applies to the purification of all
rhe mutant p2l proteins, such as, p2l1(Gl2v), p2l (Gi2D) and

p21(G12P) .

3.3 Nucleotide Free ras-p2l Protein

Studies show that S0, ion can dramatically increase
the dissociation rate of GDP (Hall, A. et al., 1986; Mistou,
M. et al., 1992). Removal of Mg’ ion may increase the dis-
sociation constant of GDP to p2l by a factor of 10. There-
fore, excess Mg” was removed from the preparation: 1 ml of
protein solution (20 mg/ml) was applied to a 9-ml Sephadex
PD-10 G-25 column, and eluted with 5ml of Mg '-free buffer I
[200 mM Tris-HCl; 200 mM (NH,),S80,; 0.5 mM DTE; and 0.5 mM
NaN, at pH 7.5%). The collected fractions were concentrated
by centrifugation with Centricon 10 (from Amicon) at 8,000
r.p.m. At room temperature, the concentration of p2l was ad-
justed to about 100 uM with puffer I, and GMPPCP was added
in equi-molar concentration with p21. Alkaline phosphate
acrylic beads (Boehringer Mannheim) were added to a concen-
tration of 2 units/mg p21. The degradation of GDP was moni-
tored by HPLC on a RP-C18 column under ion-pairing condi-

tions with HPLC buffer [80 mM potassium phosphate; 10 mM
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TEAB (Tetrabutylammonium Bromide); 0.2 mM NaN,; 5% acetoni-
trile; pH7.5). Figure 3.2 shows the enzyme reaction moni-
tored by RP-HPLC. When all of the GDP had been converted to
guanosine (about 1 hour}), the protein sample was cooled down
to 4°C, and alkaline phosphate acrylic beads were removed by
filtering the mixture through a low protein affinity filter
(Millpore HVLP 013). P21.GMPPCP was immediately concentrated
in Centricon 10 tubes (from Amicon} at 8,000 r.p.m, and
brought to the final concentration to about 0.5 mM. Snake

venom phosphodiesterase was added to a concentration of 20
ng/mg of p2l. The degradation of GMPPCP was monitored by RP-

HPLC (Jacob, J., et al., 1990). After this process was com-
plete (about 1 hour), the protein sample, together with the
snake venom phosphodiesterase, was filtered with Centricon
100 (from Amocon) at 3000 r.p.m. for about 2 hours. The por-
tion of the solution which passed through the Centricon 100
was collected and was passed through a Sephadex PD-10 G-25

column to remove the guanosine.

3.4 Protein and Guanine Nucleotide Complex

Isotopically-labeled guanine nucleotides help establish
assignments for the bands in the vibrational spectrum; how-
ever, isotopically-labeled guanine nucleotides have the same
chemical properties as natural abundance nucleotides. Iso-

topically-labeled GDP or GTP was prepared as follows for the
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P21sGMPPCF complex: p2l.GMPPCP was first obtained by the
method described in the previous section. 5 molar excess of
isotopically labeled GDP or GTP was added to the protein
sample, and the protein nucleotide mixture was incubated in
buffer I with 0.6 mM EDTA at room temperature for about 45
minutes. For Raman the experiment, the sample was then
washed three times with buffer T (20 mM Tris-HCl; 10 mM
MgCl.; 0.5 mM NaN,; pH7.5) by Centricon 10 at 8,000 r.p.m..
The concentration of protein or nucleotide samples was

determined spectroscopically by monitoring at 280 nm for p2l

(¢, extinction = 18,450 Mlem?) and at 254 nm for GDP/GTP

1

e, extinction = 13,700 Mlicm ) {Miller, D. L. et al., 1974;

Tucker, J. et al., 1986). Figure 3.3 shows the UV absorption
of p21.GDP complex, GDP and IDP in solution. Prior to Raman
measurements, protein samples were washed three times with
buffer T using Centricon 10 at 8,000 r.p.m., and the final
concentration of protein was brought to 2-6 mM. Samples for
the difference Raman Spectroscopy. in which two or three
samples were measured together, were prepared at the same
time with the same method to ensure identical conditions for

all these samples.
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Chapter 4

RAMAN STUDIES OF PHOSPHATE COMPOUNDS

A clear knowledge of the chemical properties of phos-
phate is of great importance in studies cof biological reac-
tion involving phosphate groups. Studies on nucleic acid
model compounds, nucleotides and oligonucleotides have been

extensively carried out by many different methods due to

their biological importance (Brown, E. B. et al., 1965;
Taga, K. et al., 1988; var ber Veken, B. J., et al., 1986;
Matrthies, M. et al., 1979). The conformational structure of

phosphate backbones, for example, are important in biclogi-
cal systems in the nature of the nucleic acids and phosphol-
ipids. ATP is an energy transfer agent in bioclogical sys-
tems. In order to understand the nature and mechanism of ATP
hydrolysis and energy transfer, it is important to know the
interactions involved in the phosphate moiety of ATP (Lane,
M. J., 1979; White, J. C. et al., 1987; Lanir, A. et al.,
1979; Lewis, A. et al., 1975; Zhelyyaskov, V. et al., 1992).
As discussed in Chapter 1, G proteins play an important role
in signal transduction, and they are tightly regulated by
the nature of guanine nucleotides. As such, it is very im-
portant to study the specific chemical propertiées of phos-
phate of guanine nucleotides in order to understand the

mechanism of GTP hydrolysis.
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In pursuit of this goal, both experimental and theo-
retical approaches have been used to investigate the struc-
ture of different phosphate model compounds (Ramia, L. et
al., 1969; Heyde, M. E. et al., 1871; Tajmir-Riahi, H. A.
et al., 1984, 1988). X-ray diffraction is successfully ap-
plied to a number of biological polymers to yield the de-
tailed molecular structures of these materials with fine in-
formation about their structures. An enzyme, for example,
and its functioning as a catalyst of a biochemical reaction
can be elucidated in more definite fashion than can be done
in absence of such information. However, there are two prac-
tical limitations to the X-ray crystallographic approach:
firstly, it is a time-consuming and complicated procedure
and, secondly, it can be applied only to crystallizable sys-
tems. For some biological compounds, the structural differ-
ences between aqueous solution state and crystalline state
may be significant. Vibraticnal spectroscopy has been suc-
cessfully used to solve this latter problem giving the
structural information in aqueous solution.

Here we present Raman studies on a series of phosphate
model compounds. The goal of this investigation is to estab-
lish the correlation between vibrational spectra and spe-
cific structural features of nucleotides and other phosphate

compounds .

4.1 Raman Spectra of Mono-phosphate Compounds



4.1.1 Raman Spectra of PO,’, HPO,”", H,PO,” and H,PO, in
Solution

Figures 4.1 and 4.2 show the parallel and perpendicular

-

components of the polarized Raman spectra of PO,', HPO,” ,

-

H.PO, and H,PO, respectively. Figures 4.3 and 4.4 show the

18

similar spectra while the oxygen atoms are replaced by 0.
Most of phosphate bands appear in the region 200 cm ' -
1200 cm '. Due to the strong Raleigh scattering, we can not
take the Raman spectrum lower than 300 cm ' in solution.
In Figure 4.la and Figure 4.2a, the band at 937 cm ',
which 1s polarized, 1is assigned teo the P=0 symmetric
stretching mode of Pof' group. This mode shifts down 52 cm

8

to 885 cm  when '°O atoms are replaced by 'O (Fig. 4.3a,

Fig. 4.4a). The band at 1010 cm ', which is depolarized, is
assigned as a degenerate asymmetric P=0 stretching mode. In
principle, Pof‘ has T, symmetry, S0 one symmetric mode and
one degenerate asymmetric P=0 stretching mode are expected.
In practice, however, the degenerate modes are often 1in-
equivalent and can give rise to three closely spaced Raman
bands, all of which are depolarized (Guan, Y. et al., 1994,
van ber Veken, B. J. et al., 1986). This may account for the
broadness of the observed degenerate band to the PO, spec-

' due to the heavier

tra. This band sghifts down to 978 cm
mass of the '’0 labeling (Fig. 4.3a, Fig. 4.4a). Because of

the tetrahedral symmetry of POS', there are one three-fold



and one twoc-fold degenerate deformaticn modes, which appear

1

at 553 cm - and 418 cm ' (Fig. 4.la, Fig. 4.2a) respectively.

They shift down to 534 cm'' and 398 cm ' respectively, in ‘O
labeling spectra in Figure 4.3a and Figure 4.4a.

Figures 4.1ib, 4.2b, 4.3b, and 4.4b show the spectra of
HPO,” and HP''0,” at pH 9.5 when one oxygen atom is protc-
nated. The band at 989 cm' (Fig 4.1b, 4.2b), which is po-
larized, is assigned to symmetric P=0 stretching mode of
PO,” group. This group has a local C,. symmetry and we ex-
pect another degenerate mode above this band. The band at
1084 cm ', which is depolarized, is assigned to this degen-
erate P=0 stretching mode. The bands at 393 cm ' and 533 cm -
are assigned to the two-fold degenerate 0-P=0 deformation
mode and the symmetric O=P=C deformation mode overlapping
with another two-fold degenerate O=P=0 deformation mode re-
spectively. The band at 858 cm't is assigned to P-0 single
bond stretching mode. All these modes have large shifts upon
the '‘°C labeling (Figures 4.3b and 4.4b). The symmetric and

1

degenerate P=0 stretching modes at 990 cm ~ and 1084 cm

shift down to 956 cm® and 1052 cm ' respectively. The two

1
ang

degenerate deformation modes of  Jol group at 533 cm
393 cm® shift down to 512 cm' and 377 cm' ', respectively,
upon '®0 replacement .

Raman spectra of H,P0, and H,P'°0, at pH 4.5 are shown
in Figures 4.1c, 4.2c, 4.3c and 4.4c. P=0 stretching modes

of the PO, group are expected to occur in the region of

1000-1200 cm® (Guan, Y. et al., 1994). The band at 1077 cm’
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*, which has polarization ratio less than 0.75, is assigned
to the symmetric P=0 stretching mode of the PO. group. The
depolarized band at 1162 cm ' is assigned to the asymmetric '
P=0 stretching mode. These two modes shift down to 1040 cm’’
and 1136 cm' respectively due to '‘O labeling (Fig. 4.3c,
4.4c) . P-O stretching vibrations of the H-O-P-O-H group are
expected to occur in the 800-1000 cm ' region. The bands at

878 cm’ and 944 cm  are thus assigned to the symmetric

stretching mode and the asymmetric stretching modes of O-P-0

1

5
+

group. These two modes shift down to 838 cm’® and %18 cm
respectively in the spectra of '°0 labeled H.PO, . The defor-
mation modes are in the 300-600 cm ' region. The band at 516
cm© is assigned to bending mode of PO. group, and bands at
390 cm'' and 377 cm ' are assigned to be the twist modes of
PC. and bending mode of O-P-0 group, these modes shift down
to 495 em’', 371 cm' and 354 cm ' respectively upon the °0Q
substitution.

Figures 4.1d, 4.2d, 4.3d, and 4.44d show the Raman spec-
tra of H,PO, and H,P'’0,. The band at 1177 cm ' is assigned to
the P=0 stretching mode. The band at 890 cm ' is assigned to
P-O0 symmetric stretching mode of (POH), group, and the band
at 1010 cm ' is assigned to degenerate asymmetric stretching
mode of this group. These bands shift down to 1143 cm ', 849
cm’' and 980 cm ' respectively in ‘°0 substitution Raman spec-
tra (Fig. 4.34, 4.4d). The band at 500 cm' is assigned to

1

the 0-P=0 deformation mode, and the band at 375 cm  with

1

two shoulders at 357 cm® and 392 cm ' are assigned to those



0-P-0 deformation modes. These modes shift down to 483 cm -,
374 cm ' and 350 cm ', respectively upon 180 labeling (Figure
4.3d and Figure 4.44d).

Table 4.1 shows the summary of the assignments of PO, ,

HPO,””, H.,PO, , H,PO, and their '*0 substitution compounds.

4.1.2 Raman Spectra of Methyl Phosphate and its 1Iso-
topomers in Solution

Figures 4.5 and 4.6 show the parallel and perpendicular
components of CH.0PO,” (MP), CH,°0OPO,” (MOP), CH,0P'"0
(MPO) and CD.OPO.” (MDP) respectively. The (-PO,” )} group has
a local C,. symmetry. S0 we expect a symmetric mode and a
degenerate stretching mode for this group. The peolarized
band at 984 cm' in CH,0P0,"" shifts down to 949 cm’ in
C&uOP”03} and remains in almost the same position in
CH.'°0PO,"” and CD,OPO," . This band is assigned to P=0 symmet-
ric stretching mode of the pof' group. The broad, depolar-
ized band around 1100 cm ' (Figure 4.6a) in CH,0PO," is thus
assigned to the degenerate mode of the PO, group, and

1

shifts down to ~ 1080 cm' in CH,0P'®0,", where it overlappes

with the 1054 cm® band. The band at 1055 cm’' is assigned to
C-0 stretching mode, and shifts down to 1025 cm' in
CH,'*0P0,°". The band at 761 cm' in CH,0P0,’" shifts down to
745 cm ' in CH,'*0PO,””. This band is assigned to a P-0 single

bond stretching mode. It also shifts down to 757 cm ' and
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728 cm’' respectively in CH,0P'°0,” and CD,0PO,” due to the
coupling between the PO,”  group and the CH, group

Because of the 1local C,, symmetry of -PO .~ group, two
two-fold deformation modes and one symmetric deformation
mode are expected to coccur in the region between 300 cm
and 600 cm '. The band at 398 cm ' in CH,0PO,” is assigned to
one two-fold O-P=0 deformation mode of -PO,” group (Fig 4.5,
4.6). It shifts down to 392 cm ', 387 cm' and 390 cm’' re-
spectively in CH,*’0PO,”", CH,0P'’0,°" and CD,0PO,” . The band at
19 cm ' in CH,0PO,” is assigned to the symmetric -PO," bend-
ing mode, and shifts down to 510 cm', 502 cm'’, and 515 cm*
respectively in CH,°0pP0,”, CH,0P''0," and CD,0PO,” . The band
at 559 cm° in CH,0PO,” is assigned to the other two-fold
degenerate 0=P=0 deformation mode of -PO,” group. It shifts
down to 550 cm’, 550 cm' and 548 cm  respectively in
CH,'"0PO,” , CH,OP'°0,” and CD,0P0,” . These two-fold degenerate
deformation modes of the -PO," group are depolarized, while
the symmetric deformation mode is polarized.

The depolarized bands at 1162 cm’ and 1189 cm ' in

1

CH.OPO,” shift down to 902 cm ' and 939 cm’ respectively in

CD,OPO,”", and exhibit virtually no shift in CH,'°0PO,° and
CH,0P'*0,° . Therefore, these bands are assigned to asymmetric
CH, rocking modes. The bands at 1450 cm' and 1464 cm ' in

CH,0PO,° (Fig. 4.7) are assigned to the symmetric and degen-
erate CH; deformation vibrations. These mode are expected to

shift down to a region around 1100 cm ' in CD,0P,°>", where
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they overlap with the (-0 stretching and degenerate PO."
stretching modes.

The region between 2950-3100 cm ' of the Raman spectra
of CH,0PO,” and CD,0PO,” (Fig. 4.9) show the typical five-
band pattern expected for C-H stretching vibrations of the
methyl group (Bellamy, L. J. 1968). The depolarized band at
3006 cm' is assigned to the degenerate C-H stretching vi-
brations. It shifts down to 2254 cm® in CI%OPOf'. The bands
at 2954 cm’ ' and 2849 cm' exhibit nearly equivalent intensi-
ties and both are polarized, contrary to the expectation of
having only one intense and polarized Raman band, due to the
CH, symmetric stretching mode. These two polarized kbands are

' and

assigned as a Fermi doublet. They shift down to 2227 cm
2141 cm’‘ respectively in CD,0PO,"" (Guan, Y. et al., 1994;
Colthup, N. B. et al., 1990}.

