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ABSTRACT
Raman S p e c tro sc o p ic  S tu d ie s  of Equine Liver Alcohol Dehydrogenase,

i t s

Coenzymes and S u b s t r a t e  

by

C h a r lo t t e  L. M artin

Adviser: Dr. Robert H. C a l le n d e r
Co-Adviser: Dr. Donald L. S loan

The s o lu t io n  Raman spectrum  of equine l i v e r  a lco h o l  

dehydrogenase (E C -1 .1 .1 .1 .,  LADH) has been o b ta in e d .  I t s  secondary  

s t r u c t u r e  as  de te rm ined  by a c lo s e  exam ination  o f  th e  Raman bands 

i s  somewhat d i f f e r e n t  from i t s  c r y s t a l l i n e  s t r u c t u r e ,  as 

de te rm ined  by X-ray d i f f r a c t i o n .

The b inary  complex o f  th e  coenzyme, reduced  n ico tinam ide

adenine d in u c le o t id e  (NADH) and LADH has been s tu d ie d .  Using 

d i f f e r e n c e  Raman sp e c t ro sc o p y ,  th e  Raman f e a t u r e s  o f  NADH bound to  

LADH have been de te rm ined . There a re  s ig n i f i c a n t  changes in  th e  

bound NADH spectrum  r e l a t i v e  to  i t s  s o lu t io n  sp e c tru m . The d a ta  

s u g g e s t s  t h a t  both th e  n ico tinam ide and th e  adenine  m o ie tie s  of 

NADH a re  invo lved  in  binding and a t  l e a s t  one o f  th e  two NH2

m o ie t ie s  i s  invo lved  as w e l l .

In  o rd e r  to  un d e rs tan d  th e  sp e c t ro sc o p y  and to  f u l l y  

i n t e r p r e t  t h e  d a ta  in  m o le c u la r  te rm s  as  th ey  r e l a t e  to  th e

o rgan ic  mechanism o c c u rr in g  a t  the  a c t iv e  s i t e  o f  th e  enzyme,

LADH, Raman s p e c t ro sc o p y  o f  reduced  n ico tinam ide  adenine



d in u c le o t id e ,  NADH, and oxid ized  n ico tinam ide  adenine d in u c le o t id e ,  

NAD*, has been s y s te m a t ic a l ly  c a r r i e d  ou t th rough  th e  s tu d y  of 

va rious  f ra g m en ts  and ana logues  of th e s e  m o le c u le s .  The e f f e c t s  

of d e u te r a t i o n  and pH on th e  exchangeab le  p ro to n s  o f  NADH and NAD* 

a l s o  have been s tu d ie d .  By comparing th e  r e l a t i v e  I n t e n s i t i e s  and 

p o s i t io n s  of th e  peaks in  th e  Raman s p e c t r a  o f  NADH and NAD* with 

th o s e  o f  t h e i r  f ra g m en ts  and an a lo g u e s ,  i t  has been found u s e fu l  

to  c o n s id e r  th e s e  r a t h e r  com p lica ted  m olecu les  (NADH and NAD*) as 

c o n s is t in g  p r im a r i ly  of the  va rious  components: adenine , two

r ib o s e s ,  two phosphates  and n ico tinam ide  f o r  the  purpose of 

a s s ig n in g  t h e i r  Raman bands.

The a ro m a tic  a ldehyde  p-(d im ethylam ino) b en za ld e ty d e  (DABA) a 

r e l a t i v e l y  poor s u b s t r a t e  o f  LADH has been s tu d ie d  in  an a t t e m p t  

a t  u n d e rs tand ing  th e  m o lecu la r  d e t a i l s  o f  t h i s  bound s u b s t r a t e  and 

how i t  and o th e r  s u b s t r a t e s  bind a t  th e  a c t iv e  s i t e  of LADH. This 

compound when complexed to  Zn2* in d ie th y l  e th e r  has been used 

p re v io u s ly  as a model f o r  th e  enzyme s u b s t r a t e  complex between 

