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ABSTRACT
Raman Spectroscopic Studies of Equine Liver Alcohol Dehydrogenase,
its
Coenzymes and Substrate
by
Charlotte L. Martin

Adviser: Dr, Robert H. Callender

Co-Adviser: Dr. Donald L. Sloan

The solution Raman spectrum of equine 1liver alcchol
dehydrogenase (EC-1.1.1.1., LADH) has been obtained. Its secondary
structure as determined by a close examination of the Raman bands
is somewhat different from {ts ~crystalline structure, as
determined by X-ray diffraction.

The binary complex of the coenzyme, reduced nicotinamide
adenine dinucleotide (NADH) and LADH has been studied. Using
difference Raman spectroscopy, the Raman features of NADH bound to
LADH have been determined. There are significant changes {n the
bound NADH spectrum relative to its solution spectrum. The data
suggests that both the nicotinamide and the adenine moieties of
NADH are involved in binding and at least one of the two NH,
moieties is involved as well.

In order to understand the spectroscopy and to fully
interpret the data in molecular terms as they relate to the
organic mechanism occurring at the active site of the enzyme,

LADH, Raman spectroscopy of reduced nicotinamide adenine



dinucleotide, NADH, and oxidized nicotinamide adenine dinucleotide,
NAD*, has been systematically carried out through the study of
various fragments and analogues of these molecules. The effects
of deuteration and pH on the exchangeable protons of NADH and NAD*
also have been studied., By comparing the relative intensities and
positions of the peaks in the Raman spectra of NADH and NAD* with
those of their fragments and analogues, it has been found useful
to consider these rather complicated molecules (NADH and NAD*) as
consisting primarily of the various components: adenine, two
riboses, two phosphates and nicotinamide for the purpose of
assigning their Raman bands.

The aromatic aldehyde p-(dimethylamino) benzaldehyde (DABA) a
relatively poor substrate of LADH has been studied in an attempt
at understanding the molecular details of this bound substrate and
how it and other substrates bind at the active site of LADH. This
compound when complexed to Zn?* in diethyl ether has been used
previously as a model for the enzyme substrate complex between
LADH and DABA (46,47). Therefore, as a model of the swstrate in
the molecular environment of the enzyme active site the pre-
resonance Raman spectra of the native DABA when ligated with zinc
ion in methylene chloride and diethyl ether has been obtained. In
addition, various isotopically labelled compounds of DABA (%3, 2H)
have been studied in order to interpret the Raman spectra of DABA
and the DABA-Zn** models. We find that the DABA-Zn** complexes in

solution are excellent models for events which may occur _i_n__g_il;g



with DABA, for their Raman spectra are essentially the same.
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INTRODUCTION

Liver alcdhol dehydrogenase, LADH (E.C. 1.1.1.1), is one of
several alcohol dehydrogenases which wutilize the coenzyme
nicotinamide adenine dinucleotide (NAD*) and its reduced form NADH
in its oxidation-reduction reactions. These coenzymes are well
known for their ubiquity throughout most organisms. In relation
to most dehydrogenase-catalyzed redox reactions, the oxidized form
(NAD*), acts as an oxidant by accepting a hydride onto the Ci4
position of the pyridine ring while the reduced form (NADH) behaves
as a reductant by contributing a hydride from this position

(equation 1).
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The means through which this reaction is carried out at the
active site of the enzyme has received considerable attention over
the years, Of importance is the question of how coenzymes and
substrates bind at the enzyme's active site., It is well known
that the kinetic mechanism of liver alcohol dehydrogenase is the
sequential Theorell-Chance mechanism., That is to say, during

catalysis it is observed that the coenzyme binds before the




substrate binds. The product leaves, then the reduced or oxidized
coenzyme leaves depending on the direction of the equation

(equation 2).
nap* RCW DN RCWO NADM

l \/ I (equation 2)
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In this reaction scheme there a}'e several intermediates.
There i3 the formation of the binary complex in which the coenzyme
binds to the enzyme, and the formation of the ternary complex in
which the substrate binds to the binary complex (Figure 1). The
binary complexes ENAD* and ENADH, where E represents the ADH
enzyme, are known to be quite stable (7,14,42,44,69),
Nevertheless, the organic mechanism via which substrate |is
converted to product is not understood. Notwithstanding, however,
some information on these types of interaction has become
available through X-ray crystallographic studies on various
dehydrogenases (7,14,42,44,69).

These X-ray studies show that there are sizable
conformational changes in the enzyme when the coenzyme binds to
the enzyme. In these studies, electron-density differences are
calculated to give the location of the ligand within the enzyme.
However, the nature of the interaction(s) between the ligand and
protein are only deduced and not studied directly. From other
studies it has been shown that the adenine moiety is essential for

the binding of NADH to the enzyme (43,88). In one such study,




Figure 1: The general reaction scheme of LADH; the oxidation and
reduction of nicotinamide adenine dinucleotide and substrates; the
formation of binary (LADH/NADH; LADH/NAD*) and ternary
(LADH/NADH/aldehyde, LADH/NAD*/alcohol) complexes of

enzyme/coenzymes and enzyme/coenzymes/substrates.



Oxidized Substrate + NADH + HY < > Reduced Substrate + NAD*

Nicotinamide Adenine Dinucleotide —> NADH & NAD*

Liver Alcohol Dehydrogenase -—--> LADH

LADH + NADH <—> LADH/NADH + Aldehyde
<~—-> LADH/NADH/Aldehyde + H*
<—-> LADH/NAD */Alcohol
<—> LADH/NAD * 4+ Alcohol
<—-> LADH + NAD*

Wigure 1.



Hollis (43) supports the role of the adenine moiety and further
suggests the involvement of the nicotinamide moiety in binding.

Using Raman spectroscopy, in our laboratory, in an attempt at
understanding the enzyme's mechanism, the approach has been to
understand the Raman specir‘a of LADH, the LADH/NAPH binary complex
and the LADH/NADH/DABA ternary complex. Raman spectroscopy has
come into prominence as a tool for studying macromolecules and
biological systems in the last few years. Specifically, the
studies of several biologically significant chromophore containing
systems have been possible. These studies encompass work on
enzymatic systems (18,20), visual pigments and bacteriorhodopsin
(17,58,98), and hemoproteins (39,85). From these studies it seems
possible that this technique may offer significant promise in the
field of protein chemistry i.e. protein conformational analysis,
interaction of macro and micro molecules with proteins, DNA-
protein complexes, enzyme-coenzyme and substrate complexes, DNA
research and research on a panoply of cytosolic components. In
our studies this technique has proven useful in elucidating the
secondary structure of LADH in solution, providing insight into how
NADH binds to LADH and the binding of p-dimethylamino benzaldehyde
(DABA), an aromatic substrate, to the enzyme.

One of the important features of Raman scattering is the
frequency shift of the scattered 1light relative to that of the
incident 1light by amounts relating to the molecule's normal mode

frequencies. Hence, Raman spectra give detaled information on the



vibrational motions of atoms in molecules. With this in mind, the
technique has been employed to further our understanding of the
secondary structure of LADH in solution. We have observed, from
these studies, upon examimation of the Raman bands, that the
secondary structure of the enzyme compared to that determined by
X-ray diffraction is slightly different.

Difference spectroscopy, the result of subtracting the Raman
spectrum of LADH from that of the LADH/NADH binary complex, was
obtained from an interleaving fashion of A,B,B,A;A,...BphAp, where Ay
represents the Raman spectrum of the binary complex taken at time
X, and By the Raman spectrum of the enzyme taken at some other
time X during the experimental process. The sum of A spectra
minus the sum of B spectra shows that there are significant
changes in the spectrum of bound NADH as compared to that in
solution. It is also apparent that at least one of the two NH,
moieties of NADH is involved in binding and the nicotinamide and
adenine moieties, are significantly involved when NADH binds LADH.

In order to investigate the significamce of the Raman spectra
of NADH/NAD* in solution and when bound to the enzyme, LADH, we
obtained the Raman spectra of various fragments and analogues of
NAD* and NADH. In particular we report the Raman spectra of
adenine, adeno sine, AMP, ADP, ADPR, NMN*, NMNH,
1-methylnicotinamide iodide, 9-ethyladenine, and 3-PAAD'. The
effects of pH and the deuteration of the exchangable protons on

the Raman spectra of NADH, NAD* and their fragments and analogues




have been studied as well. From these studies the peaks in the
NAD* and NADH spectra can be assigned to individual groups on
these coenzymes.

A more complete examination of the Raman features of NAD*
and NADH come from these studies, for other studies (8,41,65,72)
have been concerned mostly with the assignment of the C=0
stretching mode with little or no discussion of the other spectral
features. Several other more recent ultraviolet resonance Raman
studies of NADH and its analogues (12,66,72) delve more into the
understanding of the spectral features of NADH, and have presented
a more thorough examimation of some of these spectral
characteristics. Studies on molecules containing portions of NADH
and NAD* have been carried out as well {(51,53,75). Our results are
similar to the data of these studies. In addition we have studied
the assignment of particular bands in terms of specific nuclear
motions where these previous studies have made such an assignment.

As an {nitial approach to understanding the molecular
properties of the aromatic aldehyde p-dimethylamino benzaldehyde
(DABA) in solution and in the molecular microenvironment of the
substrate site of LADH, resonance Raman spectroscopy has been
employed in this work. In resonance Raman spectroscopy, the
incident light wavelength coincides with an absorption center on
the molecule. This results in the enhancement of the Raman cross-
sections for normal modes associated with this center. As this is

the case, only Raman scattering resulting from the absorption



center is observed. Therefore, it {is possible to analyze these
patterns and deduce the overall structure of the absorption
center. If the wavelength of the incident 1light is in pre-
resonance with the absorption center, that is to say, if the
wavelength is relatively close to the absorption center, then the
Raman cross section of the absorption center modes are relatively
enhanced over those of the other regions of the molecule by
several orders of magnitude.

In its UV/Vis spectrum, DABA has an absorption band at 352 nm
whereas NAD*/NADH and LADH have absorption bands at 260 nm and
280 nm respectively. In our laboratory these properties were
exploited to obtain Raman spectrum of the LADH/NADH/DABA ternary
complex, whose features are primarily those of DABA. As an
approach to understanding the Raman spectrum of bound DABA, a
series of pre-resonance Raman data was collected for DABA,
isotopically 1labelled DABA {namely DABA deuterated at the
aldehydic proton (CDO), '3C labelled at the carbonyl carbon (!3CHO),
13¢ and 2H labelled at the functional group ('’cD0O), and deuteration
of the 3 and 5 ring protons (2D)} and Zn** complexes, of native
DABA as well as its isotopic derivatives. In contrasting the
enzyme bound DABA data to those of the zinc**-DABA complexes in
solution it seems that the zinc**-DABA complex is a suitable model

for the aromatic substrate DABA at the active site of LADH.