Table 4.2 shows the assignments of the Raman bands of

methyl phosphate and its isotopomers.

4.1.3 Raman Spectra of Methyl Phosphate and its Iso-

topomers in Crystal

Figure 4.10 shows the Raman spectra of crystalline
CH,0PO,’", CH,*'op0,”", CH,0P'°0,°", and CD,0P0,”". In general,
the Raman bands in crystal are sharper than those in solu-
tion. The positions of the crystal form phosphate bands are
somewhat altered because of the crystal packing and differ-

ent hydrogen bondingenvironment compared to solution. Most
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important, the two broad bands from degenerate modes in 300-
600 cm ' region in solution spectra are resolved and appear
as several sharper bands here in crystal. The broad band at

519 cm'’

in the solution spectrum of CH,0PO0,” splits into
three bands at 512 cm*, 536 cm > and 550 cm® in crystal. The
band at 512 cm' is assigned to symmetric deformation of

PO.,"’

group and the band at 536 em ' and 550 cm ' are assigned
to the asymmetric deformation vibrations of this group. The
band at 398 cm ' in solution of CH;OPOEL splits into two
bands at 386 cm ' and 411 cm~ in the crystal form spectra

respectively, and these bands are assigned to asymmetric

rock vibrations of PO,” group. All these modes have large
down shifts in CH,0P'°0,”, and have less changes in CD.OPO.
and CH,'"OPO,” . In the Raman spectra of CH,'°0P0O,” in crystal,

the PO,” symmetric stretching band is split to two bands at

1 H

968 cm ~ and 959 cm This may be due to the inhomogeneous
of the crystal, which changes the symmetry of the compound.
We have observed the same effect in some other phosphate

compound crystal or powder spectra.

4.1.4 The Relationship between P=0 Bond Order and pK, of
the Leaving Group

It is interesting to know whether the P-0O bond order of
R-0-P group in R-O—Pof' type compounds is related with the
pK, ©of the corresponding R-O-H compounds. As we have dis-

cussed above, Raman spectroscopy can directly measure the
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P=0 vibrational frequencies, which is directly related with
the bond order of the P=0O bond. We take the Raman spectra of
a series of R-0-PO,” compounds corresponding to R-O-H com-
pounds with different Pk, values, and we can get the rela-
tionship between the Pk, of the corresponding R-0-H com-
pounds and the P=0 bond orders from the relative positions
of Raman frequencies.

Figures 4.11 and 4.1i2 show the Raman spectra of acetic
phosphate, phenyl phosphate and 4-nitrophenyl phosphate at
unprotonated state and protconated state of PO," group re-
spectively. The Pk, values of corresponding compounds
{Acetic Acid, Phenol, and 4-Nitrophenol) are 4.7, 10.0 and
7.15 respectively. Comparing Figure 4.11 with Figure 4.12,
we have found that the band at 984 cm ' in acetic phosphate
in unprotonated state ©of the pof' group (Figure.4.lla) dis-
appears 1in the protonated state of the PO,-H group
(Fig.4.12a). We thus assigned this band as the symmetric P=0
stretching vibration of the PO, group. The band at 984 cm '
remains at the same position in acetic phosphate, phenyl
phosphate and 4-nitrophenyl phosphate. This suggests that
all these three compounds have the same symmetric stretching
vibrational frequency, thus the P=0 symmetric stretching vi-
brational frequencies are not related with the pK, of the
corresponding R-0-H compounds.

Figure 4.24 shows the IR spectra of methylphosphate
(corresponding R-0O-H compound, methancl, has a pK, around

15.5), acetic phosphate, phenyl phosphate and 4-nitrophenyl



S

phosphate in unprotonated state. The bread bands around 1100
cm ' are assigned to be the double degenerate P=0 asymmetric
stretching vibrational modes for these phosphate compounds.
Two bands appear at 1090 cm’ and 1110 cm ' in methylphos-
phate vibrational spectrum, and we take an averade of 1100
cm ' for the double degenerate P=0 asymmetric vibrational
frequencies of methyl phosphate. The sharp band at 1115 cm
in 4-nitrophenyl phosphate vibrational spectrum 18 not from

! for the

phosphate moiety. We take an average of 1121 cm
double degenerate P=0 asymmetric vibrational frequencies of
4-nitrophenyl phosphate. The P=0 asymmetric vibrational fre-
quencies of these phosphate compounds decrease when the pK,

of their corresponding R-0O-H compounds increase. We use the

average of the P=0 symmetric frequency {v,{(P=0)] and the P=0

asymmetric frequencies (v, (P=0}] to represent the P=C
stretching vibrational frequency (v(P=0)], which is
Vv (P=0) = [v.7(P=0) + 2v,"(P=0)1/3 c.. (4.1)

The sqgquare of v(P=0) is 1linearly related with the pK,
of their corresponding R-0-H compounds. Figure 4.25 shows
the curve fitting of the square of v{(P=0) of the phosphate

compounds versus the pK, of their corresponding R-O-H com-
pounds.

Since the P=0 bond order is directly related with the
P=0 force constant, which is directly proportional to the

square of P=0 vibrational frequency, the P=0 bond order of
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these phosphate compounds is also linearly related with the
pK, of their corresponding R-0-H compounds.

We can estimate the P-C bond ocorder from the P=0 bond
order by using an empirical rule, which is the sum of PO
bond order of O-PO,” group (i.e. the sum of the P-O single
bond order and three P=0 double bond orders), remains as
close as possible to 5 vu. ({(Deng, H. et al., 198%3; Ray, J.
et al., 1993}. So the -0-P- bond order of these phosphate
compounds is also linearly related with the pK, of their
corresponding R-0-H compounds.

However, the observed P-0 vibrational frequencies of
these phosphate are not linearly related with the pK, of
their corresponding R-0O-H compounds. The P-0 vibrational
frequencies of methyl phosphate, acetic phosphate, phenyl
phosphate and 4-nitrophenyl phosphate in unprotonated state
are 761 cm'', 735 cm’’, 727 cm' amd 734 cm ', respectively.
This is due to the fact that the P-O vibrational mode is
coupled with the C-0-P vibrational mode. The coupling ef-
fect, rather than the change of force constant or P-O bond

order, changes the P-O vibrational frequencies. This result

is confirmed by the normal mode analysis in Chapter 5.

4.2 Raman Spectra of Diphosphate Compounds

Figures 4.13 and 4.14 show the Raman spectra of ADP,

GDP and IDP at pH 7.5 and pH S respectively. The terminal



PO, group is unprotonated at pH 7.5 and is protonated at pH
S because the pK, of the terminal phosphate PO, group 1s
around 6.3. The bands at 943 cm’’ in all three spectra in
Figure 4.13 disappear in the corresponding spectra shown in
Figure 4.14 when the terminal PO,*" groups are protonated. We
thus assign these band as the P=0 symmetric stretching vi-
bration of PO, groups. The bands at 1087 cm' at pH 7.5,

shift up to 1108 em ' at pH 5. These bands at 1087 cm ' at pH

7.5 are assigned to o-PO. symmetric stretching, and the

bands at 1108 cm  at pH 5 are assigned to a-PO, and B-PO.

in-phase symmetric stretching vibration. (Heyde, M. E. et
al., 1971; Raimai, L. et al., 1969; Takeuchi, H. et al.,
1988). These assignment are confirmed by ®*0 labeling Raman

difference spectra of GDP.

Figures 4.17 and 4.18 show the spectra of GDP, ﬂ-”os-
GDP and their difference spectrum at pH 7.5 and pH 5 respec-
tively. In the difference spectrum between GDP and pB-'°0,-GDP
at pH 7.5 (Fig. 4.17c), there are two major derivative-like

bands. One has a positive peak at 945 cm ' and a negative

peak at 921 cm’, and the other has a positive peak at 1095

cm ' and a negative peak at 1071 em'.

The former derivative-
like band is assigned to the P=0 symmetric stretching vibra-
tion of PO, group, which disappears in the spectra at pH 5
(Fig. 5.17c¢); while the other is assigned to the a-PO, sym-

metric stretching vibration. At pH 5, the derivative-like
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band with a positive peak at 1111 cm and a negative peak

at 1097 cm ' is thus assigned to the in-phase symmetric

stretching vibrations of a-PO. and P-PO. groups.

-

Mg"' remains at a relatively high concentration level
in living cells and has a high affinity for GDP, GTP and
cther phosphate compounds. It is involved in the enzymatic
hydrolysis of GDP and GTP, serving as a cofactor. Interac-
tions of ATP with Mg~' in aqueous solution have been studied
intensively by spectroscopic methods, which have commonly
shown that the adenine ring of ATP is not, or only negligi-
bly, involved in the interaction with Mg"’, but the triphos-
phate moiety interacts with the cation (Takeuchi, H. et al.,
1988) .

Figures 4.15 and 4.16 show the Raman spectra of ADP,
GDP and IDP with 1:1 Mg"" at pH 7.5 and pH 5. At pH 7.5, the
bands at 943 cm ' in Figure 4.13, which are assigned to the
P=0 symmetric stretching vibration of the terminal PO/
group, have almost no changes in the presence of Mg™* in
Figure 4.15. This may suggest that Mg°* has little effect on
the P=0 symmetric stretching mode. Takeuchi and his col-
league reported that the asymmetric P=0 stretching vibra-
tional mode of the terminal PO, group shifts up about 9 cm’
' due to the binding of Mg®* in their IR studies of ATP. This
suggests that the binding of Mgz’ only influence the P=0
asymmetric vibrational mode, Which is not observed in our

Raman spectra due to the less Raman effect of the asymmetric



band, while has little effect on the P=0 symmetric vibra-
tional mode. We have observed similar situation in our Raman
studies of monophosphate (Section 4.1.4}) that the P=0 asym-
metric mode changes while the P=0 symmetric mode remains the

same. The band at 1087 cm ', which are assigned to o-PO.

symmetric stretching vibrations, shift up to 1094 cm' in

the presence of Mg“ due to the interactions between «a-PO;
groups and Mg''. At pH 5, the corresponding bands at 1108 cm

have little changes in the presence of Mg”. This suggests
that the interactions between GDP and Mg’' is stronger at pH
7.5 than that at pH 5. This conclution is similar to the re-
sult from the Raman and IR studies of ADP and ATP (Takeuchi,

H. et al. 1988; Tajmir-Riahi, H. A. et al. 1988).

4.3 Raman Spectra ¢of Triphosphate Compounds

Figures 4.19 and 4.20 show the Raman spectra of GTP,
$-'"0,-GTP and their difference spectrum at pH 7.5 and pH 5

respectively. The terminal phosphate is unprotonated at pH
7.5, and it is protonated at pH 5. The large derivative-like
band with a positive peak at 1117 cm ' and a negative peak

at 1100 cm' at pH 7.5 is assigned to the in-phase symmetric
stretching vibrations of «-PO, and B-PO, group. The corre-

sponding band at pH 5, which has a positive peak at 1124 cm

and a negative peak at 1106 cm ', is assigned to the in-



phase symmetric stretching vibration of «-PO. , B-PO. and v-

PO. group (Raimai, L. et al., 1969; Takeuchi, H. et al.,
1988). The small derivative-like band, which has a positive

peak at 704 cm’, and a negative peak at 684 cm® is assigned

to the vibration involved with Py-0-P, linkage.

Figures 4.21 and 4.22 show the Raman spectra of GTP, v-

**0,-GTP and their difference spectrum at pH 7.5 and pH 5.

The derivative-like band at pH 7.5, which has a positive

peak at 927 cm ' and a negative peak at 901 cm', is assigned

to the P=0 symmetric stretching vibration of the terminal
pof group. This peak vanishes in the spectra at pH 5. The
derivative-like band with a positive peak at 1127 cm ' and a

negative peak at 1115 cm ' at pH 5, is assigned to the in-
phase symmetric stretching of a-PC., f-PO. and Yy-PO,
groups. This band appears at a position close to that in the

difference spectra between GDP and P-'"0,GTP at pH 5.
Figure 4.23 shows the spectra of GTP, pB-'°0,6TP, ¥-
18O;GTP, the difference spectrum between GTP and B-”ChGTP

,and the difference spectrum between GTP and y-'"0,GTP with
1:1 MgCl., at pH 7.5 respectively. In the difference spectrum
between GTP and y-'°0,GTP with Mg’’, the frequency of the P=0

symmetric stretching mode of the PO,>” group remains at al-
most the same places as that in the spectrum without Mg®’,

but a new band with a positive peak at 1121 c¢m ' and a nega-



tive peak at 1105 cm ' appears (at least the intensity in-
creases). This band is close to the position of the in-phase
symmetric stretching vibration of the -PO. groups, and ap-
pears when GTP is protonated at pH S. This may suggest that
the interaction between Mg"® and the terminal phosphate
group PO,”” of GTP may have some degree of protonated effect.

In the difference spectrum between GTP and §-'°0,GTP with

-t

Mg~', the frequency of the in-phase symmetric stretching
mode of a-PO. and P-PO. groups shifts up about 7 cm ' due to

the interactions between these groups and Mg ' ion.
The P=0 symmetric stretching mode of the PO * group in
all the mono-phosphate compounds we studied appears in the

region around 990 cm However, this mode has lower fre-

quency in the di-phosphate and tri-phosphate compounds

(around 943 cm® in GDP and 921 cm’’

in GTP). As normal mode
calculation predict in Chapter 5, the fregquency of the P=0
stretching mode are largely affected by the coupling between
different phosphate modes. So the downshift of the P=0 sym-

metric stretching frequency in GDP and GTP may be due to the

coupling between the terminal phosphate PO, group and the

a-PO. group, or the B-PO, group, or both in GDP or GTP.
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Table 4.1 Assignment of Raman bans in POg3-, HPO42-, H2PO4~,
Hi1PO and their 180 isotopic derivatives.

MODE

vicm-1)

(non-labeled) (180

(Por POg3-)

pP=0
P=0

symmetric stretch
asymmetric stretch

0=P=0 bending {(triple degenerate)

0=P=0 bending {(double degenerate)

(Forx
P=0
P=0
P-0O
O=P=
0=P=
O-P=

HPO42 )
symmetric stretch
asymmetric stretch
stretch
O symmetric bending
O bending (double degenerate)
0 bending (double degenerate)

(Por HzPO4")

P=0
P=0
P-0O
P-0O
O=P=
O-P=
O-P-

symmetric stretch
asymmetric stretch
symmetric stretch
asymmetric stretch
O bending

0O twist

O bending

(For H3PO4)

P=0
P-0O
P-0O
O~P=
O-P-
o-P-
Oo-P-

stretch

symmetric stretch
asymmetric stretch
O bending

© bending

O bending

0 bending

937
1010
553
418

989
1084
858
533
533
393

1077
1162
878
944
516
3so0
377

1177
890
1010
500
392
375
357

vicm-1}
labeleq)

885
978
534
398

950
1052
833
512
512
377

1040
1136
838
918
495
371
354

1143
849
980
483
374
350
350



Table 4.2 Assignment of Raman bands of methyl phosphate and its 180 1abeled componds,

MODE

P=0 symmetric stretch

P=0 asymmetric¢ stretch

P-0 stretch

0=P=0 bending {(double degenerate)
O=P=0 symmetric bending

0-P=0 bending (double degenerate)
C-0 stretch

C-H rock

C-H rock

C-H bending

C-H bending

C-H symmetric stretch {(Fermi doublet)
C-H symmetric stretch (Fermi doublet)
C-H asymmetric stretch

v(cm'l)
(MP)

984
1100°
761
559
519
398
1055
1162
1189
1450
1464
2954
2849
3006

vi(cm 1) viem-1) viem1)
{MOP) (MPO) {MDP)
980 949 384
1100 1080 1113
745 757 728
550 545 548,
510 502 515
392 g7 390
1025 1054 1049
1159 1162 902
1182 1189 839
1450 1450 -——
1464 1464 ——-
-—- - 2227
- -—- 2141
--- --- 2254

By
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418 553
I
989
I
(b)
393 533 3?3 1°F4
| i
313 1077
(c) |
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Figure 4.1 Parallel components of Raman spectra of
(a) PO43~; (b) HPO4%™; (C)HyPO4”: (d) HaPO, . Sample

concentration: 0.5 M. Laser excitation: 514.5 nm,

200 mW. Room temperature.
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Figure 4.2 Perpendicular components of Raman spectra of
(a) POy37; (b) HPO42™; (c) HyPO,™; (d) H3PO4. Sample

concentration: 0.5 M. Laser excitation: 514.5 nm, 200 mW.