LADH and DABA (46,^7). T h e re fo re ,  as  a model of the  s i t o s t r a t e  in 

th e  m o le c u la r  environm ent of t h e  enzyme a c t iv e  s i t e  th e  p re ­

resonance  Raman s p e c t r a  o f  the  n a t iv e  DABA when l i g a t e d  w ith  zinc 

ion in  m ethylene  c h lo r id e  and d ie th y l  e t h e r  has been ob ta in ed . In 

a d d i t io n ,  va rious  i s o t o p i c a l l y  l a b e l l e d  compounds o f  DABA (12C, 2H) 

have been s tu d ie d  in  o rd e r  to  i n t e r p r e t  th e  Raman s p e c t r a  o f  DABA 

and th e  DABA-Zn** m odels. We f in d  t h a t  th e  DABA-Zn** complexes in  

s o lu t io n  a re  e x c e l l e n t  models fo r  e v e n ts  which may occur in  s i t u
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w ith  DABA, f o r  t h e i r  Raman s p e c t r a  a r e  e s s e n t i a l l y  th e  same.
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INTRODUCTION

Liver a lc o h o l  dehydrogenase, LADH (E.C. 1 .1 .1 .1 ) ,  i s  one of 

s e v e r a l  a lc o h o l  dehydrogenases which u t i l i z e  th e  coenzyme 

n ico tinam ide adenine d in u c le o t id e  (NAD*) and i t s  reduced  form NADH 

in  i t s  o x id a t io n - r e d u c t io n  r e a c t io n s .  These coenzymes a r e  w e ll  

known f o r  t h e i r  u b iqu ity  th roughou t  most o rgan ism s. In r e l a t i o n  

to  most d eh y d ro g e n a se -c a ta ly ze d  redox r e a c t i o n s ,  th e  oxid ized  form 

(NAD+), a c t s  as  an ox idan t by a c c e p t in g  a hydride  o n to  th e  

p o s i t io n  o f  the  py r id ine  r in g  w hile  th e  reduced  form (NADH) behaves 

as  a r e d u c ta n t  by c o n t r ib u t in g  a hydride  from t h i s  po s i t io n  

(equa t ion  1).

The means th rough  which t h i s  r e a c t i o n  is  c a r r ie d  o u t  a t  th e  

a c t iv e  s i t e  o f  th e  enzyme has rec e iv e d  c o n s id e ra b le  a t t e n t i o n  over 

th e  y e a rs .  Of im portance  i s  th e  q u e s t io n  of how coenzymes and 

s u b s t r a t e s  bind a t  th e  enzyme's a c t i v e  s i t e .  I t  i s  w e l l  known 

t h a t  th e  k in e t ic  mechanism of l iv e r  a lc o h o l  dehydrogenase  i s  th e  

s e q u e n t ia l  T heo re l l-C hance  mechanism. That is t o  s a y ,  du ring  

c a t a l y s i s  i t  i s  observed  t h a t  th e  coenzyme binds b e fo re  th e

(equa tion  1)
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s u b s t r a t e  b inds. The p roduct l e a v e s ,  then  th e  reduced  o r  oxidized 

coenzyme l e a v e s  depending on th e  d i r e c t io n  of th e  equa tion  

(equa tion  2).

In t h i s  r e a c t io n  scheme t h e r e  a r e  s e v e r a l  In te r m e d ia te s .  

There i3 th e  fo rm a tio n  o f  th e  b inary  complex in  which th e  coenzyme 

binds t o  t h e  enzyme, and th e  fo rm a tio n  of th e  t e r n a r y  complex in 

which th e  s u b s t r a t e  binds to  th e  b inary  complex (Figure  1). The 

b inary  com plexes  ENAD* and ENADH, where E r e p r e s e n t s  th e  ADH 

enzyme, a r e  known to  be q u ite  s t a b l e  (7 ,14 ,42 , 44,69). 