DISCUSSION OF ALCOHOL DEHYDROGENASE

Alcohol dehydrogenase's activity has been observed in
numerous animal and plant tissues as well as in some
microorganisms. A few examples are the human liver, horse liver,
rat liver (90), frog and cattle retina (97), yeast, mouse serum,
erythrocytes of some lower vertebrates, peas, corn, rice, parsley

niger, Escherichia coll (90), Neurospora crassa (63,64) and a few

more,

The primary studies of ADH began at the end of the 19th
century when it was observed that various animal tissues oxidized
alcohols (90). As described by Sund and Theorell, Buchner and
Gaunt coined the term "alkcholoxydase" for the alcchol oxidizing
enzyme in acetic acid bacteria (90). Batelli and Stern studied the
properties of ADH in various animal tissues in 1909. It was then
that acetone-dried preparations and cell-free ADH solutions were
first used. The first experiment with the soluble yeast enzyme
was not performed until 1933 (90). During that time it was
implied that NAD* functioned as a coenzyme in the oxidation-
reduction reaction (eq. 1). It was not until 1936, that von Euler
and his co-workers established that NAD* was indeed the coenzyme
(90). In 1937 Negelein and Wulff sucessfully crystallized the
yeast enzyme, (90) and in 1948 Bonnichsen and Wassen (90) isolated

ADH from horse liver in crystalline form,



ADH catalyses many reactions. It is well known that ADH does
not have a uniqe specificity for substrates as its reacts with a
variety of normal and bramched-chain aliphatic and aromatic
alcchols, both primary and secondary, various carbonyl compounds
and a series of analogs of NAD*/NADH (90). Examples are ADH's
involvement in the degradation of fructuse, the reduction of
glyceraldehyde to glycerol, and the reduction of retinal (the
aldehydic chromophore of visual pigments) to the corresponding
alcahol, retinol.

Electrophoretic studies of equine liver alcdhol dehydrogenase
(LADH) (E. C. 1.1.1.1.) indicate that LADH contains two components,
a main component and a minor component. These components, it has
been shown, show somewhat different specificities. Consequently,
three main isozymes are formed by the dimeric combination of these
two different components, These components, are not active in the
monomeric state. However, in the dimeric forms they are active
and subsequently show various specificities. Accordingly, these
components have been named. The steroid active component has been
named S while the ethanol active component is called E (14). The
major isozymes are therefore EE, ES, and SS. Although their names
may suggest substrate specificity it is important to note that EE
and SS both have steriod and ethanol activity respectively, albeit
with low reaction rates.

It 1is worth mentioning that there are six amino acid

differences between the primary structures of E and 8.
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Apparently, the two proteins are synthesized from different
autosomal gene loci, and post transcriptional modifiation of the
three forms of the protein lead to various subfractions. Namely,
EE', EE'', EE''' where the prime represents a decrease in cathodic
electrophoretic mobility.

The main isozyme of the commercial preparation of equine
liver alcadnol dehydrogenase is EE. Its molecular weight is 80,000
MW (56), with an extimction coefficient of 3.57 X 10* M™! cm™! at
280 nm. This isozyme contains 374 amino acid residues of which 14
are cysteines. It is well known that the native enzyme contains
two Zn(Il) ions per monomer, one of which participates in catalysis
(96) while the other is found in a structural site. It is believed
that this structural site's zinc 1ion s primarily for the
stabilization of the quaternary structure of the enzyme (33).

The catalytically essential zinc ions, differs in
physiochemical properties from those of the structural zinc ion.
It has been shown by ®%Zn?* exchange that the structural zinc ion
can be differentiated from the catalytic zinc ion, and that these
zinc ions can be differentially labelled as well (34). X-ray
studies suggest that the catalytic zinc ion is coordinated in a
distorted tetrahedron by two sulfur atoms from cys-46 and cys-
174, one nitrogen atom from his-67, and one oxygen from a water
molecule which is believed to be replaced by the oxygen of the
substrate during catalysis (Figure 2). The non-catalytic zinc ion,

on the other hand, has been measured as being 2.06 nm away from
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Figure 2: A schematic representation of the active site of equine
liver alcohol dehydrogenase, depicting the coenzyme and substrate
binding domains and the coordination of the active site zinc to
sulfur of Cys-174, Cys-46 and nitrogen of His-67, and the oxygen

of water.
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the catalytic site and is coordinated in a distorted te trahedron by
four sulfur atoms from cys-97, cys-100, cys-103 and cys-111 (14),
Furthermore, it has been noted that both catalytic and non-
catalytic zinc lons play a substantjal structural role in the
enzyme (56).

LADH has a specific coenzyme binding site near the catalytic site
(Figure. 2). At this site, the adenine moiety of NAD*/NADH lies on
a B-pleated sheet region while the ribose and pyrophosphate groups
fold in such a way as to accommodate the nicotinamide molety in
making van der Waals contact with the catalytic zinc {on. The
coenzyme upon binding induces a significant protein conformational
change, enhancing the substrate binding to the hydrophobic active
site of the enzyme. Evidence along these lines come from optical
and electron paramagnetic resonance spectroscopic (EPR) studies,
which show that the 296 K optical spectrum of Cu (II):LADH shows a
small red shift upon NADH binding with an wunchange molar
extinction coefficient. In terms of EPR, the hyperfine splitting
of Cu (II)*LADH, it was observed, went unchanged upon NADH binding.
Although no observed changes in the zinc (II) ligand takes place,
it is mentioned that perhaps changes in protein conformation do
cause small pertubations at the metal center. It is becoming
apparent that the catalytic zinc ion in liver alcohol dehydrogenase

has a multifunctional role as well.
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It has been proposed by some researchers that during
catalysis the active site metal ion activates the swstrate via a
direct coordination between the metal and substrate, thereby
operating as a Lewis acid. The experimental evidence along this
line shows that, when the zinc ion has been replaced by cobalt ion
in LADH, the binding of anions, such as azide, acetate or hydrogen
sulfide causes characteristic changes in the spectra of the
catalytic cobalt {on in free cobalt (II)-LADH, namely the
disappearance of the 520 nm absorption band with the concomitant
appearance of a band around 575 nm (56). Similarly in ternary
complexes such as Co**-LADH/NAD*/acetate or 2,2,2-trifluorocethanocl
(56) spectral changes upon anion binding have been observed.

On the other hand while a variety of information regarding
direct coordination of the =zinc metal ion to substrate and/or
coenzyme has been presented, the mechanistic role of zinc ion in
LADH is still a subject of active investigation and discussion,
Fluorimetric studies by Iweibo and Weiner (45) showed that
substrate competitive inhibitors form ternary complexes with the
metal free enzyme and NADH. In addition Young and Wang (106) have
shown no spectroscopic changes which are characteristic of
coordination of azide to the catalytic ion of the mative and cobalt
(II) zinc (II) mosaic enzyme. Furthermore, kinetic studies and
binding studies have argued against such coordination. Sloan et
al. (84) using nuclear magnetic resonance spectroscopy, studied the

substrate interaction with Co**-LADH. They argue that the
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paramagnetic effects of Co (II), at the catalytic site, on the
relaxation rates of the methyl protons of isobutyramide (IBA) at
100 and 200 MHz indicate that IBA binds at a site 9.1 % from the
catalytic Co (II). This distance, they observed, decreased to 6.9 R
upon NADH binding. Also they determined a Co (II) to methyne
proton distance of 6.6 R, indicating that a conformational change
may lead to the formation of a second sphere enzyme Co (II) IBA
complex in which a hydroxyl or water ligand intervenes between the
metal and the IBA. With the substrate, ethanol, they showed that
upon ethanol binding, the paramagnetic effects of Co (II), at the
active site, on the relaxation rates of the ethanol protons at 100
and 220 MHz showed that ethanol binds at a distance of 12-14 f{
from the Co (II). 1In the abortive complex, LADH/NADH/ethanol it
was shown that the ethanol binds at a distance of 6.3 i Hence
they have postulated that a possible role of the catalytic cobalt
ion may be the activation of a hydroxyl or water ligand which, it
is thought, polarizes the aldehyde carbonyl group by hydrogen
bonding. Moreover, it has been suggested that the metal ion
influences the dynamics of coenzymes and their analogs binding,
although molecular evidence for direct binding of
coenzymes/analogs to the metal ion is not available.

In spite of all of the suggestions as to how the zinc ion
might be involved in LADH's catalysis, much more information is
needed for the proper understanding of the molecular details of

the catalytic cycle. In particular, that which might 1lock
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everything in place in terms of the mechanism is the number and
chemical nature of all the intermediates formed during the ternary
complex interconversions. A problem of comcern with these types
of studies 1is the formation of stable ternary complexes.
Preliminary information h;s recently become avajilable through
studies of the very poor LADH substrate p-dimethylamino
benzaldehyde (DABA). DABA forms a very stable ternary complex
with LADH/NADH, hence an LADH/NADH/DABA complex is formed. DABA
has a strong absorption band at 352 nm (e=3.0 X 10* M~! em™!) in
solution. Angelis et al. (6) have shown that DABA is converted to
the corresponding alcchol in the presence of NADH and LADH around
pH 7.0. However at pH 9.6 DABA forms a very stable ternary
complex with a shift of Amax to 380 nm (e=2.9 X 10* M~! em™!).
Peticolas et al. (47) have reported the Raman spectra of DABA
dissolved in water buffer and other solvents and the spectrum of
the stable ternary complex LADH/NADH/DABA. They reported major
changes in the Raman spectrum of DABA when bound to the enzyme
complex, compared to that in solution. In these studies the
tentative assignment of the Zn**-0 bond was determined as being
394 cm~! in the LADH/NADH/DABA ternary complex. In this work
other Raman studies were done in which the carbonyl oxygen was
isotopically labelled ('®0) and the ternary chemical intermediate
and the Lewis acid complex formed. There was no obvious

confirmation of the Zn**-0 bond since the isotopically labelled

carbonyl oxygen of DABA did not give the anticipated changes in the
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Zzn**-0 band. That is to say, no significant shift of the "assigned"
Raman band for the Zn**-0 was observed under these conditions.
Structural studies of LADH has been underway by several
investigators. Eklund and his co-workers (35) reported the three
dimensional structure of crystalline LADH at 2.4 x resolution with
an X-ray diffraction analysis. They showed that the enzyme
contains 29% a helix, 34% B-pleated sheet and 37 % random coil
under these conditions. Wlliams and his group (101), using Raman
spectroscopy, calculated (based on the amide I bands) that LADH
contained a relative low percentage of a helix (18%). Our studies

have confirmed the latter results.
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RAMAN EFFECT

Raman spectroscopy is a means of acquiring information on the
normal vibronic, torsional, and bending modes of a molecule. The
Raman scattering effect comes from with the interaction of the
incident 1light with the electrons in the illuminated molecule. It
is known that when a sample is illuminated with a beam of light at
frequency (v) an oscillating dipole is induced in the molecule.