Room Temperature.
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Figure 4.3 Parallel components of Raman spectra of

(a) P180,3~; (b) HP180,2~; (c) Hyp}B04"; (d) HyPlBo,.

Sample concentration: 0.5 M. Laser excitation: 514.5 nm,

200 mW. Room temperature.
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Figure 4.4 Perpendicular components of Raman spectra of

(a) P18043-; (b) HP180,2-; (c) HyP1B04™; (d) HaPlB04.

Sample concentration: 0.5 M. Laser excitation: 514.5 nm,

200 mW. Room temperature.
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Figure 4.5 Parallel components of Raman spectra of
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(a) MP; (b) MOP; {c) MPO; (d) MDP. Sample concentration:

0.9 M. Laser excitation: 514.5 nm, 200 mWw.

Room temperature.



04

398

392 1025

llIlT'llll'lTTIlilllllPITIII‘I'I]'_rIII‘['T'IIIIIIIIIII_TI"I

400 600 800 1000 1200

Wwavenumber (cm'l)

Figure 4.6 Perpendicualr components of Raman spectra of
{a) MP; (b) MOP; (c) MPO; (d) MDP. Sample concentration:
0.5 M. Laser excitation: 514.5 nm, 200 mW.

Room temperature.
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Figure 4.7 Parallel components of Raman spectra of
{a) MP; {b) MOP; (c) MPO; (d) MDP. Sample concentration:

0.5 M. Laser excitation: 514.5 nm, 200 mW. '
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Figure 4.8 Perpendicular components of Raman spectra of
(a) MP; (b) MOP; (c) MPQO; (d4) MDP. Sample concentration:

0.5 M. Laser excitation: 514.5, 200 mW.
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Figure 4.9 {a) Parallel and (b) perpendicular components
of MDP; (c) Parallel and (d) perpendicular components of
MP. Laser excitation: 514.5 nm, 200 mW.

Sample concentration: 0.5 M,
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Figure 4.10 Raman spectra of {(a) MP; (b) MOP; (c)MPO
{d) MDP; in crystal. Laser excitation: 568.2 nm, 100 mW.

Room temperature.
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Figure 4.11 Raman spectra of (a) Acetyl phosphate, pH 7.5;
(b) Phenyl phosphate, pH 10.0; (c} 4-Nitrophenyl phosphate,
pH 7.5 in sclution. Sample concentration: 0.5 M. Laser

excitation: 514.5 nm, 200 mW. Room Temperature.
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Figure 4.12 Raman spectra of (a) Acetyl phosphate; (b}
Phenyl phosphate; (c) 4-Nitrophenyl phosphate at pH 4 in
solution. Sample concentration: 0.5 M. Laser excitation:

514.5 nm, 200 mW. Room Temperature.
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Figure 4.13 Raman spectra of (a) GDP; (b} IDP; {c) ADP
at pH 7.5 in solution. Sample concentration: 0.3 M,

Laser excitation: 568.2 nm, 150 mW.
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Figure 4.14 Raman spectra of (a) GDP; (b) IDP; {c) ADP
at pH 5 in solution. Sample concentration: 0.3 M.

Laser excitation: S68.2 nm, 150 mW.
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Figure 4.15 Raman spectra of {(a) GDP; (b) IDP; (c) ADP

with 1:1 MgCl, at pH 7.5 in solution.

Sample concentration: 15 mM. Laser excitation: 568.2 nm,

150 mW.
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Figure 4.16 Raman spectra of {(a) GDP; (b) IDP; (c) ADP
with 1:1 MgCl2 at pH 5 in solution.

Sample concentration: 15 mM. Laser excition: 568.2 nm,

150 mW.
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Figure 4.17 Raman spectra of (a) GDP; (b)B-lBO3GDP; and
(¢) GDP minus B—1803GDP; at pH 7.5 in solution.

Sample concentration: 30 mM. Temperature: 4°C

Laser excitation: 568.2 nm, 150 mW.
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Figure 4.18 Raman spectra of (a) GDP; (b)B-1803GDP; and
(c) GDP minus B—1803GDP; at pH 5 in solution.

Sample concentration: 30 mM. Temperature: 4°C

Laser excitation: 568.2 nm, 150 mWw.
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Figure 4.19 Raman spectra of (a) GTP: (b)B-1803GTP; and
{c) GTP minus B-1803GTP; at pH 7.5 in sclution.

Sample concentration: 30 mM. Temperature: 4°C.

Laser excitation: 568.2 nm, 150 mW.
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Figure 4.20 Raman spectra of (a) GTP; (b} B-1303GTP and
{c} GTP minus B—1303GTP; at pH 5 in solution.

Sample concentration: 30 mM. Temperature: 4°C.

Laser excitation: 568.2 nm, 150 mW.
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Figure 4.21 Raman spectra of {a} GTP; (b)7-1803GTP; and
{c) GTP minus 7-1803GTP; at pH 7.5 in solution.

Sample concentration: 30 mM. Temperature: 4°C.

Laser excitation: 568.2 nm, 150 mW.
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Figure 4.22 Raman spectra of (a) GTP; (b) 7—1803GTP; and

(c) GTP minus y—1803GTP; at pH 5 in solution.

Sample concentration: 568.2 nm, 150 mW,
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Figure 4.23 Raman spectra of (a) GTP; (b) B—1803GTP;
(c) v-180,GTP; (d) GTP minus B-180,GTP; (e} GTP minus
7—1803GTP with 1:1 MgCl; at pH 7.5 in solution. Sample

concentration: 15 mM. Temperature: 4°C.

Laser excitation: S568.2 nm, 150 mW.
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Figure 4.24 FTIR spectra of (a) Methyl phosphate; ({(b)
Actic phosphate; (c) Phenyl phosphate and ({(d)

4-Nitrophenyl phosphate in their unprotonated state of

the —PO32' group.
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corresponding R-OH compounds.
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Chapter 5

NORMAL MODE ANALYSIS OF PHOSPHATE COMPOUNDS

Vibrational spectra can provide detailed information
about molecular wmotions and interactions. To understand
these molecular motion and interactions, it is essential to
accurately determine the molecular normal modes. Therefore
there is increasing interest in obtaining the accurate force
fields for biological macromclecules and the small molecular
components of which they are made.

There are several methods to perform normal mode calcu-

lation, including ab iIinitioc calculations, semi-empirical
calculations and empirical calculations. In general, the ab
initio and semi-empirical calculations can not be applied to

large molecules and they can not reproduce observed frequen-
cies very well. For example, the frequencies calculated by
semi-empirical method, MINDO/3, can lead to an error within
something like 50%. To fit the observed frequencies, scaling
factors for the force fields obtained quantum mechanically

are normally used in the ab initio and semi-empirical calcu-

lations. However, these scaling factors have some degree of
uncertainties, and they can not be transferred from one sys-
tem to another generally. To solve this problem, we use here
an empirical method, which treats molecules classical me-

chanically as coupled harmonic oscillators consisting of



point masses connected by springs with a defined equilibrium
geometry. The normal modes are obtained as the solutions of
the eguations of the motion for the considered system. The
theoretical details are discussed in Chapter 2.

The empirical method for the force field calculation of
the phosphate compounds is more reliable, and the force
field from one phosphate compound can be transferred to the
other similar phosphate compound within minimum modifica-
tions in general. However, the number of force constants in
one force field is very large, so a lot of work and patience
are needed to fit the experimental data. In additicn, there
are a large number of internal cocordinates and related force
constants than independent data points used for the fitting,
it is possibkle that several different force fields could re-
produce the observed vibrational frequencies equally well;
therefore, the determination of the normal modes 1s not
unique by the empirical method. In order to reduce this
problem, data from 1isotopic derivatives of the phosphate
compounds are used. However, Our goal here is not to obtain
an exact force field to fit the experimental data. It is un-
clear to us whether this is even feasible. Our central goal
here is to understand how a normal mode is related with cer-
tain force constants in a force field, and how a force field
of a molecule responds to external perturbations of the
molecule, such as point charges. Specifically, we would like

to determine the frequency changes of the vibrational modes
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of a phosphate molecule when it interacts with polar or
charged groups of another molecule.

The theoretical background of the normal mode analysis
is discussed in detail previously in Chapter 2. The program
we use to carry out the normal mode analysis is VIB Program
with little modifications by our group. The parameters used
for constructing the G-Matrix are calculated by program AMI1,
which minimized the energy of a specific structure. The nor-
mal frequencies are calculated using the generalized valence
force field. The initial values of the force field are
transferred from previous published data (Guan, ¥. et al.,
1994; Chapman, A. C. et al., 1964, 196S5; Taga, K. et al.,
1991; Snyder, R. G. et al., 1967). The force constants are
then refined in order to fit the calculated frequencies of
those phosphate compounds and their isotopic derivatives
with those observed in our experiments.

The procedures we use to obtain the force field to fit
the observed frequencies and the correlation between the
frequencies and force constants are as following:

First, we choose an initial set of force constants to
construct a F-Matrix. The frequencies of all vibrational
modes are then obtained from the F-Matrix and G-Matrix from
program VIB. Next, by changing each force constant by a cer-
tain amount (0.4 mdyn/A for stretching force constant, 0.2
mdyn/A for bending force constants and 0.1 mdyn/A for cou-
pling force constants), we get a correlation table of each

frequency change corresponding to the change of each force



constant. Then, by comparing the calculated frequencies with
observed frequencies, we refine those force constants which
are responsible for those frequencies needed to be fit ac-
cording to the correlation table, and then calculate the
frequencies again. Repeating these procedures for several
times, we will be able to get a set of force field, which
can reproduce the observed frequencies reasonably well.
Force fields for PO,’, HPO,°, H.PO,, H,PO,, dimethyl
phosphate and diethyl phosphate were previously developed by
other groups (Guan, Y. et al., 1994; Chapman, A. C. et al.,
1965; Taga, K. et al., 1991). Here we present the force
fields developed to fit the observed freguencies of PO, .,
HPO,” , H.PO, , H,PO' ,methyl phosphate and their "0 labeled
derivatives. Most importantly, we have developed correlation
tables which relate the vibrational frequency changes with
one or more force constant changes for these phosphate com-
pounds. Such information is very useful to explain the phos-

phate vibrational mode changes when the phosphate compound

binds to protein.

$.1 Generalized Valence Force Field for poﬁ‘

Table 5.1 shows the geometry parameters for the con-
struction of G-Matrix of PO,” . Figure 5.1 shows the chemical
structure of PO,’” from Chem3D program in Macintosh. Table

5.2 shows the force field obtained from program VIB to fit
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the observed frequencies. The calculated freguencies fit the
observed frequencies of PO, and P''0, very well with an
average least sgquare error of 3.5 cm ' for all the phosphate
bands of both PO, and P'°0,’ . Table 5.3 illustrates the ob-
served and calculated frequencies and the correlation be-
tween each frequency and each force constant in the force
field. The first and second column in table 5.3 are observed
and calculated frequencies respectively. The third column
and after are the changes of frequencies corresponding toc
the changes of force constants (the stretching force con-
stants are increased by 0.4 mdyn/A, the bending force con-
stants are increased by 0.2 mdyn/A and the off diagonal cou-
pling constants are increased by 0.1 mdyn/A).

As we expect, there are one P=0 symmetric stretching
band and one three-fold degenerate asymmetric stretching
band in the Raman spectrum of P04y because it has a T, sym-
metry. The P=0 symmetric and asymmetric stretching modes at

' and 34 cm’ respec-

937 cm ‘ and 1010 cm® shift up by 22 cm
tively due to the 0.4 mdyn/A increase of P=0 stretching
force constant ({s2]. They are also largely affected by the
P=0/P=0 coupling constant ([c22} and P=0/0=P=0 coupling con-
stant [x21, x22]. The increase of c22 makes the symmetric
and asymmetric bands move together by shifting up the sym-
metric stretching band by 16 cm’' and shifting down the
asymmetric band by 8 cm'. There are also one two-fold de-

generate O=P=0 bending mode at 416 cm' and one three-fold

degenerate O=P=0 bending mode at 554 cm '. They are all re-



R

lated with the 0=P=0 bending force constant [b2] and are all
largely affected by the changes of the 0=P=0/0=P=0 coupling
constants [y21, y22]. However, the three-fold degenerate
0=P=0 bending mwmode 1is also affected by the stretch-
ing/bending coupling [x21, x22] constant, while the two-fold

degenerate 0=P=0 bending mode is not.

5.2 Generalized Valence Force field for BPO,”

Table 5.4 shows the geometry parameters for construc-
tion of the G-Matrix of HPO,” . Figure 5.2 shows the chemical
structure of HPO,” from Chem3D program in Macintosh. The
force field derived is shown in Table 5.5. Table 5.6 1llus-
trates the observed and calculated frequencies, and the cor-
relation between the frequencies and force constants. The
least square error for the calculated frequencies from the
force field shown in Table 5.5 is 6.2 cm'’.

The symmetric and degenerate asymmetric stretching
modes of P=0 double bond at 990 cm ' and 1084 cm' respec-
tively are directly related with the P=0 stretching force
constant [s2]. The 0.4 mdyn/A increase of s2 shifts up these
two bands by 19 cm' and 33 cm ' respectively. They are also
related with stretching/stretching, stretching/bending and
bending/ bending coupling constants. For example, the in-

crease of the P=0/P=0 stretching coupling constants [c22]

shift up the P=0 symmetric stretching vibration by 9 cm’’
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and shift down the P=0 asymmetric stretching vibration by 8
cm '; the changes of P-0/P=0 stretching coupling constants
[c12] shift up the P-O stretching mode by 7 cm ' and shift
down the P=0 symmetric stretching mode by 9 cm’'. The
stretching/bending coupling constants [x211, x212, x221,
x222] and bending/bending coupling constants [yl21, yl2z2,
y22) have relatively less effects on these stretching modes.
The P-O single bond stretching mode at 858 cm’' is mostly
related with the P-0 stretching force constants [sl1]. The
changes of sl cause a upshift of this band by 26 cm’. It is
also affected by stretching/stretching, stretching/bending
and bending/bending coupling constants, such as, P-0/P=0
stretching coupling constants {cl12), which cause a 7 cm’
upshift; P-0/0-P=0 coupling constants, which cause a 11 cm'
downshift; and also P-0/0=P=0 coupling constants. The lower
degenerate bending mode at 393 cm ' is mostly related with

O0-P=0 bending constants [bll. A 30 cm’’

upshift of this band
is caused by the increase of bl. The changes of 0-FP=0/0-P=0
coupling constants [yll] shift down this band by 15 cm'’

This band is almost not influenced by the other force con-
stants. The other double degenerate 0O=P=0 bending mode at
533 cm' is mostly related with O0=P=0 bending force con-
stants [b2}, which cause a 26 cm ' upshift of this band. The
other major factor affecting this mode is the O=P=0/0=P=0
coupling constants, changes of which cause a 12 cm® down-
shift of this band. The 0=P=0 symmetric bending mode, which

is also at 533 cm’’, is related with both bl and b2, and is
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alsc affected by many other factors, especially the bend-

ing/bending coupling constants.