N e v e r th e le s s ,  th e  o rgan ic  mechanism via which s u b s t r a t e  i s  

c o n v e r ted  t o  p roduct is  no t und e rs to o d .  N o tw ith s tand ing , however, 

some in fo rm a t io n  on t h e s e  ty p e s  o f  i n t e r a c t io n  has become 

a v a i l a b l e  th rough  X -ray c r y s t a l l o g r a p h i c  s tu d i e s  on va rious  

dehydrogenases  (7,1 ^,1*2,14^,69).

These X-ray s tu d i e s  show t h a t  t h e r e  a r e  s i z a b l e  

co n fo rm a t io n a l  changes in  th e  enzyme when th e  coenzyme binds to  

th e  enzyme. In t h e s e  s t u d i e s ,  e l e c t r o n - d e n s i ty  d i f f e r e n c e s  a re  

c a l c u l a t e d  to  give th e  l o c a t io n  of th e  l ig a n d  w ith in  th e  enzyme. 

However, th e  n a tu r e  o f  th e  i n t e r a c t i o n ( s )  between th e  l ig a n d  and 

p ro te in  a re  only  deduced and n o t  s tu d ie d  d i r e c t l y .  From o th e r  

s tu d i e s  i t  has been shown t h a t  th e  adenine m oiety i s  e s s e n t i a l  f o r  

t h e  binding o f  NADH t o  t h e  enzyme (43,88). In one such s tu d y ,

«CH,OM tCMO

(equa t ion  2)
( * K A D H
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Figure 1: The g e n e ra l  r e a c t io n  scheme o f  LADH; th e  ox id a t io n  and

re d u c t io n  of n ico tinam ide adenine d in u c le o t id e  and s u b s t r a t e s ;  th e  

fo rm a tio n  o f  b inary  (LADH/NADH; LADH/NAD*) and t e r n a r y  

(LADH/NADH/aldehyde, LAD H/NAD+/ a l c o h o l ) complexes of

enzyme/coenzymes and e n z y m e /c o e n z y m e s /su b s tra te s .



Oxidized Substrate + NADH + H+ <—~— > 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 + + Alcohol 

<-—> LADH + NAD+

I’igure 1.
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H o ll is  (43) s u p p o r t s  the  r o l e  of the  adenine m oiety and f u r t h e r  

s u g g e s t s  t h e  involvem ent of th e  n ico tinam ide m oiety in  binding.

Using Raman sp e c t ro sc o p y ,  in  our l a b o r a to r y ,  in  an a t te m p t  a t  

u n d e rs tand ing  th e  enzym e's mechanism, th e  approach  has been to  

u nde rs tand  th e  Raman s p e c t r a  o f  LADH, th e  LADH/NADH binary  complex 

and th e  LADH/NADH/DABA te r n a r y  com plex. Raman s p e c tro sc o p y  has 

come in to  prominence as a to o l  fo r  s tudy ing  m acrom olecules  and 

b io lo g ic a l  sy s tem s  in th e  l a s t  few y e a rs .  S p e c i f i c a l ly ,  th e  

s tu d ie s  of s e v e r a l  b io lo g ic a l ly  s ig n i f i c a n t  chromophore c on ta in ing  

sys tem s have been p o s s ib le .  These s tu d ie s  encompass work on 

enzym atic  sy s tem s  (18,20), v is u a l  pigments and b a c te r io rh o d o p s in  

(17,58,98), and hem oprotelns (39,85). From th e s e  s tu d ie s  i t  seems 

p o s s ib le  t h a t  t h i s  techn ique  may o f f e r  s ig n i f i c a n t  promise in  th e  

f i e l d  of p ro te in  ch e m is try  i . e .  p ro te in  c o n fo rm a t io n a l  a n a ly s i s ,  

i n t e r a c t io n  o f  macro and micro m olecu les  with p r o te in s ,  DNA- 

p ro te in  com plexes , enzyme-coenzyme and s u b s t r a t e  com plexes , DNA 

r e s e a rc h  and r e s e a rc h  on a panoply  o f  c y to s o l i c  components. In 

our  s tu d ie s  t h i s  techn ique  has proven u se fu l  in  e lu c id a t in g  th e  

secondary  s t r u c t u r e  of LADH in  s o lu t io n ,  prov id ing  in s ig h t  i n to  how 