The classical expression of this effect is:

uind = alv) ¢ E(v)
where ujnq is the induced dipole, a is the electric polarizability
tensor of the molecule at frequency v, and E {s the electric field
vector of the light. If the time variation of the electric field
of the light is defined as:

E(t) = Eqscos2nvt
then:

Mind = alv) « E,cos2mvt.

We will assume for simplicity that the electric polarizability
tensor of the molecule is treated as a number a(v) instead of the
tensor quantity it {is. Since the molecule is vibrating at some
normal mode frequency, its polarizability will not be constant.
When the molecule moves the electrons react and at each nuclear
position a change in polarizability takes place. This phenomenon
can be defined as:

a(v) = as(v) + a'(v)cos2nv't
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where a, is the polarizability of the molecule at its equilibrium
nuclear configuration, a'(v) is the change in polarizability when
there is nuclear motion and v' is the vibrational frequency of this
nuclear motion. Introducing this equation into the definition of
the induced dipole, the equation which predicts what the induced
dipole will be in the molecule {s then:
u(t) = Eolae(v) + a'(v)cos2rv't]cos2nvt
= Esap(v)cos2nty + Esa'(v)cos2uv'tcos2nvt
= u(t) + p'(t)
where p(t) is the normal induced dipole oscillating at frequency
{v) which results in elastic light scattering, and u'(t) gives
rise to the Raman spectrum. From the geometric definition that
cosAcosB = 1/2[cos(A + B) + cos(A - B)] this effect can be
demonstrated as:
p'(t) = 2{Epa(v)[cos2n(v + v')t + cos2n(v - v')t]}.

From this equation it is apparent that a dipole oscillating at a
given frequency v will emit radiation at frequencies v + v' and v -
v'. The position of the emission lines relative to the exciting
frequency permits the measurement of the vibrational frequency v'
if v 1s known and v + v' or v -v' is measured. The band at v + V'
is called the anti-Stokes band whereas that of v - y' is called
the Stokes band. While explaining this phenomenon, it |is
envisioned that the Raman effect i{s a two photon event. The
complex takes up one photon of frequency v and emits one at either

v+ vy oorvy -y,
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when the incident radiation frequency lies at or near an
absorption band, the Raman effect is enhanced. This enhancement
is known as resonamce or near resonance Raman spectroscopy. The
resonance effect yields a large cross section enhancement of
particular Raman bands,

For micromolecules the Raman effect compliments the infrared
spectroscopy. Transitions which give rise to the Raman bands must
have a polarizability which changes with nuclear motion, other
than having a fixed dipole that changes. As this is the case, some
transitions which are low in intensity in one technique may be high
in the other. For highly asymmetric macromolecules, the Raman and
the infrared effects give rise to essentially the same array of
bands. The primary advantage of Raman spectroscopy is the fact
that water has a relatively poor Raman spectrum, making the study
of biological systems, which contain water, easy. Moreover, only
small amounts of samples are needed i.e. enough sample to fill the
volume of the laser beam. We have performed measurements of as
little as 10 yl.

In comparison to other systems, for instance, nuclear
magnetic resonance spectroscopy (NMR), NMR techniques require very
high concentrations of the sample (although this has improved
dramatically for protons in recent years) or an enrichment of a
particular substance's magnetic nuclei 1in order for these
resonances to be obtained. Furthermore, fourier transform

experiments can be performed for days or weeks. X-ray
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crystallography, while providing useful information on atomic
psitions, seldom gives specifications of electronic structure such
as bonding properties. In addition it requires that the sample is
in the crystalline state, which may not always mimic the in_vivo
situation. In addition, not all samples can be crystallized.
Ultraviolet/visible absorption spectroscopy although useful 1in
making provision for the understanding of the excited state
structure of a molecule does not compare to Raman spectroscopy,
which provides information not only of the excited state structure
of a molecule, but the ground state as well.

Despite its success Raman spectroscopy 1is, however, not
wit hout its limitations. The Raman spectra can easily be obscured
by flourescence, resulting often from impurities. In addition, for
an adequate spectrum with a good signal to noise ratio the sample
requires high concentrations, in the range of approximately
0.01-0.1 M or higher. These concentrations are much higher than
those used in NMR experiments. Additionally, it is not always easy
to interpret the Raman data. Current theories relating Raman
bands to normal mode vibrations and these to structure are not yet
routine for large molecules.

To date many of the Raman bands found in protein spectra have
been assigned to specific peptides or side chain vibrations in
proteins, particular phosphates or bases in mucleic acids and
conformation and conformational changes (i.e. differences between

a helices, 8 sheets, and random coils) in proteins. Moreover rich
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information pertaining to secondary structures of proteins can be
made available from the Raman bands of the amide I and amide II
transitions. In addition, hypochromicity in Raman spectra can
often lead to the understanding of various states in some
molecules e.g8. base stacking or hydrogen-bonding in
polynucleotides.

A Raman spectrometer consists essentially of a light source
e.g. a laser Dbeam of monochromatic radiation, a sample
compartment, a monochromator, a photomultiplier system or a photo
diode array as a detector, and an electronic signal-processing unit

(Figure. 3).
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Figure 3: Schematic representation of Raman
depicting its 1light source, sample compartment,

detector, and electronic signal-processing unit.

spectrometer;

monochromater,

24



25

intensified reticon detecter
optical muitichannel analyzer

_\_‘{ _/“., /grating

Monochrometer
.
computer

<2;z;;> < -

| Vi Ve
o ‘,' !

[ laser l 0
\
sample

Figure 3.



MATERIALS AND METHODS

MATERIALS. LADH was purchased from Boehringer Mannheim Co.
(Indianapolis, 1IN). The collodion bag vacuum concentrator was
supplied by A. H. Thomas (Philadelphia, PA). Collodion bags were
obtained from Schleicher & Schuell (Keene, NH). The centricon 30
microconcentrator was purchased from AMICON (Danver, MA). NADH
(Grade I11), NAD* (Grade 1I11), 3-PAAD®, NMN*, NMNH,
1-methylnicotinamide iodide, 9-ethyladenine, adenine (Sigma grade),
adenosine (Sigma grade), ADP (grade 1), AMP (Sigma grade),
p-(dimethylamino) benzal dehyde (DABA), and adenosine
5'-diphosphoribose were purchased from Sigma Chemicals Co. (St.
Louis, MO). ZnCl, was purchased from Mallinckrodt, Inc. (St.
Louis, MO). Anhydrous diethyl ether was obtained from either J. T.
Baker Chemical Co. (Phillipsburg, NJ) or Fisher Scientific Co. (Fair
Lawn, NJ). Isotopically labelled DABAs were prepared by the
laboratories of Dr. J. Lugtenburg (Gorlaeus Laboratories, State
University Leiden, Leiden, Netherlands) and Dr. V. Balogh-Nair (The

City College of New York, N. Y., N. Y. 10031).

ENZYME PREPARATION. Liver alcdahol dehydrogenase which is
purchased as crystals suspended in 20 mM potassium phosphate
buffer pH 7.0; 10% ethanol was prepared by methods as described

below.
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The crystals of LADH, which had settled at the bottom of the
shipping vial were gently suspended using a pasteur pipette. The
suspension was then transferred to a centrifuge tube and
centrifuged for 20 minutes at U4°C at 6000 x g. The supernatant
was aspirated off and the pellet was suspended in 0.05 M
pyrophosphate buffer, pH 9.60. The enzyme suspension was
centrifuged for 10 minutes at U4°C at 6000 x g. The supernatant
was then removed and exhaustively dialysed against 0.1 M
pyrophosphate buffer, pH 9.60. It was then concentrated using a

collodion bag vacuum concentrator.

ENZYME ASSAY. The enzymatic activity was determined by the
method of Dalziel (28). 1In two cuvettes were added separately
2504 of 30 mM NAD*, 2.6 ml 20 mM pyrophosphate pH 8.8 and 30a
10% ethanol, To the reference cuvette 100X of buffer was added.
To the sample cuvette 100A containing 7-12 uM LADH was added. The
sample was monitored at 340 nm for tg,, (the time it takes for the
optical density to reach 0.2). The temperature was maintained at
23°C. The concentration of the enzyme was determined

spectroscopically using €,40=3.57x10M~! cm™! .

PREPARATION OF DEUTERATED LADH. The LADH emzyme was
diluted with 0.1 M pyrophosphate buffer pD 9,60 (pD=pH+0.li),
containing D,0. The preparation was allowed to sit overnight

according to the process of Blout et al. (10). It was then
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concentrated by a centricon 30 microconcentrator.

PREPARATION OF THE BINARY COMPLEX OF LADH/NADA. The
complex was formed by mixing a 1:2 molar ratio of LADH:NADH
according to the method of DeTraglia et al. (32). Under these
conditions the complex formation is almost 100% (32), with no
excess of NADH or LADH. The complex formation was verified
spectroscopically by the shift in NADH'sS Apax from 340 nm to 325

nm.

PREPARATION OF NADH, NAD*, THEIR FRAGMENTS AND
ANALOGUES. The samples were dissolved in 0.1 M pyrophosphate
buffer, pH 9.60, or phosphate buffer, pH 7.0, 5.0, 4.0, or 3.0
depending on the necessary experimental condition. Had the pH of
the buffer changed because of the basicity or acidity of the
coenzyme, fragment or analogue, it was adjusted to the appropriate
pH for the given experiment by the addition of dilute phosphoric
acid or dilute potassium hydroxide.

The concentration of NADH and NAD*, their fragments and
analogues were determined spectroscopically using known values of
extinction coefficients or by the addition of determined volumes of

buffer to preweighed vials of known quantities.

PREPARATION OF DABA-Zn** COMPLEX. 38.8 mg DABA and 43.0

mg ZnCl, were dried in vacuo over phosphorus pentoxide. Both were
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used immediately or stored over phosphorous pentoxide in vacuo
until use. In the case of DABA, it was stored in the dark.
Anhydrous diethyl ether or methylene chloride used in these
preparations were determined to be dry enough upon arrival from
the industrial houses. After béing opened diethyl ether was dried
with sodium. When in use, U400 ml of either anhydrous diethyl
ether or methylene chloride was added to DABA. For a saturated
solution of ZInCl,, the ZnCl, was added to 100 ml of either solvent.
A 1:1 (v/v) mixture, of both solutions, was prepared and considered
the DABA-Zn** complex by the criteria of the shift in Amax from
327 nm when free in solution to 372 nm or 380 nm when |in
complexation to zinc ion in either diethyl ether or methylene

chloride. All nonaqueous solutions were prepared in an argon

atmosphere.