5.3 Generalized Valence Force Field. For H,PO,

Table 5.7 shows the geometry parameters used to con-
struct the G-Matrix for H.PO, . Depending on the orientation
of OH group, two models of H.PO, are chosen in the calcula-
tion. Model 1 has C. symmetry, with each hydroxyl group
trans- to an 0O of PO. forming two planar HOPO group perpen-
dicular to one another. Model II has a planar HOPOH group
and C.. symmetry. Because of the geometry differences of
these two models, we get different average least square er-
ror of the calculated frequencies for them (6 cm ' for model

1

I and 10 cm for model II}) from the same force field. This
implies that the force field is sensitive to the geometry
structure, and different force field should be used for dif-
ferent model. However, our goal is to derive a correlation
between the frequency of each vibration and the force con-
stant of each chemical bond, and we have found that the cor-
relation for these two models are basically the same. There-
fore only the correlation table for model 1 1is presented
here (Table 5.9). Table 5.8 shows the force field derived

for H,PO, . Figure 5.3 shows the chemical structure of H.PO,

from Chem3D program in Macintosh.
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The P=0 symmetric and asymmetric vibration modes of the
PO. group at 1077 cm ' and 1160 cm  are directly related
with the P=0 stretching force constants [s2], a 0.4 mdyn/A
change of which causes upshifts of these two modes by 23 cm
'and 31 cm ' respectively. The P-O symmetric and asymmetric
stretching modes of the P-(0-H), group at 878 cm ' and 943
cm ' are directly related with the P-O stretching force con-
stant [sl1] accordingly. These two modes shift up by 27 cm
and 33 cm ' respectively because of the 0.4 mdyn/A change of
s1. These stretching vibration frequencies are also largely
affected by the stretching/stretching coupling constants.
For example, the P=0/P=0 coupling constant [c22]) can cause
the P=0 symmetric and asymmetric stretching modes moving to-
gether or separating apart, and accordingly the P-O/P-0O cou-
pling constants [cll] work the same way on P-O symmetric and
asymmetric stretching modes. A 0.1 mdyn/A increase of P-
O/P=0 coupling constants shift up the P-0O symmetric stretch-
ing mode by 9 cm’ and shift down the P=0 symmetric stretch-
ing mode by 12 cm’'. The stretching/bending coupling con-
stants have also some degree of effects on the stretching
frequencies, while the bending/bending coupling constants
have little or no effect on them. The 0-P-0 bending mode at
370 cm' is directly related with the 0-P-0 bending force
constants [b0]. It also largely depends on the value of the
O0-P-0/0-P=0 [y01], ©O-P-0/0=P=0 [y02] and other bend-
ing/bending coupling constants. The lower double degenerate

0-P=0 bending mode at 390 cm ' is mostly related with 0-P=0



bending force constant [bl], a 0.2 mdyn/A increase of which
shifts up this mode by 32 cm’. It is also largely affected
by the other bending/bending coupling constants, such as O-
P=0/0-P=0 {yli] and 0-P=0/0=P=0 ([yl1l2]. The higher double de-
generate 0=P=0 bending band at 515 cm’' is related with both
0-P=0 bending force constants {bl] and 0=P=0 bending force
constants [b2]). Accordingly it is also affected by the bend-
ing/bending coupling constants, such as 0-P=0/0-P=0 [yl1]

and 0-P=0/0=P=0 [y1l2].

5.4 Generalized Valence Force Field for H,PO,

Table 5.10 shows the geometry parameters for the con-
struction of G-Matrix of H,PO,. Figure 5.4 shows the chemi-
cal structure of H,PO, obtained from program Chem3D in Mac-
intosh. The force field derived is shown in Table 5.11. Ta-
ble 5.12 shows the observed and calculated frequencies, and
the correlation between the frequencies and force constants.
The average least square error for the calculated frequen-
cies is 4 cm® for all the frequencies of H,PO, and H,P'°0,.

The P=0 stretching mode at 1177 cm’ is directly asso-
ciated with P=0 stretching force constants [s2]. It is also
largely affected by some stretching/stretching, stretch-
ing/bending coupling constants, such as P-0/P=0 [cl12]},
P=0/0-P-0 [x20], P=0/0-P=0 [x21]} and P=0/P-0O-H [x23]. The P-

0 single bond symmetric and double degenerate asymmetric
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modes are directly related with the P-C stretching force
constants [sl). As discussed above in previous sections, the
P-0/P-0 coupling constants [cll] can change the relative po-
sition of symmetric stretching mode to asymmetric stretching
mode by either moving them together or separating them
apart. The stretching/bending coupling constants, such as P-
0/0-P-0 [x101, x102), P-0O/0-P-0 ([cll1l1l, cl112] and P-O/P-O-H
[x131, x132), can also have large effects on these modes.
The bending force constants and bending/bending coupling
constants have little or no effects on all these stretching
vibrational modes. The double degenerate O-P-0 deformation
mode at 370 cm ' is basically related with the Q-P-0O bending
force constants [(b0]. It is almost not affected by the other
force constants except the 0-P-0/P-0-H coupling constants
[y031, y032). The other double degenerate O-P=0 bending mode

at 499 cm'’

is mostly related with the 0-P=0 bending force
constants [(bl], but it is somehow also affected by some
stretching/bending force constants. The symmetric O0-P=0
bending mode at 390 cm® is sensitive to many force con-
stants. It is basically related with the 0-P-O [b0], O-P=0
(bl] and H-O-P (b3) bending constants, but it is also af-

fected by some stretching/bending, especially some bend-

ing/bending coupling constants.

$.5 Generalized Valence Force Field for Methyl Phosphate
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Table 5.13 shows the geometry parameters for the con-
struction of G-Matrix of methyl phosphate. Figure 5.4 shows
the chemical structure of methyl phosphate obtained from
program Chem3D in Macintosh The force field derived is shown
in Table 5.14. Table 5.15 illustrates the observed and cal-
culated frequencies, and the correlation between the fre-

guencies and force constants. The least sguare error from

H

experiment for the calculated frequencies is 5.1 cm  for

all Raman bands list in the table.

As shown in Figure 4.6, the deformation bands in the

region between 300 cm -~ and 600 cm’', and the double degener-

1

ate asymmetric stretching bands around 1100 cm ' of the PO.

group are very broad. It is difficult to fit such broad
bands. In general, the -PO,* group has a local C,, symmetry,

and one symmetric and one double degenerate asymmetric P=0C

stretching modes are expected in the region of 900 cm’ to

. ' and 600 em’, two

1200 cm In the region between 300 cm’
double degenerate and one symmetric deformation modes are
expected. According to this analysis, we then fit the two

1

broad bands around 398 cm’ and 520 ¢m ' to five Lorentzian

components, and fit the broad band at 1100 cm' to two
Lorentzian components. However, after the curve fitting of
these Dbroad bands, the double degenerate asymmetric P=0
stretching mode is separated to two bands at 1090 cm'’ and
1115 cm’* respectively. During the process of refining the

force field, we are not able to fit these two bands by a

single P=0 stretching force constant for all three P=0 bonds
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of the -PO," group. According to the geometry structure of
methyl phosphate calculated by gquantum mechanical method,
one P=0 double bond is almost in the H-0-P plane. Therefore
the oxygen atom in this P=0 bond is closer to the carbon at-
oms and hydrogen atoms than the oxygen atoms in the other
two P=0 bonds. We then choose different force constant [s21]
for this P=0 bond from the force constants [s22] for the
other two P=0 bonds. Same treatment is applied to the bend-
ing modes of the -PO," group.

The symmetric and asymmetric P=0 stretching vibration
modes at 982 om’’, 1090 cm ' and 1115 cm' are basically asso-
ciated with the P=0 stretching force constants [s21, s22).
By adjusting the s21 and s22, we can fit the two separated
asymmetric fregquencies. As discussed above for the case of
HPO,”, the relative position between the symmetric and asym-
metric P=0 stretching modes is sensitive to the P=0/P=0 cou-
pling constants {c22). The P-C single bond stretching mode
at 761 cm’ is mostly related with P-0 stretching force con-
stants [s1). A 0.4 mdyn/A increase of sl can shift up this
mode by 29 cm'. The C-0O stretching mode at 1055 cm ' is re-
lated with ¢-0 stretching force constant, and is almost not
affected by the other constants. The deformation modes of -
PO,>" group have similar pattern of correlation as that of
HPO,”” discussed above.

The vibration frequencies of the methyl group are also

fitted. Since our major interest is to investigate the phos-
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phate group, the correlation for the methyl group, which are
also listed in Table 5.15, are not discussed in detaill here.

As shown in Table 5.2 and Table 5.14, the P-O stretch-
ing force constants for HPO,” and CH,P0,” are 4.86 mdyn/A
and 4.26 wdyn/A, respectively, with a difference about
13.2%. The P=0 stretching force constants for HPO,” and
CH.PO,” are 7.09 mdyn/A and 6.72 mdyn/A respectively, with a
difference about 5.3%. These force constants of P-0O and P=0
bonds for HPO,” and CH,PO,” are close enough to be trans-
ferred between each other, such as from HPO,” to CH,PO, ,
with little modification. In addition, the correlation be-
tween the frequencies and the force constants for HPO,” and
CH.PO,” shown 1in Table 5.6 and Table 5.15, is similar.
Therefore, we can apply these force constants and correla-
tion tables developed from the mono-phosphate compounds to
some other similar phosphate compounds with some modifica-
tions. For example, we can continue to develop the force
fields and correlation between the frequencies and the force
constants for di-phosphate and tri-phosphate compounds, by
using these force constants and correlation tables developed
from the mono-phosphate compounds. More experimental data on
di-phosphate and tri-phosphate compounds and their 1iso-

topomers will be necessary to carry out these studies.

It is shown in these correlation between the Raman fre-
quencies and the force constants that the frequencies of

each chemical functional group mostly depend on the force
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constants associate with it. One major advantage of using
Raman spectroscopy to study biological system is that Raman
frequencies are very sensitive to the hydrogen bondinginter-
actions, which perturb the electron distributions, and
therefore change the force constant of the chemical bond of
some chemical functional group. However, the coupling con-
stants between the phosphate vibrational modes can also have
large effects on them. The change of Raman frequency some-
times is not caused by the change of force constant or bond
order, which is affected by the hydrogen bonding interac-
tion, but is caused by the change of coupling constant or
geometry, which is affected also by the environment of cer-
tain chemical functional group. This may sometimes make Ra-

man studies complicated.
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Tabl2 5.2

Ssymbol Description

IUT

Force Constant (mdyn/A)

s2 P=C 5.85

b2 0=P=0 2.3

c22 P=0/P=0 0.84

x22 P=0/0=P=0 0.37

x21 P=0/0=P=0 (share P=0) 0.5

y22 0=P=0/0=P=0 0.09

Y21 0=P=0/0=P=0 (share P=0) 0.53

Table 5.2 General valence force constants obtained

from Program VIB for PO43--
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f{obs) f{cal) Ab2 1Ac22 [As2 |Ax21 |Ax22 jAy21 |Ay22
416 418 31 0 0 0 0 -31 186
416 418 31 0 Q Q 0 -1 16
554 557 20 -1 4 8 -8 0 =10
554 557 20 -1 4 B8 -8 0 -10
554 557 20 -1 4 8 -8 0 -10
937 942 . 0 16 22 0 0 0 0
1010 1006 10 -8 34 -18 18 0 -5
1010 1006]* 10 -8 34 -18 18 0 -4
1010 1008 10 -8 34 -18 18 0 -4

flobs) (180) {f(cal) (180) |Ab2 |Ac22 |As2 |Ax21 |Ax22 |Ay21 [Ay22
398 384 29 0 ) 0 0 -29 15
388 394 29 0 0 0 0 -29 15
534 529 18 -1 4 9 -9 0 -9
534 529 19 -1 4 9 -9 ) -9
534 529 19 -1 4 9 -9 0 -8
886 888 0 16 22 0 0 0 0
78 081 10 -8 32 -18 18 0 -5
978 881 10 -8 32 -18 18 0 -5
978 981 10 -8 32 -18 18 0 -5

Table 5.3 Correlation table between Raman freqQuencies

and force constants for POg3-.

The‘first column is the observed Raman frequencies; the
second column is the calculated Raman frequencies from
Program VIB; the third column and after are the changes of
frequencies corresponding to the change of each force
constant. The symbles for force constants are described as
following:

b2: 0=P=0 bending force constant; s2: P=0 stretching force
constant; c¢22: P=0 and P=0 coupling constant; x21l: P=0 and
O0=P=0 coupling constant (one shared bond}; x22: P=0 and O=P=0
coupling constant (no shared bond):; y2l: O=P=0 and O0O=P=0
coupling constant (one shared bond); y22: O=P=0 and O=P=0

coupling constant ‘(no shared bond).
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Atom Atom Connection Bond Bond Dihedral
Type Number Length Angle Angle
P 1 0 0 0
o] 2 1.50898 0 0
0 3 i, 2, 1.70232 104.613 0
0 4 1, 3, 3 1.50898 115,655 -114.486
0 S 1, 2, 3 1.51513 115.756 105.434
H 6 3, 1, 2 0.94763 107.439 118.986
Table 5.4 Geometry parameter used to construct the G
matrix for HPO42~.
20
'?(5);;
iededs '@) 3 P{1
121
£O)338
5{:21.5'

Figure 5.2 Structure of HPO42- from Chem3D.
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Symbol Description Force Constant (mdyn/A)
sl P-0 4.86
s2 P=0 7.09
s3 O-H 8

bl O-P=0 1.

b2 O=P=0 1.85
b3 H-0O-P 1

cl2 P-0/P=0 0.35
ca2 P=0/P=0 0.67
x11 P-0/0-P=0 0.25
x13 P-O/H-Q-P 0.2
x211 P=0/0-P=0 (share P=0) 0.6
%212 P=0/0-P=0 0.05
x221 P=0/0=P=0 (shareP=0) » 0.3
x222 P=0/0=P=0 0.1
x23 P=0O/H-0-P -0.14
%33 O-H/H-0-P 0.2
y1l 0-P=0/0-P=0 0.3
v121 O-P=0/0=P=0 (share P=0} -0.06
y13 P-O/H-O-P -0.02
y22 0=P=0/0=P=0 0.2
Table 5.5 General valence force constants obtained

from Program VIB for HPO42-~-



Table 5.6 104

f{obs) f{cal) ab1 lab2 [ab3d Jac12 [ac13 |Ac22 lac23
393 385 30 0 0 0 0 0 )
393 401 30 1 0 0 0 0 0
533 523 10] 12 0 -1 0 0 0
533 5386 al 27 0 0 0 0 0
533 538 2| 26 0 0 0 0 0
858 "864|- 23 1 1 7 1 1 1
990 993 3 1 2 -9 0 9 -1
1084 1085 1 5 1 0 0 -8 0
1084 1085 2 5 0 0 0 -8 )

f(obs) (180) |[f(cal} (180) |Ab1 |Ab2 [Ab3 (Ac12 |Ac13 |Ac22 |Ac23

377 365 28 0 0 0 0 0 0
377 379 28 1 0 0 0 0 0
513 499 10| 12 0 -1 0 1 0
513 509 3 25 0 0 0 0 0
513 511 2 24 0 0 0 0 0
833 829 2 1 0 9 0 2 C
950 952 3 1 2 -11 0 9 -1
1053 1052 2 6 2 0 0 -8 0
1053 - 10563 2 6 0 0 0 -8 V]
Table 5.6 Correlation table between Raman frequencies

and force constants for HPO42'.