NADH binds t o  LADH and th e  binding o f  p-dim ethylam ino benzaldehyde 

(DABA), an a rom a tic  s u b s t r a t e ,  to  th e  enzyme.

One o f  th e  im p o r ta n t  f e a t u r e s  of Raman s c a t t e r i n g  i s  the  

f requency  s h i f t  of t h e  s c a t t e r e d  l ig h t  r e l a t i v e  to  t h a t  o f th e  

in c id e n t  l i g h t  by amounts r e l a t i n g  t o  th e  m o le c u le 's  normal mode 

f re q u e n c ie s .  Hence, Raman s p e c t r a  give d e t a i l e d  in fo rm a t io n  on th e
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v ib ra t io n a l  motions o f  atoms in m o le c u le s .  With t h i s  in  mind, the  

techn ique  has been employed t o  f u r t h e r  our un d e rs tan d in g  of the  

secondary  s t r u c t u r e  o f  LADH in s o lu t io n .  We have o bse rved , from 

th e s e  s tu d i e s ,  upon exam ination  o f  th e  Raman bands, t h a t  th e  

secondary  s t r u c t u r e  o f  the  enzyme compared to  t h a t  de te rm ined  by 

X-ray d i f f r a c t i o n  i s  s l i g h t l y  d i f f e r e n t .

D if fe ren ce  s p e c t ro sc o p y ,  th e  r e s u l t  o f  s u b t r a c t in g  th e  Raman 

spectrum  o f  LADH from t h a t  of th e  LADH/NADH binary  complex, was 

ob ta ined  from an in te r l e a v in g  fash io n  o f  A^BaAjAj.-.BpAn, where Ax 

r e p r e s e n t s  th e  Raman spectrum  of th e  b inary  complex taken  a t  tim e 

X, and Bx th e  Raman spectrum  o f  the  enzyme taken  a t  some o th e r  

t im e  X during  th e  ex p e r im en ta l  p ro ce s s .  The sum o f  A s p e c t r a  

minus th e  sum of B s p e c t r a  shows t h a t  t h e r e  a r e  s ig n i f i c a n t  

changes in  t h e  spectrum  of bound NADH as compared t o  t h a t  in 

s o lu t io n .  I t  i s  a l s o  a p p a re n t  t h a t  a t  l e a s t  one o f  th e  two NH2 

m o ie tie s  o f  NADH i s  invo lved  in binding and th e  n ico tinam ide  and 

adenine m o ie t ie s ,  a r e  s i g n i f i c a n t l y  invo lved  when NADH binds LADH.

In o rd e r  to  i n v e s t i g a t e  th e  s ig n i f ic a n c e  of t h e  Raman s p e c t r a  

o f NADH/NAD+ in s o lu t io n  and when bound to  th e  enzyme, LADH, we 

ob ta ined  th e  Raman s p e c t r a  of va rious  f ra g m en ts  and ana logues  of 

NAD+ and NADH. In p a r t i c u l a r  we r e p o r t  th e  Raman s p e c t r a  of 

aden ine , adenosine , AMP, ADP, ADPR, NMN*, NMNH, 

1 -m ethy ln ico tlnam ide  iod ide ,  9 - e th y la d e n in e ,  and 3-PAAD*. The 

e f f e c t s  o f  pH and th e  d e u te r a t io n  o f  th e  exchangab le  p ro to n s  on 

th e  Raman s p e c t r a  o f  NADH, NAD+ and t h e i r  f ra g m e n ts  and ana logues
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have been s tu d ie d  as w e l l .  From th e s e  s tu d ie s  th e  peaks in  the  

NAD+ and NADH s p e c t r a  can be ass igned  t o  in d iv id u a l  groups on 

th e s e  coenzymes.