SAMPLE HANDLING AND THE RAMAN MEASUREMENTS. All samples
were placed in a fluorescence cuvette and where necessary, the
cuvette was placed in a thermobath and thermostatted in relation
to the experiment. For the solution spectra of the enzyme the
bath was maintained at 8°C. For the experiments involving the
binary complex of NADH/LADH and the reference sample of LADH in
solution the temperature was maintained at 4°C.

Samples of NADH, NAD*, their fragments and analogues were
measured at ambient temperature with the exception of adenine and

adenosine at pH values lower than 9.6. These samples, because of
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their low solubilities under ambient conditions, were measured at
60°C. All DABA samples, with or without zinc (II), were measured
at ambient temperature. The temperature for all samples was
maintained by a thermal bath/circulator, Ultraviolet/visible
spectral measurements were obtained before and after each Raman
measurement. No obvious changes in the absorption spectra were
observed, indicating that no appreciable degradation of samples
occurred during the Raman measurement. The Raman spectra of all
samples were obtained by one of these two systems: (1) a standard
scanning system consisting of a Spex 1401 double spectrometer
controlled by a Compudrive controller (CD2A, Spex Industries,
Metuchen, NJ), a cooled RCA 31034 photomultiplier, and photon-
counting electronics; (2) an OMA system which consists of a
Triplemate Spectrometer (Spex Industries, Metuchen, NJ) and a solid
state detector system-Model 1420 water-cooled photodiode array
and Model 1218 controller (EG&G, Primceton Applied Research,
Princeton, NJ). Both spectrometers were interfaced to a LSI-11
microcomputer (Digital Equipment Corp., Marlboro, MA), which was
also used for data analysis. All spectral lines measured with the
OMA system were calibrated against known 1lines of toluene,
Spectra measured with the scanning spectrometer are accurate to
within +2 cm™), The OMA system has an accuracy of 1.5 cm™!,
Most spectra were measured using either 488 nm or 514.5 nm lines
from a model 165 argon ion laser (Spectra Physics, Mountainview,

CA). Blue-green lines from a Coherent (Palo Alto, CA) Model CR-
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2000 krypton ifon laser were also used. The organic solvent buffer

background Raman spectrum has been substracted from the presented

data in all instances.
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RESULTS AND DISCUSSION

Structural studies of LADH

Figure 4 shows a typical Raman spectrum of LADH at pH = 9.60.
Most of the peaks can be attributed either to the protein backbone
or to amino acid "R-groups". Assignments were made by comparisons
with Raman spectra of other proteins and amino acids in solution
(54,78). Table 1 lists the preliminary assignments of most peaks
to various parts of the enzyme.

Aromatic residues are known to give strong Raman lines. LADH
has only 2 tryptophan (Trp) and 4 tyrosine (Tyr) residues. Thus
contribution from these amino acid groups is expected to be small.
For example, the 850 ecm™! and 831 cm™! bands commonly associated
with tyrosine (83) are only barely visible. However, there are 18
phenylalanine (Phe) residues in LADH, and they are responsible for
the prominent sharp peak at 1003 em~™! and for other smaller bands.
Peaks from aromatic amino acid residues are known to be
insensitive to the conformational state of the protein (54).

There are two prominent bands due to the peptide backbone of
the enzyme. The amide I band appears at 1668 cm~! and the amide
III bands are at 12308h, 1245, and 1265Sh cm~!. Raman spectral
analysis of the enzyme in D,0 shows that the amide III bands shift
towards 900-1000 cm™! as expected (Figure. 5). A small broad
structure remains at 1200-1300 cm™' which may be due to other

parts of LADH or to incomplete proton/deuterium exchange. Both
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Figure 4: Raman spectrum of 1l ver alcohol dehydrogenase in 0,1 M
pyrophosphate buffer pH 9.6, Sample was maintained at 8 °C,
Laser line was 488.0 nm with incident power of 110 mW. Dispersive
grating was 1200 cm™! with slit width of 100 uM, giving a final

resolution of 6 ecm™!.
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Tadble 1: Principal peak frequencies in the Raman spectrum of liver alcchol

dehydrogenase (Fig. 4).

Peak Frequency (cm™')

488
580
622
650
T46
8303h
850
895
940
1003
1030
1105
1125
1165
1210
12308h
1245
12653h
1320
1340
1400
1450
1585
1610
1668

Tentative Assignment

Phe ring mode

Tyr
Tyr

Phe
Phe

C-C stretch in nydrocarbdon
Phe, Tyr

Phe, Tyr

Amide III: g-sheet

Amide IIl: random coil
Amide III: a-helix

Y‘CH’

Asp, Glu: CO0~
§~CH,

Phe, Arg

Phe, Tyr
Amide I p




Figure 5: Raman spectrum of LADH in D,0 buffer (0.1 M
pyrophosphate buffer pD 9.6). Incident power was 170 mW with all

other conditions being the same as in Figure 4.
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amide vibrations are known to be sensitive to the secondary
structure of the proteins (19,2,108). Typical ranges for these
bands are: for amide I, 1645-1660 cm™! for a helix, 1665~1680 cm™!
for B sheet and 1660-1670 em~! for unstructured random coil; for
amide III, 1265-1300 cm™! for a helix, 1230-1240 cm™! for B8 sheet
and 1240-1260 cm™' for random coil. Various methods have been
used to calculate the percentages of each type of structure
(52,73,101,102). Lippert et al. (52) defined the intensities at
three frequencies which are indicative of three types of secondary
structure: 1240 cm™! (amide III) for B-sheets; 1632 cm~! (amide I')
for a helix and 1660 cm~! (amide I') for random coil. Typical
intensities for each type of structure at these frequencies were
obtained from model ©polypeptides and proteins with known
structure. The sum of the intensities for the different types of
structures scaled down by its corresponding percentages gives the
observed Raman intensity. Percentages of each type of structure
were calculated by solving the simultaneous equations. Following
this procedure, we found that LADH in solution contains 21% a
helices, 35% B-pleated sheets, and 43% of unstructured random
coil. These percentages are close to the structure obtained by X-
ray crystallography (29% helix, 34% pB-pleated sheet and 37 %
random coil; Eklund et al., 1976). Following a simplified method
of Williams et al., (101) which uses a calculation of structure
based only on the amide I bands, a low percentage of a helix (18%)

was also obtained. The small difference in helical structure as
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determined by the X-ray and Raman techniques may be indicative of
small conformational changes that occur upon dissolving the
crystals into this buffer solution or in crystallizing a soluble
protein.

In addition, we have been unable to detect any pH dependence
of the Raman spectrum of LADH from pH 7.0 to 9.6. A pH dependent
conformational change in the LADH structure defined by a pK of 9.8
was postulated previously (104). At pH 9.6, there exists
approximately 40% of the deprotonated form whereas none of this
form i{s present ;t pH 7.0. The Raman spectra of LADH at these two
pH's are identical to within less than 3%. Measurements at pH
values higher than 9.6 were precluded because LADH denatures under
these conditions. Nevertheless, we conclude that over the pH
range of 7.0 - 9.6, only small changes in the secondary (or
tertiary) structure of LADH occurs and that these changes are not

detectable by Raman spectroscopy.
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Studies of binary complex LADH/NADH

Recently, we developed a methodology via which very accurate
Raman difference spectra can be obtailned. Apriori, it may seem
unlikely that the classical Raman spectrum of adenine, a 137 MW
molecule, can be distinguished from that of LADH, with a monomer
of 40,000 MW. As a matter of fact we have demonstrated in our
lab that the classical Raman spectrum of adenine bound to the
active site of LADH can be obtained. Two prominent reasons why
these experiments are possible are: 1) The classical Raman bands
observed from proteins are broad compared to nucleotide bands.
For example, the amide I protein band is some 100 cm™! wide
compared to the 10 cm™! width of a typical adenine band. This
suggests that we gain a factor of 10 in relative peak intensities
of adenine versus protein over a simple comparison of molecular
weights. Taking the relative peak intensities of nucleotide to
protein bands to scale according to relative molecular weight and
inversely to peak width, we expect to find Iagenine/Iprotein ~ 4%.
We find, experimentally that the ratio is on the order of 2-7%
depending on which adenine and which protein band are being
compared. 2) The optical multichannel analyzer (OMA) detection
system is highly sensitive relative to the photomultiplier tube
detection device and is much more immune to spectrometer drift.
This means that one gets a better signal-to-noise so that very
sensitive difference spectra can be obtained when one subtracts a

protein spectrum from a spectrum of the protein-dinucleotide
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complex., In addition, because the spectrum is taken all at omnce
with the OMA device it is possible to take the spectra of samples
in an interleaving manner (defined as A,B,B,AA,...BpApn). Such an
approach compensates for spectrometer drift, since t he
spectrometer drift will tend to af:t‘ect the sum of all the A
measurements 1n the same way as the sum of the B measurements
and subtract out of the difference of these two. With this
methodology, very sensitive Raman difference spectrum for NADH
bound to LADH was obtained.

Figure 6 shows the Raman spectrum of LADH (Figure. 6b) and
its binary complex with NADH (Figure. 6a). It is clear that most
of the Raman scattering of the binary complex is due to LADH. In
fact, the intrinsic Raman cross section of NADH {s only a few
percent of that of LADH; the strongest peak of NADH in solution at
1688 cm™! i3 about 10% of the 1450 em™' peak of LADH. In order to
obtain the Raman spectrum of bound NADH, difference spectra were
calculated. It 1is known that binding of NADH quenches the
fluorescence of LADH (55,92). High pH can also quench fluorescence
(104). At pH 9.6, the Raman spectrum of LADH and that of the
binary complex have only slightly different fluorescence
backgrounds. The backgrounds were removed, and any difference in
concentration or collection optics between the two samples was
corrected by comparing the peaks at 1450 em™! (52,110). The 1450
cm™! peak, which is due to the a-CH, vibration, is a convenient

reference because it s relatively Insensitive to different
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Figure 6: (a) Raman spectrum of the binary complex LADH/NADH.
Concentration of LADH:NADH = 1:2 mM. (b) Raman spectrum of LADH.
Concentration = 1.3 mM. Samples were maintained at 4 °C, incident
power was 100 mW with all other conditions being the same as in

Figure &,
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secondary and tertiary structures of the protein (52). In
addition, there is no peak in the Raman spectrum of NADH in buffer
solution around this region. The resulting difference spectrum is
shown in Figure 7a. There is a small residual broad peak around
1650 cm™! due to different contributions of water in the original
spectra. Figure 7b shows a typical Raman spectra of NADH {n
buffer solution for comparison.

The difference spectrum is due to either bound NADH or
conformational changes in LADH when NADH binds. There i3 no
obvious negative peak (which can only be due to LADH changes),
suggesting that the LADH spectrum does not change upon binding.
As discussed above, changes in protein structure will appear as
changes in the Raman spectrum in the amide I and/or amide III
vibrations at 1645-1680 em~! and 1230-1300 cm™! regions
respectively. That there are no negative peaks nor obvious 'new'
peaks in these regions suggests that the change in the structure
of LADH upon NADH binding is small. The difference spectra in
Figure 7a 1is due, probably entirely, to bound NADH. Recent
measurements of ADPR bound to LADH's active site have confirmed
this (23).