The first column is the observed Raman frequencies; the
second column is the calculated Raman frequencies from
Program VIB; the third column and after are the changes of
frequencies corresponding to the change of each force

constant. The symbols for force constants are described as

following:



Table 5.6 s

As1 |Aas2 [as3  Jax11 |ax12 [ax13 [Ax211]ax212[ax221]ax222/ax23

0 0 0 0 0 0 -1 1 0 0 0
0 0 0 0 0 0 -1 1 ) 0 0
2 1 0 8 -4 0 -1 -3 2 0 0
0 0 0 2 0 0 0 0 3 -2 0
0 1 0 0 0 0 1 -1 3 -3 0
26 3 0] -11 7 2 -3 -5 3 1 1
7 19 0 -5 3 -3 5 8 -7 -3 8
1 33 o o 0 -1 -5 5 -8 9 0
0 34 0 0 0 0 -5 5 -9 8 0

As1  [As2 1453 [Ax11 lax12 jAx13 |Ax211]ax212/Ax221|Ax222/AXx23

0 4] 0 0 0 0 -1 1 0 0 0
0 0 0 0 0 0 -2 2 0 Y 0
2 1 0 5 -3 0 -1 -3 3 1 0
0 1 Q 2 -1 0 0 -1 3 -2 0
0 0 0 0 0 0 0 0 4 -4 0
22 5 0 -9 6 2 -2 -5 3 2 2
) 17 0 -7 5 -3 5 11 -7 -3 7
1 32 0 0 0 0 -4 4 -9 9 0
0 33 0 0 0 0 -6 6 -9 9 0
(Table 5.6 continues) bl: 0-P=0 bending force constant;

b2: O=P=P bending force constant; b3: H-O-P bending force
constant; ¢l2: P-O and P=0 coupling constant; cl3: P-O and H-
O coupling constant; c22: P=0 and P=0 coupling constant;
c23: P=0 and H-O stretching coupling; sl: P-O single bond
stretching force constant; s2 P=0 double bond stretching
force constant; s3: O-H stretching force constant; x11: P-0O
and 0-P=0 coupling constant; x12: P-0 and O=P=0 coupling
constant; x13: P-O0 and H-O-P coupling constant; x211: P=0 and
0-P=0 coupling constant (one shared bond):; x212: P=0 and O-

=0 coupling constant {no shared bond);
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Ax31 [Ax32 [Ax33 [Ay11 |Ay121]Ay122(Ay13 |Ay22 [Ay23

0 0 0 -15 -2 2 0 0 0
0 0 0 -15 -5 5 0 0 0
0 0 0 10) -12 -9 0 2 0
0 0 0 2 3 -4 o] -12 0
0 0 0 0 4 -7 0 -13 0
-1 1 0 3 -3 -1 -2 1 1
0 0 0 3] -3 -1 4 1 -3
0 0 0 0 2 -2 0 -2 0
0 0 0 -1 3 -3 0 -2 0

Ax31 [Ax32 [Ax33 |Ay11 jAy1211Ay122/Ay13 [Ay22 |Ay23

0 0 0 -14 -2 2 0 0 ]
0 Q 0 -14 -5 5 0 0 0
1 -1 0 9 -10 -7 0 0 0
0 0 0 J 2 -4 0 =11 0
0 0 0 -1 4 -7 0] -12 0
0 0 0 2 -4 -2 -2 1 1
0 0 0 ) -5 -3 4 1 -3
0 0 0 0 2 -2 0 -2 0
0 0 0 -1 3 -3 0 -3 0
(Table 5.6 continues) x221: P=0 and O0=P=0 coupling

constant {one shared bond); x222: P=0 and O0O=P=0 coupling
constant (no shared bond); x23: P=0 and H-0-P coupling
constant; x31: H-O and 0O-P=0 coupling constant; x32: H-0 and
0=P=0 coupling constant; x33: H-O and H-0-P coupling
constant; yll: 0-P=0 and 0-P=0 coupling constant; yl2l: O-P=0
and O=P=0 coupling constant (one shared bond}; yl22: 0O-P=0
and 0=P=0 coupling constant (no shared bond); yl3: O-P=0 and
H-0-P coupling constant; y22: O=pP=0 and O0=P=0 coupling

constant; y23: O0=P=0 and H-O-P coupling constant.
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Atom Atom Connection Bond Bond Dihedral
type number Length Angle Angle

P 1

O 2 1.47764 0 0

o 3 d, 2, 1.63634 110.17 0

0 4 1, 2, 3, 1.63635 103.074  -103.885
o 5 1, 2, 3, 1.47764 128.332 126.707
H 6 3, 1, 2, 0.94966 111.478 154.824
H 7 4, 1, 2, 0.94966 111.475 15.037

Table 5.7 Geomeéry parameter used to construct the G

matrix for H2PO4”.

npn

Figure 5.3 Structure of H2PO4~ from ChemiD.
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Symbol Description Force Constant {mdyn/A)
sl P-0 5.68
82 P=0 8.16
83 O-H 8

bo 0-P-0 1.8
bl O-P=0 1.5
b2 O=pP=0 1.4
b3 H-0-P 1

cll P-0/P-0 -0.05
clz P-O/P=0 0.5
c22 P=0/P=0 1.02
x10 P-0/0-P-0 0.2
x111 P-0/0Q-P=0 (share P-0) 0.4
x131 P-0O/H-0-P (share P-0) 0.2
x20 P=0/0-P-0 0.1
x211 P=0/0-P=0 (share P=0) 0.4
x22 P=0/0=P=0 0.4
x30 0-H/O-P-0 0.1
x331 0-H/H-0-P (share O-H) 0.2
Y01 O-P-0/0-P=0 0.2
y03 Q0-P-0/H-0-P 0.2
yllll O-P=0/0-P=0 (share P-0) 0.05
y11l12 0-P=0/0-P=0 {share P=0} 0.25
yll2 0-P=0/0-P=0 0.1
y12 0-P=0/0=P=0 0.
yl31 0-P=0/H-O-P (share P-0O} -0.02
Table 5.8 General valence force constants obtained

from Program VIB for H2PO4”
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f(obs) AbO Ab1 Ab2 Ab3 Actl  lAc12
370 372 6 9 6 1 1 0
390 393 0 33 0 0 0 0
390 400 0 31 0 0 0 0
515 510 0 22 8 0 0 0
515 514 7 13 15 0 0 -1
878 882 1 1 3 1 7 9
943 939 0 4 0 0 -8 0
1077 1078 1 0 2 1 1 -12
1160 1158 0 4 0 8 0 0

{{obs){180) |{(cal)(180) |AbO Ab1 Ab2 Ab3 Ac1l  lAac12
350 351 5 8 6 2 0 0
370 377 0 31 0 0 0 0
370 378 0 29 0 0 0 0
496 488 1 19 7 0 0 0
496 4980 8 13 12 1 1 0
838 845 2 0 2 0 6 10
918 908 0 4 0 0 -8 0
1039 1034 1 1 3 1 1 -12
1131 1122 0 5 0 5 0 0

Table 5.9

Correlation table between Raman frequencies

and force constants for H2PO4~.

The first column is the observed Raman frequencies; the

second column 1is the calculated Raman frequencies from

Program VIB; the third coclumn and after are the changes of

frequencies corresponding to the change of each force

constant. The symbols for force constants are described as

following:
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Ac131 |Ac132 |Ac22 Ac23 AcdJ As1 As2 Asd Ax10
-1 -1 1 1 0 1 1 1 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 Q 0 0 1 0 0 2
1 1 1 1 0 27 1 0 -7
0 0 0 0 0 33 1 0 0
0 0 8 0 0 4 23 0 -2
0 4] -8 0 0 1 31 0 0

Aci31 |Ac132 |Ac22 Ac23 Ac33 As1 As2 Asd Ax10
4] 0 0 0 0 0 0 ] 2
0 QO Q0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 3
0 0 0 0 0 25 2 0 -6
0 0 0 0 0 32 0 0 0
0 0 5 -1 0 5 21 0 -3
0 0 -8 0 0 1 30 0 0

(Table 5.9 continues) b0: 0-P-0 binding force constant;

bl: 0-P=0 bending force constant; b2: 0=P=0 bending force
constant; b3: H-O-P bending force constant; cll: P-O0 and P-0O
coupling constant; cl2: P-0 and P=0 coupling constant; cl31:
P-0 ;nd H-0O coupling constant (one shared atom); cl32: P-0O
and H-0O coupling constant (no shared ateom); c22: P=0 and P=O
coupling constant; ¢23: P=0 and H-O stretching coupling; c33:

H-0O and H-0 coupling constant;
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Ax111 |Ax112 JAx12 AXx131 |Ax132 [Ax20 Ax211 |Ax212 |Ax22
-1 -1 1 -1 -4 5 1 1 -1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 2 -2 0
2 2 -4 0 0 4 1 -1 2
-3 -3 - 9 4 4 4 -1 -1 1
-12 12 0 2 -2 0 0 ] 0
-1 -1 3 1 1 -21 3 3 -7
0 0 0 -2 2 0 -12 12 0
Ax111 |ax112 |ax12 AX131 [Ax132 |Ax20 Ax211 |Ax212 lAx2?2
-1 -1 1 ] 0 5 0 0 0
0 0 Q. 0 4] 0 Q 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 3 2 -2 0
2 2 -5 -1 -1 2 -1 -1 2
-2 -2 8 3 3 4 0 0 2
-12 12 0 1 -1 0 0 0 0
-1 -1 4 1 1 .22 3 3 -8
0 O 0 -2 2 0 -12 12 0
{Table 5.9 continues) 8l: P-C single bond stretching force

constant; s82 P=0 double bond stretching force constant; si:
O-H stretching force constant; x10: P-0 and O-P-0O coupling
congstant; xl1lli: P-0 and O-P=0 coupling constant (one shared
bond); x112 P-O0 and 0-P=0Q coupling constant (no shared bond);
x12: P-O and 0=P=0 coupling constant; x131: P-O0 and H-0O-P
coupling constant {one shared bond); x132: P-O and H-0O-P
coupling constant (no shared bond); x20: P=0 and O-P-O

coupling constant;
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Ax23 |Ax30  [Ax311 [Ax312 lax32 [ax331 |Ax332 |Ay01  lay02
1 -1 1 1 - 1 1 -23) 10
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
Q 0 Q0 g 4] 0 Y 1 -2
0 0 0 0 0 0 0 ) -10
1 -1 ) Q 1 1 1 1 -1
0 0 0 0 0 0 0 0 0
-5 0 0 0 Y 0 0 1 -2
0 0 0 0 0 Q 0 0 0
AX23 Ax30 Ax311 JAx312 |[Ax32 Ax331 JAx332 JAyO1 Ay02
) 0 0 0 0 0 0 -22 9
0 Q 0] 0 0 0 0 0 0
0 0 ol 0 0 0 0 0 0
0 0 0 0 0 0 0 2 -3
1 0 0 0 0 0 0 7 -8
2 0 0 0 0 0 0 2 -2
0 0 0 0 0 0 0 0 0
-5 0 0 0 0 0 0 1 -2
0 0 0 0 0 0 0 0 0
{Table 5.9 continues) x211: P=0 and O0-P=0 coupling
constant (one shared bond); x212: P=0 and O~P=0 c¢oupling
constant (no shared bond): x22: P=0 and O0=P=0C coupling
constant; x23: P=0 and H-0-P coupling constant; x30: H-O and

0-P-0 coupling constant; x311: H-O0 and O0-P=0 coupling

constant (one shared bond}; x312: H-O and 0-P=0 coupling
constant (no shared bond); x32: H-O and O=P=0 coupling
constant; x331: H-O and H-O-P coupling constant (one shared
bond); x332: H-O and H-0-P c¢oupling constant (no shared

pond); y0l: O-P-0 and O-P=0 coupling constant;
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Ay03 [ay111tlay1112]ay112 lay12 [ay131 lay132 Jay23  lay33s
-8 4] 4 5 -14 5 5 -5 1
0 7 -18 -7 ] 3 -3 0 4]
0 -8 -15 6 0 0 0 -1 0
0 -10 12 =11 -4 0 0 0 0
-2 -2 4 -3 13 -2 -2 5 0
-1 1 1 1 -1 -1 -1 3 1
0 2 -2 -2 0 -1 L 0 0
-1 0 0 0 -1 -1 -1 1 0
0 -2 2 -2 0 1 -1 0 -3

Ay03 Ay1111 [Ay11121Ay112 |Ay12 Ay131 |Ay132 lAy23 Ay33
-7 4 4 4 -13 6 6 -4 1
0 2 -16! -2 0 3 -3 ) 0
0 0 -14 0 0 0 0 0; 0
0 -8 10 -9 -5 0 0 0 0
-3 -4 5 -4 -11 -2 -2 4 1
-2 0 0 0 -2 0 0 2 0
0 2 -2 -2 0 0 0 0 0
-1 0 0 0 -2 -1 -1 1] 1
0 -2 2 -2 0 ¢} 0 0]l -2

(Table 5.9 continues} y02: ©O-P-0 and 0=P=0 coupling

constant; y03: O-P-O and H-0-P coupling constant; yllll: O-
P=0 and 0-P=0C coupling constant {(one shared P-0O single bond);
v11l1l2: ©O-P=0 and O-P=0 coupling constant {(one shared P=0
double bond); yl12: 0-P=0 and ©-P=0 coupling constant ({(no
shared bond); yl2: 0O-P=0 and 0=P=0 coupling constant; yl31l:
0-P=0 and H-O-P coupling constant (one shared bond)}: yl132: 0O-
P=0 and H-0O-P coupiing constant {nc shared beond); y23: 0=P=0
and H-O-P coupling constant; y33: H-O-P and H-0-P coupling

constant.



Table 5.10

Atom Atom Connection Bond
type number Length
P 1

0O 2 1.44486
0 3 1, 2, 1.59234
0 4 1, 2, 3, 1.598242
(o 5 1, 2 ,3, 1.59237
H 6 3, 1, 2, 0.95341
H 7 4, 1, 2, 0.95332
H 8 5, 1, 2, 0.95334
Table 5.10

G matrix for H3PO4.
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Symbol Description Force Constant (mdyn/A)
sl P-0O 5.98
s2 P=0 9.18
s3 O-H 8

bo 0-P-0 1.585
bl 0-P=0 1.88
b3 H-O-P 1

cll P-0/P-0 -0.13
clz2 P-0O/P=0 0.65
cl31 P-O/H-0-P .{share P-0) 0.2
x101 P-0/0-P-0O 0.2
x111 P-0/0-P=0 0.4
x131 P-0O/H-0O-P 0.2
x20 P=0/0-P-0 -0.1
x21 P=0/0-P=0 0.7
x301 0~H/0-P=0 0.1
x331 O-H/H-0O-P (share O-H) 0.2
y00 O-P-0/0-P-0 0.2
y0ll O-P-0/0-P=0 0.2
y031 0O-P-0/H-0~-P {(share P-0) 0.325
y032 O-P-0O/H~0-P 0.2
yll 0-P=0/0-P=0 0.3
y131 O-P=0/H-0-P (share P-0) -0.02
Table 5.11 General valence force constants obtained from

Program VIB for H3PO4:
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f(obs) f{cal} As1 As2 {As3 |AbO |Abl1 |Ab3 Aac1
370 370 0 ¢ 0 26 0 0 0
370 370 0 0 0 26 0 0 0
390 389 4 0 0 23 14 28 2
499 499 i *) 0 0 29 Y -1
499 499 1 0 0 0 29 0 0
890 881 23 1 0 3 2 01 11
1010 1010 28 0 0 2 4 9 -7
1010 1010 28 0 0 1 5 9 -7
1177 1178 5 27 0 3 1 3 2

f(obs){(180) [f(cal){180O) |As1 As2 |As3 |ab0  lAb1  |Ab3  lAc11

350 352 0 0 0 25 0 1 0
350 352 0 0 0 25 0 1 0
370 369 4 0 0 22 13 27 2
483 473 1 0 0 0 28 0 -1
483 474 1 0 Q 0 27 0 -1
849 848 21 1 ) 3 1 0O 11
979 985 27 0 0 2 8 7 -6
979 985 27 0 0 2 5 7 -7
1143 1139 6 25 0 4 2 3 2
Table 5.12 Correlation table between Raman

frequencies and force constants for H3iP0O4.