A more com ple te  exam ination o f  the  Raman f e a t u r e s  of NAD+ 

and NADH come from th e s e  s tu d i e s ,  f o r  o th e r  s tu d i e s  (8 ,41,65,72) 

have been concerned m o stly  with th e  assignm ent of the  C-0 

s t r e t c h i n g  mode with l i t t l e  o r  no d isc u ss io n  o f  th e  o th e r  s p e c t r a l  

f e a t u r e s .  S e v e ra l  o th e r  more r e c e n t  u l t r a v i o l e t  resonance  Raman 

s tu d ie s  o f  NADH and i t s  ana logues  (12,66,72) d e lv e  more i n to  th e  

u n d e rs tand ing  o f  th e  s p e c t r a l  f e a t u r e s  of NADH, and have p re s e n te d  

a more thorough exam ination  of some of th e s e  s p e c t r a l  

c h a r a c t e r i s t i c s .  S tu d ie s  on m o lecu les  c on ta in ing  p o r t io n s  o f  NADH 

and NAD+ have been c a r r ie d  o u t  as  w e l l  (51 ,53 ,75). Our r e s u l t s  a re  

s im i la r  to  th e  d a ta  o f  th e s e  s t u d i e s .  In a d d i t io n  we have s tu d ie d  

th e  assignm ent of p a r t i c u l a r  bands in  te rm s  o f  s p e c i f i c  n u c le a r  

motions where th e s e  p rev ious  s tu d ie s  have made such an ass ignm en t.

As an I n i t i a l  approach  to  u n d e rs ta n d in g  th e  m o le c u la r  

p r o p e r t i e s  of the  a ro m a tic  a ldehyde  p-dim ethylam ino benzaldehyde 

(DABA) in  s o lu t io n  and in  th e  m o le c u la r  m icroenvironm ent o f  th e  

s u b s t r a t e  s i t e  o f  LADH, resonance  Raman s p e c tro sc o p y  has been 

employed in  t h i s  work. In reso n an ce  Raman s p e c t ro sc o p y ,  th e  

in c id e n t  l i g h t  w avelength  co inc ides  with an a b s o rp t io n  c e n te r  on 

th e  m o lecu le .  This r e s u l t s  in  t h e  enhancement o f  t h e  Raman c r o s s -  

s e c t io n s  f o r  normal modes a s s o c ia te d  w ith  th is  c e n t e r .  As th is  is 

th e  c a se ,  o n ly  Raman s c a t t e r i n g  r e s u l t i n g  from th e  a b s o rp t io n
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c e n te r  i s  obse rved . T h e re fo re ,  i t  is  p o s s ib le  to  ana lyze  th e s e  

p a t t e r n s  and deduce th e  o v e r a l l  s t r u c t u r e  of th e  a b s o rp t io n  

c e n t e r .  I f  th e  w aveleng th  of th e  in c id e n t  l i g h t  is in  p re ­

resonance  with th e  a b so rp t io n  c e n te r ,  t h a t  i s  to  s a y ,  i f  th e  

w aveleng th  i s  r e l a t i v e l y  c lo s e  t o  th e  a b s o rp t io n  c e n t e r ,  then  th e  

Raman c ro s s  s e c t io n  o f  th e  a b so rp t io n  c e n te r  modes a r e  r e l a t i v e l y  

enhanced over  th o se  of the  o th e r  reg io n s  o f  the  m olecu le  by 

s e v e r a l  o rd e r s  o f  magnitude.