Several obvious changes can be seen when NADH binds to LADH
as compared to that in solution. The most prominent change is the
disappearance of the major peak in the solution spectrum at 1545
and 1338 cm~!. The broad 1545 cm™' band has been assigned to the

nicotinamide moiety (12,76;see next section). The disappearance of
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Figure 7: (a) Difference Raman spectrum of spectra (a) and (b) of
Figure 6 showing basically bound NADH. The peak around 1685 cm™!
was arbitrarily adjusted to be about the same height in Dboth
panels. (s) = solvent. Conditions of both spectra are the same as

above (Figure 4). (b) Raman spectrum of NADH in solution.

Concentration = 32 mM.
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the 1545 cm™! band shows clearly that the nicotinamide moiety is
directly involved in the binding of NADH by LADH. The 1338 cm™!
band also has apparently disappeared. It is well known that the
1338 cem~! band is due to a ring male of the adenine moiety
(51,53,76). The disappearance of tﬁis band supports the fact that
the adenine part of NADH is directly involved in binding.

The broad feature around 1080 cm~! in the spectrum of NADH in
solution has been assigned to the NH, rock (12). NADH contains two
NH, groups, one associated with the nicotinamide ring and another
with the adenine ring. As expected, the band shifts to around 900
cm™! upon deuteration of NADH (Figure 8), while the peak at 1109
em™!, which is not assigned to the NH, groups, remains urchanged.
The solution spectrum peak at 1080 cm~! of Figure 7b shifts to
1087 cm™! with reduced intensity and appears to narrow uwon
forming the binary complex, Figure T7a. It is thus likely that at
least one of the two NH, groups in NADH is directly involved in
binding, disrupting the rocking motion of NH,.

There are other changes in the relative intensities of several
bands. For example, the relative intensity of the 1418 and 1688
cm~! bands of NADH in solution remains relatively unchanged upon
binding, as do the 1307 and 1377 c¢m™}! bands. However, the ratio of
the 1418 (1688) cm~! to 1307 (1377) em~' band is considerably
reduced when NADH binds to LADH.

NADH exists in two possible configurations in polar solvent

(21,27,59,60,71). At 22°, there is a minimum of 30-40% of the
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Figure 8: Raman spectrum of (a) NAD* (62 mM) and (b) NADH (41 mM)
in 0.1M phosphate D,0/buffer (pD 7.0). Other conditions are as in

Figure 7.
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folded form in solution where the adenine ring is stacked with the
nicotinamide ring (70). At higher temperature or in a
nonpolar/destacking solvent such as methanol, NADH exists mainly
in an open form whereas LADH-bound NADH exists entirely in the
open form (37). Raman spectra of NADH at 25° and 75°C (where
there is no stacking) were measured, and they are essentially the
same. Thus, the observed stacking of NADH in solution has only
minimal effect on the Raman spectrum or perhaps the changes in
conformation is not picked up by Raman.

The adenine molety is known to be important for the binding
of NADH to LADH. NADH fragments without the nicotinamide ring can
bind to LADH and X-ray crystallographic studies (1,37,74) showed
that adenine binds in a cleft in the coenzyme binding domain of
LADH. Difference ultraviolet (88) and NMR studies (43) also
indicated that the adenine moiety is perturbed by binding.

The role of the nicotinamide moiety of NADH in binding has
been studied less extensively. There is clear indication from X-
ray studies that the nicotinamide ring interacts with specific
amino acid residues on LADH. However, Hollis (43) has suggested
that both adenine and nicotinamide rings are bound in the binary
complex. By monitoring the NMR spectra of protons in NADH in D,0
buffer, he concluded that the nicotinamide moiety is affected by
binding. In addition, Subramanian & Ross (86,87) studied the
calorimetry of NADH and NAD* binding for various dehydrogenases

and found that there are large entropy changes only when NADH or
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NAD* binds to LADH. They noted further that binding of ADPR, a
fragment without the nicotinamide part, to LADH does not result in
a large entropy change. Futhermore, LADH forms orthorhombic
crystals normally, but the binary LADH/NADH complex (and almost
all ternary complexes of LADH/NADH with various substrates or
inhibitors) cannot form orthorhombic crystals. In contrast, many
NADH fragments, which do not contain nicotinamide, form
orthorhombic crystals with LADH (13,112). It is thus possible that
the nicotinamide moiety or the entire NAD structure is promoting
the activity of LADH by forecing a conformational change on the
enzyme (9).

Moreover, Samama et al. (79) have shown that the carboxamide
group of the nicotinamide moeity is crucial for the correct binding
of NAD* to LADH. X-ray studies indicated that the analogue of
NAD* without the carboxamide group binds LADH with the adenine
moeity in the same way as NAD* but the pyridine moiety is in a
different position, further away from the active site. Studies on
other dehydrogenases have also revealed some interactions of the
carboxamide group with amino-acid residues on the enzyme, possibly
with a histidine group (3,99). Woenckhaus et al. (1973) studied the
binding of the analogue [3-(3-bromoacetylpyridine)propyl]-adenosine
pyrophoshate to yeast alcohol dehydrogenase and showed a direct
bonding between the carboxy-methyl group and a histidine residue.

The Raman spectrum of bound NADH indicates that both adenine

and nicotinamide parts are directly involved when NADH binds to
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LADH. The 1338 cm™! peak associated with the adenine moiety and
the 1545 cm™! peak due to the nicotinamide moiety, found in
solution spectrum of NADH, disappear in the LADH/NADH complex. 1In
addition, at least one of the two NH, groups is also perturbed.
Since the 1545 cm™! peak is sensitive to the carboxamide, its
disappearance is also consistent with a direct involvement of the

carboxamide group.

52



Studies of NAD*and NADH Fragments

In order to understand the Raman spectra of NADH and NAD* in
solution and when bound to the active site of LADH, we undertook
an extensive study on adenine, adenosine, AMP, ADP, ADPR, NMN*,
NMNH, 1-methylnicotinamide iodide, 9-ethyladenine, and 3-PAAD*. 1In
addition to studying these fragments and analogues of NADH and
NAD* the effects of pH and the deuteration of the exchangable
protons on the Raman spectra of NADH, NAD*, their fragments and
analogues were studied as well. In this way we were able to
identify the bands of the Raman spectra of NADH and NAD* with
specific moieties of these compounds. The Raman spectra of NAD?
and NADH at pH 7.0 are shown {n Figure 9b and 10b respectively.
The Raman spectra of the two major fragments of NAD* and NADH
(NMN* or NMNH and AMP; see Figure 11 for the diagrams of
molecules) are also shown in Figure 9 and 10. It is clear that
peaks in NAD* and NADH spectra can be identified as being from
either NMN*/NMNH or the AMP moiety. Measurements of equimolar
concentrations of NMN*/NMNH and AMP when added reproduced
respectively the spectra of NAD* and NADH very well. The small
differences in the summed spectra when compared to the NAD* or
NADH spectra are presumably due to peaks which can be easily
assigned to structural changes due to the joining of the two
fragments, This shows that the two major fragments are basically
independent of each other with regards to their Raman spectra.

From measurement of known mixtures of NAD* and NADH, it was
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Figure 9: Raman spectrum of (a) AMP (110 mM), (b) NAD* (45 mM),
and (c) NMN* (78 mM) in O0.1M phosphate buffer (pH 7.0) at room
temperature. Laser line was 488 nm with 100 mW incident power,
and the resolution was 8 cm™!. The spectrum of AMP was amplified
by a factor of 5/3 for clarity. As taken on the scanning
apparatus, each spectrum consists of 800 channels with an
effective dwell time of 4 seconds/channel. Thus, each spectrum
took about an hour to take. The reticon spectrometer (see

Methods) is about 100 times faster.
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Figure 10: Raman spectrum of (a) AMP (110 mM), (b) NADH (67 mM),
and (c) NMNH (16 mM). Conditions are as in Figure 6. The spectrum

of AMP was amplified by a factor of 2.5 for clarity.
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Figure 11: Schematic of NADH, NAD*. NMNH, 1-MN*, NMN*, AMP, and
9EtAd. N, nicotinamide; R,, ribose next to N; P, phosphate; R,,

ribose next to adenine; A, adenine.
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observed that the intensity of the 1338 cm™! peak, due to the
adenine moiety (see below), is the same in NADH and NAD* as
expected.

Table 2 summarizes all the major band positions and relative
band intensities in the fragments and analogues of NADH/NAD* at pH
7.0. The intensities were calculated relative to the 1338 cm™!
adenine band (arbitrarily set to 10), whenever it i{s present, and
indirectly through the peak at 1688 cm™! of NADH or the peak at
1032 cm™! of NAD* for fragments not containing adenine.

Assignments of the major peaks of NADH and NAD* to a
particular group is based mainly on the peak's presence in the
corresponding fragment spectrum containing the moiety with about
the same intensity. For example, the peak at 1308 cm™! is
assigned to adenine since it is observed in the spectra of all
adenine containing fragments and is not present in fragment
spectra where adenine is absent. Likewise, the peak at 1032 cm™!
i{s assigned to molecular motions in the oxidized nicotinamide
moiety since this band is present in the spectra of all fragments
containing oxidized nicotinamide. Further assistance in the
assignments comes from the pH dependences and deuteration effects
of the various bands. Table 3 summarizes the assignments of all
the major peaks in NADH and NAD* spectra obtained in this way.
Rodgers and Peticolas (76) previously assigned many of the bands in
the resonance Raman spectrum of NADH using resonance Raman

techniques. In general, the agreement between their study and the
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Table 3: Assignment of Peaks in the Raman Spectrum of NADH
and NAD+ (relative intensity in parenthesis).
Peak frequency (cm~!)