The first column is the observed Raman frequencies; the
second column is the calculated Raman frequencies from
Program VIB; the third column and after are the changes of
frequencies corresponding to the change of each force

constant. The symbols for force constants are described as

following:
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Ac12 [Ac131]ac132jAc23 |Ac33 {Ax101]ax102 jax111 [Ax112 |A131

0 0 0 0 0 2 -2 0 0 0
0 o 0 0 0 2 -2 0 0 0
1 0 0 0 0 14 7 -5 -11 -7
0 Y 0 0 0 0 0 5 -5 0
0 0 0 0 0 0 0 4 -4 0
4 0 1 0} 0 -11 -5 4 9 1
0 0 0 0 0 -4 4 -8 8 10
0 0 0 0 0 -4 4 -8 8 10
-10 0 ) 0 0 -5 -3 2 4 3

Ac12 |Ac131]Ac132[Ac23 |Ac33 jAx101 [Ax102 |Ax111 [Ax112 [Ax131

0 0 0 0 o 2 -2 QO 0 0
0 0 0 0 0 2 -2 0 0 0
1 0 -1 [+ 0 13 7 -5 -11 -7
0 0 0 0 0 0 0 5 -5 1
0 0 0 0 0 O 0 5 -5 0
5 1 1 0 0 -11 -5 4 8 1
0 0 0 0 0 -4 4 -8 8 8
0 0 0 0 0 -4 4 -8 8 8
-10 0 0 0 0 -6 -3 2 4 3
{(Table 5.12 continues) sl: P-O single bond stretching force

constant; s2 P=0 double bond stretching force constant; s3:
0-H stretching force constant; b0: O0-P-O0 binding force
constant; bl: O-P=0 bending force constant; b3: H-O0-P bending
force constant; cll: P-O and P-C c¢oupling constant; c¢l2: P-O
and P=0 coupling constant; c¢l131: P-0 and H-0O coupling
constant {(one shared atom}; c¢l32: P-O and H-0O coupling
constant (no sharéd atom); c¢23: P=0 and H-0O stretching
coupling; c33: H-O and H-O coupling constant; x101: P-0 and
O0-P-0 coupling constant (one shared bond); x102: P-O and O-P-
0 coupling constant (no shared bond); x111: P-0 and 0-P=0
coupling constant {(one shared bond}; x112 P-0 and O0-P=0

coupling constant {(no shared bond};



Table 5.12

liR

Ax132 [Ax20 {Ax21 |Ax23 |Ax301|Ax302]Ax311 [Ax312 |Ax331]Ax332

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

-15 2 -2 -2 -1 0 0 1 0 1

0 0 D 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

2 -2 1 1] 0 0 0 0 0 0

-10 0 0 0l 0 Q 0 0 0 0

-10 0 0 ) 0 0 0 0 0 0

5 10 -8 -10 0 0 0 0 0 0

Ax132 |Ax20 [Ax21 |Ax23 |Ax301|Ax302 |Ax311 [Ax312 |Ax331 |Ax332

0 ) 0 0 0 0 0 0 0 ]

0 0 0 0 0 0 0 0 0 0

-14 2 -1 -2 ~1 -1 1 1 1 1

-1 0 9 0 0 0 0 0 4] 0

0 0 Q 0 0 0 0 0 0 0

1 -3 1 1 -1 0 0 1 0 0

-8 0 0 0 0 0 0 0 0 0

-8 0 0 0 0 0 0 0 0 0

5 11 -8 -10 0 0 0 0 0
(Table 5.12 continues) x131: P-0 and H-0-P coupling
constant (one shared bond); x132: P-0 and H-O-P coupling
constant (no shared bond); x20: P=0 and O-P-O0 coupling
constant; x21: P=0 and 0-P=0 coupling constant; x23: P=0 and
H-0-P coupli 3 ceonstant; x301: H-0 and O-P-O0 coupling
constant {one shared atom); x302: H-O and O-P-O coupling
constant (no shared atom); x31l: H-0O and 0-P=0 coupling
constant (one shared bond); x312: H-O0 and 0O-P=0 coupling
constant (nc shared bond); x331: H-0 and H-0O-P coupling
constant (one shared bond); x332: H-0 and H-O-P coupling

constant {(no shared bond);
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Ay00 |Ay011]Ay012]Ay031]Ay032]|Ay11 |Ay131]Ay132]Ay33

-14 -1 0 -10 3 0 0 3 0
-14 0 0 -3 3 0 0 0 0
23 -37 -19 -44 -26 0 20 38 28
0 -1 1 0 0 o 1 -1 ¢
0 -1 1 0 0 0 1 -1 0
3 -4 -2)- -1 -1 0 1 1 0
0 2 -2 -4 4 0 -6 6 -4
-1 2 -2 23 3 0 -8 6 -4
3 -4 -2 -5 -3 0 2 5 3

Ay00 |Ay011lay012[ay031]ay032{ay11 [A131 [ay132[ay33

-12 -1 0 -10 2 0 0 3 0
-13 0 0 L2 2 0 0 0 0
21 -34 -17 -41 -24 Y 19 35 27
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 -1 0
3 -4 -2 -1 -1 0 1 1 0
0 2 -2 -3 3 0 -8 6 -4
-1 3 -3 -3 3 0 -8 8 -4
4 -5 -2 -5 -3 0 2 5 3
{Table 5.12 continues) y00: 0©O-P-0 and O-P-0 coupling

constant; y0ll: 0O-P-O and 0-P=0 coupling constant (one shared
bond); y012: 0-P-0 and O-P=0 coupling constant (no shared
bond); y031l: O-P-0 and H-0-P coupling constant (one shared
bond); y032: 0-P-0 and H-0-P coupling constant (no shared
bond); yll: 0-P=0 and O-P=0 coupling constant; yl3l: 0-P=0
and H-0-P coupling constant (one shared bond); yl32: O-P=0
and H-0-P coupling constant (no shared bond); y33: H-O-P and

H-O-P couplirjy constant.
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Atom Atom Connection Bond Bond Dihedral
type number Length Angle Angle

P 1

o 2 1.50434 0 0

o} 3 1, 2, 1.50708 116.544 0

O 4 1, 2, 3, 1.50706 116.547 -140.678
o S 1, 2, 3, 1.74322 102.109 109.657
o 6 s, 1, 2, 1.36437 113,711  180.055
H 7 6, 5, 1, 1.13347 110.977 121.657
H 8 6, 5, 1, 1.12274 112.019 0.016

H 9 6, 5, 1, 1.13349 110.978 ~121.626
Table 5.13 Geometry parameters used to cinstruct the G

Matrix for Methyl phosphate.
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Figure 5.5 Structure of Methyl phosphate from Chem3D.



Symbol
sl
s2l
822
s3
s4dl
s42
bll
bl2
b21
b22
b3
b4l
b42
bsS1
b52
cl2
cl3
c22
c34
cdé4
x1l1
x13
x21
x22
x33
x35
x44
x45

Table 5.14

Description

P-0O

P=0 {(in C-O-P plane)

P=0 {(out .of C-0O-P plane)
Cc-0

C-H (in C-0-P plane}
C-H (out of C-0-P plane}
0-P=0 {in C-0-P plane)
0-P=0 (out of C-O-P plane;
O=P=0 (norm;l to C-0-P)
O=P=0

C-0-P

H-C-H (normal to C-0-P)
H-C-H

H-C-Q (in C-0-P plane)
H-C-0 {out of C-0O-P plane,
P-0/P=0

P-0/C-0

P=0/P=0

C-0/C-H

C-H/C-H

P-0/ ~-P=0

P-O/C-0-~-P

P=0/0-P=0

P=0/0=P=0

C-0/C-0-P

C-0/B-C-0

C-H/H-C-H

C-H/H-C-0O

Force Constant (mdyn/A)
4.26
7

6
4
4
4
1
1
1
2
0
0
0.59
0
1
0
0
0
0
0
0
v

FO S N Y T R -

Q

o
0
0
0.
0.09
o.

3
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y1ll O-P=0/0-P=0 0.3

y12 0-P=0/0=P=0 | 0.06

Yl3 O-P=0/C-0O-P -0.015

y22 0=P=0/0=P=0 0.2

y35 C-0-B/H-C-0 0.1

y4a H-C-H/H~-C-H 0.045

y4s H-C-H/H-C-0O 0.05

y55 H-C-0O/H-C-0 0.05
Table 5.14 General valence force constants obtained from

Program VIB for Methyl phosphate.



Table 5.15

MP(obs) MP({cal) As1 |As21]A822|As3 |Asd41]As42 |Ab11[ab12
215 215 0 0 0 0 0 0 1 1
387 386 0 0 0 1 0 0 15 4
402 403 0 0 0 0 0 0 0 27
516 508 1 0 1 0 0 0 1 7
540 549 1 1 1 0 0 0 0 4
566 566 -0 0 3 0 0 0 0l "0
761 762 29 0 0 2 0 0 K) 2
982 882 1 4 18 0 0 0 1 1

1055 1055 3 2 0| 37 0 1 1 1
1090 1090 0 0| 32 0 0 0 0 3
1115 1119 1 22 8 2 0 0 1 1
1160 1160 0 0 0 0 0 0 0 1
1188 1187 2 0 0 0 Q 0 0 0
1450 1451 1 0 0 0 0 0 0 0
1464 1465 0 0 0 0 0 0 0 0
1464 1495 0 0 0 4 2 4 0 0
2915 2918 0 0 0 0f 101} 20 0 0
2997 3001 0 0 0 Q0] 24| 99 0 0
3021 3020 0 0 0 0 Q| 124 0 0

MOP(obs) MOP(cal) As1 |As21|As22A83 |As41]As42 ]Ab11]|Ab12
382 382 0 0 0 1 0 0 15 4
368 385 0 0 1 0 0 0 0| 286
509 501 2 0 0 0 0 0 2 8
532 546 1 1 1 0 0 0 0 3
857 566 0 0 3 0 0 0 0 0
743 746 28 0 0 2 0 0 4 2
881 982 2 4 18 0 0 0 0 1
1025 10256 3 1 0| 37 1 1 1 1

1090 1090 0 Q0| 32 0 0 0 0 2
1112 1117 1 23 8 1 0 0 1 1
1158 1157 0 0 0 0 0 0 0 0
1188 1180 1 0 0 0 0 0 0 0

MPO{obs) MPO({cal) Ast |A821]|A822]|As3 [Asd41]As42 |Ab11]Ab12
377 374 0 0 0 1 0 0 14 3
391 391 0 0 0 0 0 0 0] 26
497 488 0 0 0 0 0 0 2 L]
518 526 1 2 0 0 0 0 0 6
551 536 0 0 3 0 0 0 0 0
756 758 28 0 1 2 0 0 3 1
945 934 2 4 16 0 ) 0 1 1
1052 1051 3 5 5] 29 0 0 0 0
1087 1063 0 0| 28 2 0 0 0 3
1095 1094 1 18 7 7 0 0 2 2
1160 1160 0 0 0 0 0 0 0 0
1188 1187 2 0 0 1 0 0 0 0
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Table 5.15
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-15

-16

-3

Ac341Acd4 [Ax11|Ax12 (Ax13 [Ax14 [Ax15[Ax21 [ax221Ax23 [Ax24 |Ax25 |Ax31

Ac34 [Ac44 jAx11 |Ax12 1Ax13|ax14 [Ax15[A%x21 |[Ax22 [Ax23 [Ax24 [Ax25 [Ax31

Ac34 (ac44 ]ax111ax12[Ax13 [Ax14 {Ax15]Ax21 [Ax22 [Ax23 [Ax24 [Ax25 [Ax31




b i 0 0 1- l b 0 ) i- b l 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 2- 0 0 1 0 Q 0 0 €- 0
0 0 0 1- 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 i L- 2- 0
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Table 5.15

-38

-2
-10

66

-39

-39

-126

-13
-183

-35

-29

-79

39

-35

-35

1

5

-6

-12

-12

-12

Ay15]Ay22 |Ay23 |Ay24 |Ay25)Ay34 |Ay35]Ayd44 |Ay45|Ay55

Ay15[ay22 |Ay23[ay24 |Ay25|ay34|ay3s5 [ayd4 |Ay4a5 |Ay55

Ay15:Ay22 |Ay23|Ay24 |Ay25 Ay34[Ay35|Ay44 [Ay45 |Ay55




Table 5.15 Correlation table between Raman frequencies
and force constants for MP, MOP and MPO.
The first column is the observed Raman frequencies; the
second column is the calculated Raman freguencies from
Program VIB; the thiré column and after are the changes of
frequencies corresppnding to the change of each force
constant. The symbolé for force constants are described as
following:

sl: P-O single bend stretching force constant; s2l1: P=0
double bond stretching force constant (in the plane of C-0O-
P); s22: P=0 double bond stretching force constant {out of
the plane of C-0-P); s83: C-0 stretching force constant; s4l:
C-H stretching force constant (in the plane of C-0-P}; s42:
C-H stretching force constant (out of the plane of C-0-P);
bll: 0O-P=0 bending force constant (in the plane of C-0-P);
bl2: 0-P=0 bending force constant (out of the plane c¢f C-O-
P); b2l: 0=P=0 bending force constant (perpendicular to the
plane of C-0-P}); b22: O0O=P=0 bending force constant (not
perpendicular to the plane of C-0-P); b3: C-0O-P bending force
constant; bd4l: H-C-H bending force constant (perpendicular to
the plane of C-0-P); bd2: H-C-H bending force constant (not
perpendicular to the plane of C-0-P); bS1: H-C-O bending
force constant (in the plane of C-0-P); b52: H-C-O bending
force constant (out of the plane of C-0-P); c¢l2: P-O and P=0
coupling constant; cl3: P-O and C-OC coupling constant; cld:
p~-0 and C-H coupling constant; c¢22: P=zO and P=0 coupling

constant; c23: P=0 and C-0 coupling constant; c24: P=O and C-



129

H coupling constant; c34: C-0 and C-H coupling constant; c44:
C-H and C-H coupling constant; xl1ll: P-O and O-P=0 coupling
constant; x12: P-0 and 0O=P=0 coupling constant; x13: P-0O and
C-0-P coupling Fonstant; xl1l4: P-0 and H-C-H cgupling
constant; x15: P-O aqg'H-C—O coupling constant; x21: P=0 and
0-P=0 coupling constant; x22: P=0 and O=P=0 coupling
constant; x23: P=0 aﬁd C~0-P coupling constant; x24: P=0 and
H-C-H coupling constant; x25: P=0 and H-C-O coupling
constant; x31: C-O and 0-P=0 coupling constant; x32: C-0 and
0=P=0 coupling constant; x33: C-0 and C-0-F coupling
constant; x34: C-0 and H-C-H coupling constant; x35: C-0 and
H-C-0 coupling constant; x41i: C~H and O-P=0 coupling
constant; x42: C-H and 0O=P=0 coupling constant; x43: C-H and
C-0-P coupling constant; x44: C-H and H-C-H coupling
constant; x45: C-H and H-C-O coupling constant; yll: 0O-P=0
and 0-P=0 coupling constant; yl2: 0O-P=0 and O=P=0 coupling
constant; yl3: 0O-P=0 and C-0-P coupling constant; yld4: O-P=0
and H-C-H coupling constant; yl1l5: O-P=0 and H-C-0 coupling
constant; y22: 0=P=0 and 0=P=0 coupling constant; y23 0O=P=0
and C-0-P coupling constant; y24: 0=P=0 and H-C-H coupling
constant; y25: O=P=0 and H-C-O coupling constant; y34: C-O-P
and H-C-H coupling constant; y35: C-0-P and H-C-P coupling
constant; yd44: H-C~-H and H-C-H coupling constant; y45: H-C-H
and H-C-0 coupling constant; y55: H-C-O and H-C-0 coupling

consgtant.