NAD* NADH Assignmentd
T32hbr(2) T32hbr(3) P
390(3) N
538(1) 526br(y) A for NAD*; .2A + .8N for NADH
564br (1) 568sh P/R
6420r(2) 6320r(2) .5A/R, + .5N for NAD+; A/R, for
NADH
730(7) 730(7) A/8R,
800(0) R,/N
834(2) 8300r(2) P
854(1) gsosh R,/P
888br(2) 878(3) P
914(2) 918(3) P
9uo(4) N
998(4) N
1032(15) N
1084(3) 103 4(9) P for NAD*; .3P + .7N* (-NH,)
for NADH
1116(4) 11128h R,/ pyrophosphate
1182(5) N
11860r(3) R,/N
1224(3) 1228sh P
1254(W) 1246(5) A* for NAD*; .8N* + _2A% for
NADH
1308(7) 1308(7) A
1338(10) 1338(10) A/8R,
1378(6) 1378(9) A/R, for NAD*; .TA/R, + .3N*
for NADH
1422(5) 1422(17) .5A/86R,*  +,5N*  for  NAD*;
.1A/5R;* + .9N* for NADH
1458(3) 1458(8) R,/ 68N
148 4(4) 148 4(4) A
15 10(4) 15 148h A/6R,
1546(16) N*
15 80(6) 15 788h .8A/8R, + .2N for NAD*; A/$R,
for NADH
16 18(9) N
16 280br(3) N®
1688(25) N
1700(1) N*

br: broad, sh: shoulder, *: deuteration effect, P: phosphate, A:
adenine, N: nicotinamide, R: ribose (R, near A; R, near N), 6: small
influence. Modes involving more than one mofety are indicated by
symbols separated by a slash. Peaks containing two separate
degenerate or nearly degenerate modes are indicated by + sign
separating the two modes with the relative contribution in
intensity in front of the symbol.
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present study {s excellent.

Adenine related peaks: The Raman spectrum of the adenine

mojety (with and without the ribose and/or phosphate) has been
studied extensively, mainly in conjunction with the other bases
found in nucleic acids (51,53,75). More recently, pre-resonance
and resonance Raman studies of adenine were reported
(16,24,40,50,67). In general, the assignments in this report agree
with these results. The 1308, 1338, 1378, 1422, 1484, 1510, and
1580 cm~! bands in NAD* are known as ring modes for adenine.
These results show that some of these modes, namely the 1338,
1378, and 1422 cm~! bands, are at slightly different frequencies in
the spectrum of adenosine, indicating that these modes are
affected by the ribose, R,, in various degrees. The 1510 cm™! and
1580 cm~! bands are not present in the adenine spectrum but
similar peaks to those found in adenosine are observed in the
9-ethyl adenine spectrum. Peaks at 538 cm™!, 642 cm™! and 730
cm™! are also due to adenine, with the 730 em™' peak affected to a
degree by the ribose.

All of these modes are also present in the spectrum of NADH.
Some peaks appear to have different intensities because of the
presence of additional bands due to the reduced nicotinamide
mojety with very close, or identical, frequencies (see Table 3).
For example, the 538 cm™! adenosine peak is apparently unresolved
in the broad 526 cm~! peak of NADH since the broad peak contains

contribution of a peak at 526 cm™! coming from the reduced
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nicotinamide moiety. Similarly, the 1378 and 1422 cm™! peaks of
NADH have significant Raman contributions from nicotinamide related
modes in addition to those from adenosine. The labelled peak at
1246 cm™?! in the NADH spectrum would appear to consist of the 1254
cm™! adenine related band the 1240 cm™! nicotinamide related band.

Nicotinamide related peaks: The nicotinamide ring structures

of NAD* and NADH are very different and thus yield very different
Raman spectra (e.g. contrast NMN* and NMNH in Figures 9c and 10c¢).
The Raman spectrum of NADY is very similar to that of ADPR,
indicating that the oxidized nicotinamide moiety does not
contribute much to the spectrum of NAD*. The major exception to
this is a mode at 1032 cm~!, a prominent peak in the NAD* (and the
NMN*) spectrum. This can clearly be assigned to an aromatic ring
"breathing" mode, (envisioned as a "contraction and expansion" of
the ring) of oxidized nicotinamide. There are also two smaller
bands at 800 cm~! and 1186 cm™! (shoulder) in the NAD* spectrum;
these are due to molecular motions located on the nicotinamide
moiety as well as the ribose, R,. Peaks at 642, 1422, and 1580
cm~! have substantial contributions from bands due to nicotinamide
at similar positions in addition to adenosine. The broad peak at
about 1628 cm~! is also due mostly to nicotinamide; however, some
of this mode's intensity arises from adenine since adenine also has
a weak broad peak at that position. Many investigators have
reported different values for the highest frequency mode observed

in the Raman spectrum of NAD', which is attributed to the C=0

64



stretch (8,41,65). In this study a small shoulder at 1700 cm™! in
the NAD* spectrum, which may have been neglected in some of these
earlier studies, has consistently been observed. This band is
clearly visible If the contribution due to water/buffer ({s
subtracted, as in Figure 9b. The results of this study discussed
below indicate a substantial deuteration effect in the 1700 cm™!
mode, making it unlikely that this s due to be a simple C=0
stretching mode.

In contrast to NAD*, the reduced nicotinamide moiety yields
many prominent peaks in the NADH spectrum. By comparing the
Raman spectrum of NADH and NMNH, it is easy to identify the bands
at 390, 526, 940, 1084, 1182, 1378, 1422, 1546, 1618, and 1688 cm™!
as due to the nicotinamide moiety. The peak at 1084 em™! has been
assigned to the rocking motion of -NH, of the amide (ref. 12, also
see discussion above). Upon deuteration, it shifts down to 908
cm™! as previously mentioned. The strong 1688 cm~! band has often
been attributed to the C=0 acarbonyl stretch (8,12,41,65,72). This
assignment, however, is seriously questioned (75) in the recent
literature.

Peaks due to phosphate: Peaks which appear in the AMP

spectrum but not in adenosine's and which also double in intensity
in ADP's spectrum, have been assigned to phosphate modes. Further
support for these assignments comes from the pH dependencies of
these bands. ADP has an apparent pK at 6.3 (4,11) associated with

the ionization of the phosphate's 1last dissociatable proton,
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suggesting that NAD* and NADH would show similar titration
behavior. Indeed titrations of NADH or NAD* through pH 6, show
significant changes {n those bands assigned to the phosphate
moiety.

It i{s important to mention the phosphate band at 1084 cm™!
(75) in the spectrum of NAD*. This band is not visible in NADH
because of the much more dominant rocking mode of the amide's -NH,
at 1084 cm~?l. Upon deuteration of NADH, however, the phosphate
peak is revealed, while the peak due to -NH, is downshifted to 908
em™!, as shown above.

Dauteration effects: Figure 8 shows the Raman spectra of

NAD* and NADH in D, O/buffer. At pD=7.0, only the two -NH, groups
and the hydroxyl groups of the ribose rings are deuterated.
Nevertheless, there are a number of significant changes in the
NAD* and NADH spectra, despite these apparently relatively minor
changes. These indicate that many modes 1involve motions
associated with these -NH, groups or the ribose moiety to varying
degrees. Here in are discussed in turn the changes observed, upon
deuteration, for bands assigned to adenine, oxidized nicotinamide
ring, reduced nicotinamide ring, and ribose/phosphate moiety.
Spectra of deuterated fragments like AMP, NMN* and NMNH were also
measured to clarify the changes (data not shown). Modes that show
a deuteration effect are indicated by an asterisk in Table 3.

The 1422 cm™! peak in both NAD* and NADH contains an adenine

ring mode which is upshifted slightly by 4 cm™! in D,0/buffer,
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showing that this mode involves the -NH, group to a degree. The
broad peaks at 1246 cm™! for NADH and 1254 cm™! for NAD* contain
more than one mode. The adenine mode at 1254 cm™! is common
in both coenzymes. In D,O/buffer, this band disappears. (For
NADH, a weaker new peak due to the reduced nicotinamide ring
appears at about the same frequency in D,0/buffer). Upon
deuteration, two new bands, a shoulder at 1200 cm~! and a peak at
1182 cm™!, appear. Both can be identified with the adenine moiety
simce similar peaks appear when AMP is deuterated. The 1182 cm™!
maode has been assigned to a -ND, scissor made by Tswoi et al. (94)
in his studies of adenine, Note that the peak at 1182 ecm™!
observed in the deuterated NAD* and NADH spectra is also partly
due to a mode associated with the nicotinamide ring.

A number of spectral changes can be associated with the
effects of deuteration upon the oxidized nicotinamide moiety. The
broad peak at 1628 cm~! of NAD* in H,0 solution is replaced by a
peak at 1635 cm™! for dauterated NAD®. Similar spectral changes
occur for NMN*. The weak peak at 1700 cm~™!, in the protonated
NAD* spectrum, disappears upon deuteration and a new peak at 1668
em™! appears in D,0/buffer, suggesting a 32 cm™! downward shift of
the 1700 cm~! band upon deuteration. This is not, however, the
case. The peak at 1668 cm™! is also present in deuterated NMN*
but not in any of the adenine containing deuterated fragments,
which implies that both peaks are associated with the nicotinamide

moiety. However, in the spectrum of 3-PAAD, where the carboxamide
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is replaced by an aldehyde, the 1700 cm~' peak is present in Hy0
but the 1668 cm~! peak is missing in D,0/buffer. It is clear that
both modes are related to motion of the -NH, moiety but are
separate modes. The weak broad peak at 1258 cm™! in the
protonated NMN* spectrum, which is part of the observed 1254 cm~!
peak in the spectrum of NAD*, disappears upon deuteration.
Correspondingly, a broad peak at 1238 cm™' appears in the
deuterated NMN* and NAD* spectra, suggesting that the oxidized
nicotinamide 1258 cm~! mode shifts to 1238 cm~! upon deuteration.
The nature of the new broad peak around 948 cm~™! in the deuterated
spectrum is not clear. However, it is likely to be associated with
the nicotinamide moiety since a similar new peak (shoulder) appears
in the NMN* spectrum in D,0 while no corresponding peak 1is
observed in the D,0 spectra of AMP, ADP, and ADPR.

The most prominent change in the Raman spectrum of NADH in
D,0 is the downshift of the 1084 cm™' male to 908 cm™!, As
ment ioned above, this mode is associated with the nicotinamide -NH,
rock. The 1240 cm™! NMNH mode, which is part of the observed 1246
em™! mode in the spectrum of NADH, disappears upon deuteration. A
"new" peak due to the nicotinamide moiety appears at 1254 cm™! in
the deuterated spectrum. Note that the original 1254 cm™! peak
(seen as part of 1246 cm™! side of NADH) in the H,0 spectrum, which
is due to adenine moiety, disappears upon deuteration. Similar
behavior is observed with the spectrum of NMNH upon deuteration,

confirming the assignments made in this report. The 1378 cm™!
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peak, due in part mostly to a mode from the reduced nicotinamide
moiety (see Table 3), appears to downshift to 1370 cm~!. A
shoulder labelled at 1382 cm™! in Figure 8b, is probably due to
the 1378 cm™' adenine band, which remains unaffected by
deuteration. The corresponding but weaker mode in NAD* spectrum,
which is due so0lely to adenosine, is unaffected. In addition, the
1546 cm™! mode is wshifted to 1556 cm™! in D,0/buffer.

The regions, 300 cm™! to 600 ¢m™! and 700 cm~! to 900 cm~?,
show a number of changes; this is expected as there are many
modes due to ribose/phosphate in this region.

pH dependence: No changes in the Raman spectrum of NAD*

between pH 8.0 to pH 5.0 and NADH between pH 9.6 and pH 7.0 are
observed. NAD* {s not stable at pH higher than pH 8, its Raman
signal rapidly disappears irreversibly. For NADH, {irreversible
changes in the absorption spectrum occur at a pH below about 6.
At pH 5.0, for example, the 340 nm absorption peak disappears
completely in several hours. Significant changes are also
observed in the Raman spectrum of NADH at a pH lower than 6.
Between 4.0 and 6.0, all the changes are associated with
nicotinamide related peaks. Below pH 4.0, changes in the adenine
related peaks are also observed (see below). For example, the
intensities of the peaks at 998, 1422, and 1688 cm™! due to
nicotinamide are gradually reduced as pH is lowered. The 1688
cm™! peak disappears completely at pH 3. In the meantime, the

intensities of the 1618, 1084 and 878 em~! bands imcrease,
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especially that of the 878 cm~! band, which imreases by over 10
fold from pH 7.0 to pH 5.0. Other new bands at 800, 495 and 433
em™!, also start to appear at pH 5.0 with relative intensities of
4, 4, and 3, respectively. These changes are all probably rela ted
to acid denaturation of the reduced nicotinamide moiety.

Major spectral changes occur with the adenine related peaks
when the pH is lowered from pH 5.0 for both NAD* and NADH. Figure
12 shows the Raman spectrum of NAD* at pH 5.0, 4.0, and 3.0. At
pH above 5.0, the four peaks associated with the adenine moiety at
1308, 1338, 1378, and 1422 cm™! are easily distinguishable.
However, as the pH is lowered, these bands are replaced by the two
bands at 1329 and 1411 cm™! at pH 3.0. There are other spectral
changes also, which are evident from Figure 12. These spectral
changes, which are reversible, are probably associated with the
titration of a group with a pK around 3.9 (61). It is likely to be
due to a protonation of the adenine ring (15,25,38,48,113).
Protonation would clearly cause major changes in the ring modes of
adenine as observed, Similar changes are observed in the Raman
spectrum of AMP and in the adenine related peaks of NADH as pH is
varied from 5 to 3.

Stacking: It is well known that NADH and NAD* exist in
predominantly folded forms in solution at room temperature, with
the adenine and nicotinamide rings stacked together
(21,27,59,60,71). The Raman spectrum of NADH at 75° and with a

strong destacking agent, 8M urea has been measured. Under these
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Figure 12: Raman spectrum of NAD* (66 mM) as a function of pH:
(a) pH 5.0; (b) pH 4.0; (c) pH 3.0. Sample at pH 5.0 was in 0.1M
phosphate buffer. Phosphoric acid was added to the sample to
lower the pH to the desired values, The resolution was 6 cm™};

otherwise conditions are as in Figure 7.
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conditions the open form predominates (21,27,59,60). In this work
it has been observed the Raman spectra of these two forms are
essentially identical with a small downward shift of the peak at
1546 cm~' as the only change. NAD* 1is unstable at high
temperatures, However, in 8M urea, no observable changes were
seen in the Raman spectrum of NAD*Y. Therefore, it {s apparent
that stacking has no effect on the Raman spectrum of NADH and
NAD*.

Hence, it seems possible to assign the major Raman peaks of
NAD* and NADH to smaller components of these rather sizable
molecules by studying the Raman spectra arising from a series of
fragments and analogues. Major changes in the Raman spectrum
associated with the adenine moiety are observed when adenine is
protonated at pH 3.9. Stacking seems to have a very small or no

effect on the Raman spectra of NAD* and NADH.
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Studies of DABA, its {isotopic derivatives and zinc (II)
complexes

In our laboratory, binding of the aromatic aldehyde DABA to
the substrate binding site of LADH has been successfully detected
and its Raman spectrum at the enzyme's active site has been
obtained. As a means of understanding the spectroscopic
characteristics of DABA in _situ we have studied zinc (II) complexes
of DABA and isotopic derivatives of DABA as a possible model for
that which may occur in the molecular environment of the enzymes
active site for this substrate., Furthermore, we have obtained the
Raman spectrum of these isotopic derivatives of DABA for the
purpose of studying the normal mode pattern of DABA.

Figure 13 shows a schematic representation of the molecular
structure of DABA and its {sotopically labelled derivatives used in

these studies: DABA(CDO), DABA('’CHO), DABA('CDO) and DABA(2D).

A) Results of, and evidence for the DABA-zinc'* model:

For" comparative purposes Figure 14 contains the Raman
spectrum of: (a) DABA in 0.1M pyrophosphate buffer, at pH 9.6, (b)
ion. The Amax values for these systems are 352, 380 and 372 nm,
respectively for DABA in pyrophosphate buffer pH 9.6, when bound
to LADH and in complexation with zinc ion in methylene chloride.
It is evident from these spectra that the DABA-Zn** complex is

fairly representative of that which may be occuring at the active
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Figure 13: Schematic representation of the molecular structures
of DABA and {sotopically 1labelled DABA(CDD), DABA(*?CHO)s

DABA(**cD0), and DABA(2D).
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Figure 13.
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Figure 14: Raman spectra of: (a) 4.6 mM DABA in 0.1 M
pyrophosphate buffer pH 9.6; (b) DABA bound to LADH; (c) DABA-Zn
complex in methylene chloride. All conditions are the same as

those in Figure 4.
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site of LADH, when the substrate DABA binds. Therefore, as a first
working assumption one could surmise that the DABA is directly
complexed with the zinc¢ ion in situ.

The juxtaposition of spectra in Figure 14 with those of Figure
15 presents several implications. It is apparent that the 1403
em™! band in the DABA spectrum in Figure 15a arises from the
aldehydic C-H bending mode of DABA. This mode seems to shift when
DABA is deuterated (Figure 15b). From theoretical calcultaions {t
is known that a pure hydrogen bending mode at~1400 em™' would
decrease by ~v/2 or 990 cm~!. From Figure 15 one may observe a
shift to 1044 ecm™!, closely resembling the value obtained
theoretically for C-H bending modes.

The 1378 cm™ band in Figure 14 {s likely to contain a
substantial contribution from C-0-Zn** (Figure 16). This band is
not observed in the Raman spectrum of the native DABA but appears
in the Raman spectrum of the DABA in complexation to the zinc ion
and in situ. Additionally, the deuteration of the aldehydic proton
(Figure 16) seems to cause a downward shift in the band about 100
em™! to 1289 cm™! when the DABA is in complexation with the zinc
ion or at the active site of the enzyme (Figure 17). Moreover,
when contrasting !2CDO to !')CDO (Figure 17) the mode shifts further
downward by about 6 em™!,

The ring structure of DABA it seems contributes swstantially
to its Raman spectrum. This observation is based on the various

peak shifts which occurs when the ring is deuterated (Figure 15).
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Figure 15: Raman spectra of: (a) 4.6 mM DABA; (b) 7.3 mM
DABA(CDO); (c) 2.2 mM DABA(!’CDO); (d) 4.3 mM DABA('’CHO); (e) 2.5 mM

DABA(2D). All conditions are the same as those in Figure 4.
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Figure 16: Raman spectra of DABA zinc complexes (a) 20 mM DABA;
(b) 28 mM DABA(CDD); (c) 40 mM DABA('’CDO); (d) 20 mM DABA(}’CHO);
(e) 19 mM DABA(2D). All samples were in methylene chloride. All

conditions are the same as those in Figure AU.
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Figure 17: Raman spectra of DABA bound to LADH: (a) DABA; (b)

DABA(C DD); (c) DABA('’CDO); (d) DABA (!*CHO); (e) DABA(2D).

The molar

concentration in all cases is 0.67 mM. All other conditions are

the same as those in Figure 4.
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It seems likely from these studies that the DABA-Zn** complex
in methylene chloride is a possible model for aromatic aldehydes
at the active site of the enzyme 1liver alcdcho! dehydrogenase.
This observation {s based on the striking resemblance of the
resonance Raman spectra of the aromatic aldehyde DABA and its
isotopically labelled derivatives, when at the zinc (II)-containing
active site of LADH, as compared to those of DABA and its {sotopic
derivatives in complexation with zinc ion in methylene chloride.
Further evidence for the support of this model comes from the
striking resemblence of the Raman spectrum of the DABA-Zn complex
and the spectrum of DABA 1_n__:_3_1£2 at lower wavenumbers. For
example the relative intensities of the bands in the 590-640 cm™!
region of these spectra (Figure 14) are the same. It i{s worth
noting that the lower wavelength peak height in this region is
data and the zinc (II) complex data. However, in the DABA solution
spectrum the relative intensities of these peaks has the opposite

appearance with the lower wavelength peak being higher than the

higher wavelength peak.

B) Analysis of the DABA spectrum

In relative terms the DABA molecule s a rather simple
molecule. It is clear from our data that, although DABA shows a
substantial Raman spectrum, its Raman spectrum poses some

difficulty in interpreting. It seems obvious, therefore that one
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must exercise caution in assigning any of these peaks to particular
bending or stretching modes in the molecule. However, in looking
at the data systematically we find that the bands in the region of
1000-1700 cm™! are greatly affected when the aldehydic proton is
deuterated (compare Figure. 15a with Figure. 15b). These affects
have also been observed for the other isotopic derivatives of DABA.

In viewing the Raman spectrum of DABA from the higher
wavenumber frequencies to those of the lower wavenumber
frequencies, we have consistently observed a peak at 1700 cm™!
(data not shown) in spectra of DABA bound to the active site of
LADH and when in complexation with zinc ion in methylene chloride.
At this time it is quite difficult to access the origin of this
peak. However, we have observed that the relative intensities, of
the two highest wavenumber peaks of the various DABA spectra, are
a function of the excitation wavelength. When the excitation
wavelength becomes longer the intensity of the highest frequency
peak decreases while that of the lowest frequency peak imcreases.

Considering more specific portions of this 1000-1700 cm™!
region of the DABA spectra, it is tempting to assign the 1500-1700
cm™! region as being due to the carbonyl stretch, for it is usually
in this region that carbonly stretching frequencies are found.
Upon close examination of the 1644 cm~! mode for DABA in solution
it seems that this mode >ontains more than one peak (Figure. 14).

The juxaposition of this peak with the 1625 cm™! band found in the
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one of the peaks which composes the 1644 cm™! peak in the solution
spectrum "disappears" in forming the Zn-oxygen bond, since it
becomes narrower. This peak tends to be downshifted slightly with
a reduction in intensity in most of the Raman spectra of the
isotopic derivatives of DABA.