Chapter 6

INTERACTIONS BETWEEN ras-p2l PROTEINS AND GUANINE

NUCLEOTIDES AT PHOSPHATE MOIETY

The phosphate motif of guanine nucleotide plays a very
important role both in binding and in GTP hydrolysis. It has
been found that the removal of the second phosphate of the
nucleotide seems to induce a structural rearrangement, and

therefore, reduces its affinity to ras-p2l proteins by a

factor of more than 10° (John, J. et al., 1990). Phosphate
groups of GDP and GTP are negatively charged under physical
pPH. As it is generally believed that phosphotransferases re-
quire at least one divalent cation complexed directly to
phosphoryl group oxygen atoms for catalytic activity, the
GTPase activity of p21 is absolutely dependent on the pres-
ence of Mg’', underscoring the importance of this cofactor
(Wittinghofer, F. et al, 1991).

Figure 6.1 shows the protein-nucleotide interactions of
p21 GppNHp from X-ray studies (Pai, E. F. et al., 19839). The
phosphate binding site is anchored in a pocket formed by
Loopl, Loop2 and Loop4, and is characterized by a number of
interactions(de Vos, A. M. et al., 1988). Each of the eight
phosphate oxygen atoms of GppNHp has at least two hydrogen
bond donors or the Mg’  ion close enough for an interaction.

The hydrogen bond donors include the main chain-NH groups of
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residues 13 to 18, 35, and 60, the hydroxyl groups of Serl?

and Thr35, and the phenolic hydroxyl of Tyr32Z from a neigh-

boring p2l, which contacts the y-phosphate. The ¢-amino

group of Lyslé interacts with the fB- and y-phosphate oxygen
atoms, but it is closer to the latter. The main chain nitro-
gen atoms of residues 13 to 18 point toward the phosphate
groups, thereby creating a strong electrostatic field. As

shown in Figure €.1, the three dimensional p2l1-GppNHp com-

plexed with Mg~" is coordinated to one oxygen of each the PB-

and y-phosphates, as well as to the side chain hydroxyl
groups of Serl17 and Thris, beth of which are highly con-
served in all GNB proteins (Pai, E. et al., 1989).

In the p21leGDP complex state, there are several differ-
ences at the active site when compared with the GTP state.

Lyslé still interacts with the backbone carbonyl group of
residues 10 and 11, but not with the p-phosphate. The coor-
dination of Mg™' is similar to that seen for p21-GppNHp, but
there are only one interaction with the nucleotide (f3-

phosphate group) .
Here we present the data from our Raman spectroscopic

studies on the interactions between ras-p2l proteins and GDP

or GTP. As discussed previously (Chapter 2), the Raman dif-
ference signal from the phosphate group is very weak and is
on the same order as that from protein conformational

changes; therefore, isotopic editing, which modifies the
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oxygen atoms of B- or y-phosphate by O, is used. We use Ra-

man difference spectroscopy to study the protein-nucleotide
interactions in order to get rid of the overwhelming protein
background signals. Raman spectra of both labeled and unla-
beled protein-nucleotide complex are taken, and thus the
difference spectrum between protein bound labeled and unla-
beled nucleotides are obtained. The bands with derivative-
like features, containing both positive peaks and negative
peaks due to the shifts caused by the chemical modification
and isotopic labeling, dominant the difference spectra.

As described previocusly by our group (Manor, D. et al.,
1990; Weng, G. Thesis), 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, (for unlabeled) and that the band shifts by Av to v;
(for labeled) upon labeling without change in intensity or
band width, then the intensity profile for the unlabeled
band 1is

A

] = l .. (6.1)
v—v )y + I
(v=w)+,

while the profile for the labeled band is

A
1, = ... {6.2)

I T
- ’ - r"
(v-1,) +4

where I’ is the band width and A is an intensity scaling con-

stant. It can be easily calculated that the difference be-



tween I, and I, goes to zero at the average frequency posi-
tion, (v, + v;)/2, regardless of the band width and fre-

quency shift. Thus, we use the zero-crossing positions of
the derivative-like bands to determine the positions of the
Raman bands both in solution and in protein. By comparing
the Raman bands in the difference Raman spectra in solution
and in protein, we can get the information of the hydrogen
bondinginteractions between protein and nucleotide at cer-
tain molecular group. Both wild type p2l1 and mutant p2l pro-
teins, such as p21{(Gl2V}, p21{(Gl2D} and p21(G1l2P) are stud-

ied here.

6.1 Difference Spectra between GDP and B-lﬁh-GDP in Solu-

tion, Wild Type p21 and Mutant p2l1 Proteins.

Figure 6.2 shows the difference spectra between GDP and
B-'*0,-GDP in solution, wild type p21, mutant p21{(Giz2V) and

mutant p2l(Gl2P} at pH 7.5. Because of the importance of
Mg’ in the binding and GTP hydrolysis inside p2l1 proteins,
we have 1:1 Mgh in both solution and protein spectra during
our Raman studies.

The major derivative-like band in the solution differ-
ence spectrum (Fig 6.2a) has a positive peak at 946 cm ' and
a negative peak at 921 cm ' with a zero-crossing position at

933 cm''. This band is assigned to the symmetric P=0
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stretching vibration of the B-PO,” group of GDP. This band
splits to two bands in the difference spectra in proteins
(Fig 6.2b, 6.2c, 6.2d). This may be due to the inhomogeneous
interactions on the three oxygen atcms of the B-PO," group
inside proteins. X-ray study shows that the three oxygen at-
oms of Hﬁhl group do not equally interact with the protein.

One oxygen atom directly interact with Lyslé residue and the
other two oxygen atoms interact with Mgb and a water mole-
cule respectively (Wittinghofer, F. 1993). These two split

1

bands in proteins have positive peaks at 919 cm ', 893 cm''

and negative peaks at 904 cm ' and 886 cm ' respectively. The
large downshifts of these bands in protein spectra compared
with those in solution spectrum are due to the hydrogen
bondinginteraction between the oxygen atoms of the ﬂ—POf'

group of GDP with proteins. As shown in Figure 6.1, several
residues, such as Lyslé, Serl7, Asp57 and Glyl5s are involved

in direct or indirect interactions with the oxygen atoms of
the B-PO,” group. Even though there is 1:1 Mg‘® in both so-
lution and protein spectra, the conformation of GDP may be
different in proteins with that in solution, and therefore
Mg“ may interact with the P-phosphate in different ways.

The other derivative-like band in solution spectrum,
which has a positive peak at 1101 cm ' and a negative peak

at 1080 cm’ respectively, is assigned to the symmetric

stretching vibration of the a-PO°" group. This band has no



138

significant changes compared with those in protein spectra.

This may imply that the hydrogen bondingenvironment around
the «-PO°" group of GDP in proteins is similar to that in

solution even though X-ray studies show that several resi-
dues, such as Alal8 and Serl7, may be close enough to form
some interactions.

Comparing the spectrum in wild type p2l with those in

mutant p2l proteins, no significant differences are found.

6.2 Difference Spectra between GTP, B-"O,-GTP and 7-“0,-GTP

in Solution, Wild Type p2l1 and Mutant p2l Proteins.

Figure 6.3 shows the difference spectra between GTP and
v-'%0,-GTP in solution, wild type p2l, mutant p2l(Gil2V) and

mutant p21(G12D) at pH 7.5 respectively. The large deriva-
tive-like band in solution spectrum (Fig 6.3a), which has a
positive peak at 926 cm and a negative peak at 8%7 em? re-

spectively, is assigned to the symmetric stretching vibra-
tion of the y-PO,> group of GTP as discussed in Chapter 4.

This band shifts down more than 30 cm' to 885 cm'' and 875
cm ' respectively in protein spectra (Fig 6.3b, 6.3c and
6.3d) . This shows the strong hydrogen bondinginteraction be-
tween the oxygen atoms of y-phosphate of GTP and proteins.

This result is consistent with that obtained from X-ray

studies, which show that several residues, such as Lyslé,



Tyr32, Gly60 and Thris, are involved in direct or indirect
interactions with the oxygen atoms of y-phosphate of GTP.

The other derivative-like band with a positive peak at 1121

cm’ and a negative peak at 1105 cm'', which is assigned to
the in-phase symmetric stretching vibration of a-PO° and B-

PO~ group of GTP, has no significant changes in protein
spectra from solution.

Figure 6.4 shows the difference spectra between GTP and
B-°"0,-GTP in solution, wild type p21, mutant p21(Gl2V) and

mutant p21{(Gl2D) respectively. The 1large derivative-like
band has a positive peak at 1123 cm' and a negative peak at

1111 cm ' in the solution spectrum (Fig 6.4a). This band is

assigned to the in-phase symmetric stretching mode of a-PO’

and P-PO°° group of GTP. This band has no significant
changes in protein spectra (Fig 6.4b, 6.4c and 6.4d). This
result is consistent with that obtained above from y- "O-GTP
spectra. This may suggest that the hydrogen bonding environ-
ment around the ao- and P-phosphate of GTP in p2l proteins 1is

similar with that in solution.
The other derivative-like band with a positive peak at
714 cm' and a negative peak at 688 cm ' in solution spec-

trum, which is assigned to the stretching vibration of the

Pp-0-P, linkage, shifts up to 737 cm' and 714 cm' respec-

tively. The upshift of this band may be due to the decrease

of the bond order of the P=0 double bond of the -Pof“ group.



The bond order of the P-0 single bond between Op and P, must

be increased if the bond order of the P=O0 double bond is de-
creased, because the total bond order of the P-O single bond
and the three P=0 double bonds of the -PO," group 1is be-
lieved to be conserved and close to 5.

We did not find any significant differences between the
wild type p2l1 and the mutant p2l proteins. This may due to
the fact that the difference of the intrinsic GTPase activ-
ity is not large enough to produce a change observed in Ra-
man spectra. Osterheld has studied ATP hydrolysis rate in
sclution at varies temperature and pH (Osterheld, R. K.
1972) . Using the correlation between ATP hydrolysis rate and
temperature, the ATP hydrolysis rate at 37°C is estimated to
be about 3.3 x 10 ° min' at pH 7. It has been reported that
the intrinsic GTPase activity at pH 7.6 for wild type p21,
mutant p21{Gl2V)} and mutant p2l(G12D) are 0.028/min ',
0.0038/min"' and 0.001/min’, respectively (Franken, S. M. et
al., 1993; John, J. et al., 1989). If the GTP has similar
hydrolysis rate as that of ATP in solution under the same
condition, the GTP hydrolysis rate in wild type p2l mutant
pP21(Gl2) and mutant p21(Gl2D) are about 8.5 x 10°, 1.2 x 10’
and 3 x 10° times higher, respectively, than that in solu-
tion. we may correlate the 8.5 x 10’ times difference of
GTPase activity between wild type p2l and solution to the 35

1

cm ° frequency shift in the observed Raman difference spec-

tra. Moreover, the intrinsic GTPase activity of wild type
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P21 is higher than that of mutant p2l proteins by the factor
of 10. Therefore, the 10 times difference of GTPase activity
between wild type p2l1 and mutant p2l proteins unlikely pro-
duces any significant differences observed in Raman spectra.

Further studies can be carried out with the presence of
GAP (GTPase Activating Protein). The presence of GAP may in-
crease the GTPase activity of wild type p2l1 by approximately

10°

fold and has no effect on mutant p2l1 proteins (John, J.
et al., 1990; Rensland, H. et al., 19%1). We expect to see
some differences in our Raman spectra between wild type p2l
and mutant p21 proteins due to the 10° to 10° fold differ-
ence of GTPase activity. However, GTP will be hydrolyzed too
fast by wild type p21 in the presence of GAP to be observed
in the experiment. In order to overcome this problem, it

will be necessary to use 'O labeled non-hydrolyzed GTP ana-

logues, such as '°0O-GppNHp.



Figure 6.1 Scheme for the interactions between GppNHp and p2l or water molecule.

All dashed lines correspond to hydrogen bonding interactions

appropriate partners. {Wittinghofer, F. et al., 1991)

(below 3.4 A)

between

6Ll
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Figure 6.2 Raman spectra of GDP minusB-1803GDP with
1:1 MgCly in (a) solution; (b) wild type p2l; (c) mutant

p21(G12V}; {d) mutant p21(Gl2P) at pH 7.5; 4°C. Laser

excitation: 568.2 nm, 150 mW,.
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Figure 6.3 Raman spectra of GTP minusy-1803GTP at pH 7.5

with 1:1 MgCl, in (a) solution; (b) wild type p2l; (c) mutant

p2l(G12V) and {(d) mutant p21(Gl2D).Sample concentration for

proteins: 4mM; Temperature: 4°C. 568.2 nm; 150 mW.
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Figure 6.4 Raman spectra of GTP minusB—1803GTP at pH 7.5

with 1:1 MgCl, at 4°C in (a) solution; (b) wild type p21;

{c}) mutant p21(Gl2V) and (d)} mutant p2l(Gl2D)}. Sample con-

centration: 4mM. 568.2 nm,150 mwW.



Chapter 7

MECHANISM OF GTP HYDROLYSIS

Phosphoryl transfer reactions of phosphomonoesters,
like adenosine triphosphate and guanine triphosphate, have
been intensively studied by many groups because of their im-
portance in biological system (Ramirez, F. 1980, 1981;
Feder, J. 1976; Lipman, F. ,1948; Deng, H. et al., 1993;
Ray, W. et al., 1993). As discussed previously, ATP 1is an
energy transfer agent in biological system, and G proteins
play an important recle 1in signal transduction, which is
tightly controlled by the nature of guanine nucleotides.
Therefore, it 1is very important to understand, at atomic
level, the hydrolysis mechanism of phosphates and polyphos-
phates.

In general, there are two main mechanisms for nu-
cleophilic substitution at phosphorous - associative and
dissociative reactions. The associative reaction is an addi-
tion-elimination mechanism which involves an pentacovalent
intermidiate as shown in Figure 7.la. The dissociative reac-
tion is an elimination-addition mechanism which inveclves an
metaphosphate anion intermediate as shown in Figure 7.1b.
The stereochemical course of a large number of enzymatic
phosphoryl transfer reactions has been studied (Eckstein, F.
1982; Floss, H. G. 1984). Most of the enzymatic phosphoryl

transfer reactions fall intoc the category of associative
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mechanism involving an pentacovalent intermidiate. The dis-
sociative mechanism involving an metaphosphate intermidiate
is rarely encountered although evidence for this process has
been obktained on several occasions {(Ramirez, F. 1981; Cul-
lis, P. 1986; Westheimer, F. 1981}.