In turn we look at the DABA bound to the LADH/NADH binary
complex. Upon substituting the carbonyl carbon with 'C, (Figure.
17d), it seems likely that the carbonyl stretch is coupled to all
of the modes in this region for all of the peaks in this area are
affected by this substitution (compare Figure. 17a to Figure. 17d).
For example the 1578 cm™! peak is shifted by 15 wave numbers to
1563 cm~'. It is known that for a "pure" carbonly stretch a shift
of ~35 cm™! is expected. In addition, upon deuteration of the
aldehydic proton of the !3 derivative (Figure. 17c) this peak
shifts to 1557 cm™!. It is worth noting that deuteration of the
carbons at the 3 and 5 positions of the ring has 1little or no
affects on this band, (Figure. 17e).

In terms of the DABA-Zn** complex it is quite apparent that
this spectral band contains more than one peak at ~1582 cm™!
(Figure. 16a). When the aldehydic proton is deuterated the 1578
em~! peak becomes more pronourced with a shoulder on its lower
frequency side (Figure. 16b). In addition this peak becomes
somewhat assymmetric upon '3 1labelling of the carbonyl carbon
(Figure. 16d). There is a peak at 1545 cm™! which is assymetric in

the LADH/NADH/DABA(CHO) (Figure. 17a) spectrum. Isotopic labelling
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of DABA seems to have some affects on this band. For example
there is a pronounced separation of two bands which apparently
arises from this band. With !°C label of the functional group the
relative intensity of the peak at the lower wavenumber frequency
is heightened. It is not clear whether deuteration of C3 and C5 of
the ring has any affects on this mode.

The region from 1250-1500 cm™! has some outstanding features.
The peak at 1444 cm™! is strongly affected by deuteration of the
C3 and C5 carbons of the ring. It "disappears" in all 2D spectra
with the evolution of a new peak at 1416 cm™ in the
LADH/NADH/DABA spectrum (Figure. 17). It seems clear, therefore,
that this mode can be assigned to the bending motions of the
ring's hydrogen atoms. Upon analysing the Raman spectrum of bound
DABA and DABA-Zn** complex, in this region and comparing them to
the solution spectrum of DABA, it seems likely that one of the two
peaks around 1390 cm™' in the LADH/NADH/DABA and zinc (II)-DABA
spectra may be due to the weakened carbonyl stretch which results
from the Zn-oxygen bond. However, ')C substitution suggests that
this is not the case, since it has little or no affects on these
modes (Fig. 16d and 17d). On the other hand, the spectrum of the
deuterated aldehydic proton shows no peaks in this 1location
(Figure, 16b and Figure. 17b), while exhibiting two new peaks at
1284 cm~! and 1038 cm™'. In addition a comparable downshift of
the 1403 cm™! to 1044 cm™! was observed in the solution spectrum

of DABA as well. As mentioned above "pure" hydrogen bending modes
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around 1400 cm~!, theoretically, should be shifted ~v2 or 990 cm~!
upon deuteration. This value i{s obtained from a simple reduced
mass calculation on an isolated hydrogen bending mode, when the
hydrogen is replaced by a deuterium. Therefore, it seems likely
that these modes around 1400 cm~! in both bound and free DABA
spectra are mostly due to the aldehydic proton bending mode.
Although some contribution to these peaks are clearly from the
ring hydrogen, since substitution on the ring results in the
reduction in intensity of these peaks. Tentatively, in our
laboratory, we have assigned the 1403 cm™! mode to cowled
hydrogen bending in both the functional group and the ring
structure of DABA.

We make mention of the peaks at 1353 cm™!, 1321 cm™!, 1228
cem™! and 1180 cm™' in the LADH/NADH/DABA and zinc ion complex
spectra. We have noticed that these peaks go unchanged in the
spectra of the isotopic derivatives of DABA. This implies that
these peaks might be the results of the ring skeleton stretching.
Further evidence for this conditional assignment lies with the fact
that they are slightly different in the solution spectrum as
compared to the bound or =zinc (II) complex spectrum. It is
important to point out that these modes are seriously affected in
the solution spectrum of 2D.

Figures 18 and 19 show the Raman spectra of the 1low
frequency range of DABA and its isotopically labelled derivatives

in pyrophosphate buffer, pH 9.6, and when bound to the enzyme,
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LADH, respectively. The peak at 848 cm~! (Figures. 14b and 19a) is
very broad, in these spectra as well as in the zinc**-DABA complex
Raman spectrum (data not shown). In the spectrum for DABA,
deuterated in the ring at C3 and C5, this peak splits into two
peaks (Figure. 19e). It is also affected by the isotopic labels of
the aldehydic functinal group (Figure. 18b,c,d and Figure. 19b,c,d),
as it shows a profound downshift, under these conditions.

It is worth remembering that the relative intensity pattern
well with the zinc ion complex Raman spectrum and that these
modes show Jjust the opposite relative intensities in the DABA
solution spectrum. Beside this fact, these peaks seem to be
insensitive to isotopic substitution of the aldehydic carbon and
proton atoms, but show significant downshift when the C3 and C5
carbons of the ring are deuterated. This insensitivity to isotopic
subst itution is observed for these peaks in the solution spectrum
as well. The broad peak at 367 cm™' under all conditions of DABA
(1.e. bound, complexed to =zinc (II) or in solution), show
insensitivity to any isotopic swstitution. Furthermore the
position of this peak in the DABA spectrum when bound to
LADH/NADH, 367 cm™!, closely resembles the solution data, 359 cm™?,
than it does the zinc ion complex data, 382 cm~l. To date,

accessing the behavior of these peaks poses some difficulties.

95



SUMMARY

Equine 1liver alcochol dehydrogenase (EC-1.1.1.1.), LADH,
catalyzes the oxidation of various primary and secondary alcohols
to the corresponding aldehydes (14,90) along with the reduction of
the coenzyme nicotinamide adenine dinucleotide, NAD*. Eklund et
al. (35) reported a detailed three-dimensional structure at 2.4 R
resolution with X-ray diffraction of crystalline LADH. Additional
results have been obtained with X-ray diffraction and solution
spectroscopy of LADH complexed with coenzyme or {its various
analogues and its ternary complexes with different substrates or
inhibitors (1,36,74). The recent work of Abdallah et al. (2)
provides an elegant example of such a study.

In our 1laboratory we have examined the solution Raman
spectrum of LADH. Based on the method of William et al. (101),
whose calculation of structure rests upon the amide I bands, we
found that LADH in solution contains 21% a helices, 35% g-pleated
sheets, and 43% random coll. These values coincide, to a large
extent with those obtained from X-ray crystallography (29% a
helices, 34% B-pleated sheets and 37% random coil). These
differences in structure from solution to crystalline state may
reflect minute conformational changes which may occur upon
dissolving the crystals in solution.

Currently, a wealth of information has accumulated on how

coenzymes and substrates bind to dehydrogenases in an attempt at




understanding mechanistically how these enzymes catalyze the
conversion of substrates into products. It is well known that
oxidized nicotinamide adenine dinucleotide (NAD*) and its reduced
form (NADH) are coenzymes for hundreds of enzymatic oxidation-
reduction reactions (31). However, the nature of the interaction
of these cofactors with proteins {s not understood, Some
information on this (interaction is available from X-ray
crystallographic studies on several dehydrogenases
(14,37,42,44,69,74,77). In these studies, electron-density
differences were calculated to give the location of the ligand
within the protein. Nevertheless, the nature of the interaction(s)
between the ligand and protein can only be deduced and not studied
directly with this technique.

In turn we have employed Raman spectroscopy which gives
valuable information on normal mode vibrations of atoms within a
molecule, for it s sensitive to bonding changes which may
accompany 1ligand binding to proteins. Using difference Raman
techniques the spectrum of NADH bound to LADH was attained.
Several obvious changes can be seen when NADH binds to LADH as
compared to that in solution. These spectral changes suggest that
the nicotinamide and the adenine moieties of NADH are directly
involved when NADH binds LADH. This i3 indicated by the
disappearance of the 1545 cm™! band, associated with the
nicotinamide moiety and the 1338 cm™! band, due to the adenine

moiety, in the spectrum when the coenzyme binds NADH relative to
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NADH's solution spectrum. The absence of the 1545 cm™! peak in
the LADH/NADH complex connotes the involvement of one of the NH,
groups i{n binding, sime the 1545 cm™! made is sensitive to the
arboxamide,

Particulars of the Raman spectral features of NADH and NAD*
have been investigated by studying analogues and fragments of the
molecules as a means of understanding the spectroscopy of free
and bound coenzyme. The effects of deuteration of the
exchangeable protons and of pH on the Raman spectra were studied
as well. It is well known that these coenzymes are composed of
nicotinamide in the form of a quaternary ammonium salt, two
molecules of D-ribose 1linked as pyrophosphate esters and the
heterocyclic component adenine (Figure. 10). It is also known that
these coenzymes at room temperature in solution exist in closed
forms, i.e. the nicotinamide moiety and the adenine moiety are
stacked together (27,60). However, we have observed no significant
changes, except for a slight downward shift of the 1545 cm™! band,
in the Raman spectra of either NADH of NAD' when subjected to 8M
urea, a strong destacking agent, or in the case of NADH, 75°C (NAD*
is unstable at high temperatures). As a result we have assigned
the Raman peaks of NADH and NAD* to smaller moleties of these
molecules, We have also noticed major changes in the Raman
spectrum associated with the adenine moeity when adenine is

protonated at pH 3.9.
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The binding nature of the aromatic aldehyde, DABA, to the
catalytic Zn** active site of LADH has been studied using pre-
resonance Raman spectroscopy and has been compared to the
zinc**-DABA complex. We have isotopically labelled the functional
group of the compound with ! and deuterium in various
combinations and have deuterated the C3 and C5 positions of the
ring in order to understand the normal mode patterns of DABA, when
bound to the enzyme and i{n solution. We find a striking
correspondence between the Raman spectra of bound DABA and the
DABA-Zn** complexes. This resemblance extends to all of the
isotopic derivatives studied.

In an attempt at interpreting the Raman spectrum of DABA we
find that the observed Raman bands arise from highly delocalized
normal modes in most cases. The bands in the 1500-1700 cm™!
region contain C=C and C=0 stretch with some C-H and C-C-C bending
contribution. There are marked changes in the bands when DABA
binds LADH/NADH. Bands in the 1250-1500 cm™! region are due
mainly to C-H bending motions with some stre tching
characteristics. There are no obvious changes in these modes when
DABA binds LADH/NADH. In viewing the 1lower portion of the
spectrum i.e. below ~1200 cm™! it seems difficult in assessing the
behavior of these modes as of now.

Our data suggest that the carbonyl retains a significant
portion of its double bond characteristic when DABA binds LADH.

However, this double bond feature is substantially less than that

99



found in the solution spectrum of DABA. This observation {s based
on the response to !C labelling, of those bands found in the
1500-1700 cm™! region.

The ring structure contributes substantially to the Raman
spectrum of DABA., This observation is supported by the numerous

peak shifts which occurs when the ring is deuterated (Figure. 19).
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