Here we present our studies on the mechanism of GTP hy-

drolysis in ras-p2l proteins as well as in solution by Raman

spectroscopy.

7.1 Mechanism of GTP Hydrolysis in Solution

The mechanism of non-enzymatic phosphoryl transfer from
ATP in solution has been studied by many groups {(Ramirez, F.
1981; Jencks, W. P. 1971; Lowenstein, J. M. 19858, 1960,1961;
Friess, S§. L. 1952). As a summary of these studies, the hy-
drolysis of the acid ATPH, and the hydrolysis of the moncan-

ion ATPH, occur by an addition-elimination mechanism via a
phosphorane intermediate, while the tetra-anion and the tri-
anion, having a terminal P’ group of the type XPO,” and
XPO,H respectively, undergo hydrolytic cleavage at that
group by an elimination-addition mechanism via the metaphos-
phate ion intermediate. It is not clear whether ATPH," re-

acts via metaphosphate or via phosphorane intermediates. It

is probable that both mechanisms are competitive in this

species.



Since the adenine ring is far from and has no interac-
tion with the phosphate moliety, it 1is reasonable that
guanosine triphosphate has the same hydrolysis mechanism in

solution as in adenosine triphosphate. Under biological pH,
GTP has a tetra-anion phosphate group with a terminal P

group of the type -PO,” . Therefore, the hydrolysis of GTP in
solution under biological pH occur by an elimination-

addition mechanism via the metaphosphate ion intermediate,

or so called the dissociative mechanism.

7.2 Mechanism of GTP Hydrolysis in ras-p2l Proteins

Studies on the mechanism of GTP hydrolysis in ras-p2l

proteins have been carried out extensively. In earlier wOrks

on ras-p2l, it was suggested that the side chain of Glnél,

together with the backbone carbonyl of Thr3S5, activates a
water molecule by hydrogen-bond formation; and that Glnél,
with the assistant of Glué63, abstracts a proton (Pai, et
al., 1990; Krengel et al., 1990). Prive et al have suggested
that Glnél stabilize the transition state (Prive, G.G. et
al., 1992). Schweins et al proposed that the y-phosphate
group itself is the acceptor of the proton from the water
molecule (Schweins, T. et al., 1994). Sondek et al suggested

that water attack on the y-phosphate in a concerted mecha-

nism while a proton is being abstracted by the glutamine
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side chain, which in turn protonates an oxygen of the vy-

phosphate, effectively shutting the proton from the water to
this oxygen (Sondek, J. et al., 1994). Feuerstein et al pro-

posed in their earlier studies on EF-Tu and ras-p21 that the

mechanism of GTP hydrolysis in protein is a single step, in-
line transfer, without a phosphoenzyme or other phosphory-
lated intermediate (Feuerstein, J. et al., 1989). Even
though these opinions do not agree on what happz2ns to the
proton of the attacking water molecule, all these studies
strongly support that GTP hydrolysis i1s an in-line attack of

water in an associative mechanism (Goody, R. S§., 1954).

In our Raman spectroscopic studies (data are shown 1in
the previous chapter), we found that the symmetric stretch-
ing frequency of P=0O double bond of the terminal -PO,” group
has a large downshift in protein compared with that in solu-
tion. This suggests that the P=0 bond order in protein is
decreased rather than increased. As we know, the empirical
rule for general phosphate compounds is that the total bond
order of the terminal -pof' group is believed to be con-

served and close to 5, which means that the total bond order
of the Os-P, single bond and the three P,=0, double bonds is
equal to 5 (Deng, H. et al., 1993; Ray, W. et al., 1993).
Since the bond orders of the three P,=0, double decrease, the
Op-P, single bond order must be increased. If ras-p2l stays

on the pathway from ground state to transition state during
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our measurement, which 1is most likely the case, it is not

likely to form a metaphosphate intermediate because of the
stronger Op-P, bond in protein. In the other word, 1in the
metaphosphate intermediate state, the P,=0, double bond order

should be increased rather than decreased. Therefore, the

hydrolysis of GTP in ras-p2l proteins takes place by the as-
sociative mechanism via a pentacovalent intermidiate. This

conclusion is consistent with the results obtained by X-ray

and NME studies.
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Figure 7.1la The associative reaction of phosphoryl

transfer is an addition-elimination mechanism which

involves an pentacovalent intermediate.
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Figure 7.1b The dissociative reaction of phosphoryl

transfer is an elimination-addition mechanism which

involves an metaphosphate anion intermediate.
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Chapter 8

INTERACTIONS BETWEEN ras-p2l PROTEINS AND GUANINE

NUCLEOTIDES AT GUANINE RING MOIETY

8.1 Difference Spectra of GDP, 8D-GDP, IDP and 6-°0-GDP in

Wild Type and Mutant ras-p2l Proteins.

As shown in Figure 6.1, the hydrogen bonding interac-
tions between protein and guanine ring at the 6-carbonyl
group and the 2-aminoc group are very important for the band-
ing base. Our group has previously studied these protein-
nucleotide interactions at guanine base of EF-Tu and wild
type p21 with isotopic labeling and nucleotide analogues
chemically modified at selected positions. Here we summarize
some previous results, as well as present some new results
for mutant p2l1(Gl2V), intended to compare the protein-
nucleotide interactions at guanine ring moiety between wild
type and mutant p2l.

Figure 8.1 shows the Raman spectra of GDP, 6-'"0-GDP,
BD-GDP and IDP in solution. The strongest GDP band at 1487
cm’', which is assigned primarily to N7=C8 stretching mode
coupled with 8-C-H deformation mode of the ring, shifts down
to 1466 cm' in BD-GDP due to the deuterium labeling at 8
position, as well as shifts down to 1472 cm® in IDP due to

the influence of the lack of 2-amino group in IDP. The band
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at 1576 cm ' in GDP, which is assigned to C4=C5 stretching
mode of guanine ring, shifts down to 1555 cm’' in IDP. These
data show that the local modes are influenced by the delo-
calized purine breathing motions. The 6-carbonyl (C=0)
stretching mode at 1685 cm' ', which appears at 1691 cm in
IDP, shifts down to somewhere around 1664 cm ' in 6-'°0-GDP
upon the '°0 labeling. The band at 1180 cm ~ in GDP, which is
absent in IDP and is assigned to external C-N stretching
mode at 2-amino group, shifts up to 1185 cm ' in BD-GDP. The

band at 1646 cm’’

in GDP, which is absent in IDP, is as-
signed to NH. scissors mode. These modes are believed to be
sensitive to the hydrogen bonding environment.

Figure 8.2 shows the difference Raman spectra between
GDP and 6-'°0-GDP in solution, wild type p21 and mutant
p21(G12V). The 6-carbonyl (C=0) stretching mode has a posi-
tive peak at 1694 cm’ and a negative peak at 1661 cm ' in
the difference spectrum in solution (Fig 8.2a). This band
shifts down to 1675 cm’® and 1656 cm ' respectively when GDP

is bound in protein. The zero-crossing position at 1673 cm'’

in solution shifts down to 1663 cm ' in protein. The 10 cm''
down shift of C=0 stretching band indicates the strong hy-
drogen bonding interactions between the protein and the gua-
nine base at 6é-carbonyl group. This result is consistent
with the result from X-ray and kinetic studies. X-ray stud-
ies (Figure 6.1} show the distance between 06 of guanine

ring and the amide nitrogen of Ala 146 is 2.9 A, which is

close enough to form hydrogen bonding. It has been observed



that 6h-GDP, where the oxygen atom at position 6 of guanine
base has been removed, binds with 25 fecld lower affinity
than GDP (Pai, E. et al., 1989). This proves the importance
of the strong hydrogen bonding between 6-keto group and pro-
tein.

The shift of Raman band is very sensitive to hydrogen
bonding environment and is a good handle to study the pro-
tein-ligand interaction problems. For example, the frequency
of an isolated keton C=0 stretching is gquantitatively re-
lated to hydrogen bound interaction energy formed with
nearby hydrogen bond donors to a good approximation. Every 2
cm ' shift in the C=0 stretching mode implies one kcal/mol
in interaction enthalpy, and a distance change of the keton
bond of less than 0.01 A (Joesten, M. et al., 1974; Thijs,
R. et al., 1984).

Figure 8.3 shows the difference spectra between GDP and
IDP in solution, wild type p21 and mutant p21{(Gl2V). A pro-
nounced spectral shift is observed in the ring mode assigned
to the (C4=C5 stretching motion. The derivative-like bandg,
with a positive peak at 1577 cm ' and a negative peak at
1555 cm ' in solution spectrum (Figure 8.3a), shifts to 1568
em? and 1547 cm'’ regspectively when bound to protein
{Figures 8.4b, 8.4c). The zero-crossing position ©of this
1

band at 1566 cm’® in solution shifts down 11 cm® to 1155 cm

in proteins due to the hydrogen bonding environment change.
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The difference spectra between GDP and 8D-GDP in solu-
tion, wild type p2l1 and mutant p21{(Gi2V) are shown in Figure
8.5. The band with a positive peak at 1173 cm’ and a nega-
tive peak at 1190 cm', which is believed to be sensitive to
the hydrogen bonding environment around 2-NH, group, shifts
down to 1166 cm ' and 1180 cm ' respectively in proteins. The
zero-crossing position at 1181 em ' in solution shifts down
8 cm’ to 1173 cm’' in protein due to the binding of protein.
This indicates the hydrogen bonding interactions between the
2-NH. group of the guanine ring and proteins. This result is
consistent with the result from X-ray and NMR studies, which
suggest that the hydrogen of 2-NH, group on guanine ring is
about 3.0 A away from the carboxylate group of residue Asp
116, which is close enough to form hydrogen bonding(Pai, E.
et al., 1%89; Wittinghofer, F., et al., 1977). The largest
band, which has a positive peak at 1487 cm ' and a negative
peak at 1465 cm ', does not change upon the binding to the
protein. This band is assigned to the N7=C8 stretching mode
coupled with 8-H deformation mode. This data suggest that
the guanine ring do not interact with the protein through
the N7 position differently than it interacts with water in
solution. This conclusion 1is supported by the fact that
modification of the 8 position with bulky groups as in 8-Br-
GDP has almost no influence on the binding affinity to

p21 (Wittinghofer, F., et al., 1977).



Tsuboi and his colleagues (Nishimura, Y., et al., 1986}
have determined the Raman spectra of a number of guanosine
salts and have compared their Raman spectra with the
guanosine conformations determined by X-ray diffraction
analysis. Their studies showed that the Raman bands in 1300-
1400 cm ' 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’' region are quite sen-
sitive to the torsional angle about the glycosidic bond and
the pucker state of the ribose ring. In GDP solution spec-
trum {Figure 8.1a), the pattern of the guanosine conforma-

tion is C2' endo-enti. Compared with the GDP spectrum in so-

lution, the spectra in proteins have the same patterns as
that in socolution. This suggests that the binding of the pro-
tein do not affect the conformation of the nucleotide, and

the guanosine remain the C2' endo-enti conformation in pro-

tein.

As discussed in Chapter 2, the isotopic labeling does
not change the chemical properties of the nucleotide, and
does not cause any protein changes in the difference spec-
tra; however, the analogue of the nucleotides, such as IDP,
may cause some protein changes in difference spectra due to
different chemical properties. The magnitude of bands caused
by protein changes may count in about 1% of the largest pro-
tein peak. So we are normally able to pick and assign those

larger peaks safely.
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Spectrum of GDP in wild type p2l is compared with that
in mutant p21(G12V) in Figures 8.1, 8.2, 8.3 and 8.4, and no
significant differences are found. This suggests that there
are essentially no differences between wild type p2l1 and mu-
tant p2l1(G1l2V) when they bind to the guanine nucleotide at
the guanine ring moiety. This conclusion is gquite within ex-
pectation, and is consistent with the results from X-ray
studies (Wittinghofer, F., et al, 1991; de Vos, A. et al.,

1988; Tong, L., 198%; Brandt-Rauf, P. W. et al., 1989;).

8.2 Difference Spectra between ras-p2leGDP Complex and Nu-

cleotide Free ras-p2l in Both Wild Type and Mutant Proteins.

As discussed in Chapter 2, we can use the approach by
taking difference spectra between protein-nucleotide complex
and apo-protein to study the interactions between proteins
and nuclecotide at guanine ring moiety. This method is par-
ticularly useful when isotopically labeled nucleotides are
difficult and expensive to achieve, and also when the signal
from nucleotide is bigger enough to overcome the signal from
the protein conformational changes due to the binding of the
nucleotides. It also gives more information than isotopic
labeling method, in which the unrelated information with the
labeled part is lost due to the subtraction.

The details of getting nucleotide-free p21 are describe

in Chapter 2. Spectra of p2l«GDP complex and nucleotide-free
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p21 are taken at the same time, and the difference spectrum
between them is thus obtained. The difference spectrum is
then compared with the spectrum of GDP in solution, yielding
the information of the hydrogen bonding interactions between
P21 proteins and nucleotides.

Figure 8.5 shows the GDP spectra in solution, wild type
p2l and mutant p21{(G1l2V}). The overall pattern of the spectra
of GDP in proteins remain the same as that in sclution.
These major bands are bigger than those from protein
changes, and are clearly seen in the spectra in proteins.
The band at 1681 cm ' in solution, which is assigned to C=0
stretching mode, shifts down to 1675 cm ' in proteins. The
C4=C5 stretching mode at 1576 cm ' in solution shifts down 9

em’ to 1567 cm' in proteins. The external C-N stretching

mode at 1180 cm ' shifts down to 1172 cm®', and the band at

1487 cm'’, which is assigned to N7=C8 stretching mode cou-
pled with 8-H deformation mode, remains in the same position
in proteins. The details about these changes due to the pro-
tein binding are discussed in the previous section. It is
clearly seen that the Raman bands in proteins are sharper

than those in solutions. This suggests that GDP is more con-

strained and has lese freedom in protein than in solution.
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Figure 8.1 Raman spectra of (a) GDP; (b) G-IBOGDP; {(c)IDP;
(d) 8D-GDP in solution at pH 7.5. Sample concentration:

0.1 M. Laser excitation: 568.2 nm, 150 mwWw. 4°C.
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Figure 8.2 Raman spectra of GDP minus 6-180GDP at pH7.5 in
(a) solution; {(b) wild type p2l and (c}) mutant p2l{(Gl2V).
Protein sample concentration: 4 mM, at 4°C.

Laser excitation: S68.2 nm, 150 mw,.
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Figure 8.3 Raman spectra of GDP minus IDP at pH 7.5 in

{a) solution; (b) wild type p2l and (c¢) mutant p21l(Gl2V).
Protein sample concentration: 4mM, at 4°C. Laser

excitation: 568.2 nm, 150 mw.
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Figure 8.4 Raman spectra of GDP minus 8D-GDP at pH 7.5 in

(a) sclution; (b) wild type p2l1 and (c) mutant p2l(Gl2v}).
Protein samples: 4 mM, at 4°C. Laser excitation: 514.5 nm,

150 mW.
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Figure 8.5 Raman spectra of GDP at pH 7.5 in (a) solution;

(b} wild type p21 and (c} mutant p21(Gl2V}. Protein

samples: 3 mM, at 4 ©C. Laser excitation: 568.2 nm, 150 mW.
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