In i t s  UV/Vis sp e c tru m , DABA has an a b s o rp t io n  band a t  352 nm 

whereas NAD+/NADH and LADH have a b s o rp t io n  bands a t  260 nm and 

280 nm r e s p e c t iv e ly .  In our l a b o r a to r y  th e s e  p r o p e r t ie s  were 

e x p lo i te d  to  o b ta in  Raman spectrum  of th e  LADH/NADH/DABA t e r n a r y  

complex, whose f e a t u r e s  a r e  p r im a r i ly  th o se  o f  DABA. As an 

approach  to  un d e rs tan d in g  th e  Raman spectrum  of bound DABA, a 

s e r i e s  of p re - re so n a n c e  Raman da ta  was c o l l e c t e d  f o r  DABA, 

i s o t o p i c a l l y  l a b e l l e d  DABA {namely DABA d e u te r a t e d  a t  th e  

a ldehyd ic  p ro to n  (CDO), “ C l a b e l l e d  a t  th e  carbony l  carbon ( “ CHO), 

**C and aH l a b e l l e d  a t  the  f u n c t io n a l  group ( “ CDO), and d e u te r a t io n  

of th e  3 and 5 r in g  p ro to n s  (2D)} and Zn++ com plexes , o f  n a t iv e  

DABA as w ell  as  i t s  i s o to p ic  d e r iv a t iv e s .  In c o n t r a s t i n g  th e  

enzyme bound DABA d a ta  to  th o se  o f  th e  z in c ++-DABA com plexes in 

s o lu t io n  i t  seems t h a t  th e  z in c ++-DABA complex is  a s u i t a b l e  model 

f o r  th e  a rom atic  s u b s t r a t e  DABA a t  th e  a c t i v e  s i t e  o f  LADH.
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DISCUSSION OF ALCOHOL DEHYDROGENASE

Alcohol dehydrogenase 's  a c t i v i t y  has been observed  in  

numerous animal and p la n t  t i s s u e s  as w ell  as in  some 

m icroorganism s. A few examples a re  th e  human l i v e r ,  h o rse  l i v e r ,  

r a t  l i v e r  (90), f ro g  and c a t t l e  r e t i n a  (97), y e a s t ,  mouse serum , 

e r y th r o c y te s  o f  some lower v e r t e b r a t e s ,  peas ,  co rn ,  r i c e ,  p a r s le y  

(90), sugar  b e e t s ,  sp inach , sun f lo w e r  and tobacco  (5), A sperig l 11us 

n ig e r , E sche rich ia  c o l l  (90), Neurospor a  c r a s s a  (63,64) and a few 

more.

The prim ary  s tu d ie s  o f  ADH began a t  th e  end of th e  19th 

c en tu ry  when i t  was observed  t h a t  va rious  animal t i s s u e s  oxidized 

a lc o h o l s  (90). As desc r ibed  by Sund and T h e o r e l l ,  Buchner and 

Gaunt coined th e  term  "alkcho loxydase"  f o r  th e  a lc c h o l  ox id iz ing  

enzyme in a c e t i c  ac id  b a c te r i a  (90). B a t e l l i  and S te rn  s tu d ie d  the  

p r o p e r t ie s  o f  ADH in various  anim al t i s s u e s  in  19 09. I t  was then  

t h a t  a c e to n e -d r ie d  p re p a r a t io n s  and c e l l - f r e e  ADH s o lu t io n s  were 

f i r s t  used. The f i r s t  experim ent with th e  s o lu b le  y e a s t  enzyme 

was not perform ed u n t i l  1933 (90). During t h a t  tim e i t  was 

im plied  t h a t  NAD+ fu n c t io n ed  as a coenzyme in t h e  o x id a t io n -  

r e d u c t io n  r e a c t io n  (eq. 1). I t  was not u n t i l  1936, t h a t  von Euler  

and h is  c o -w o rk e rs  e s t a b l i s h e d  t h a t  NAD+ was indeed th e  coenzyme 

(90). In 1937 Negelein and Wulff s u c e s s f u l l y  c r y s t a l l i z e d  th e  

y e a s t  enzyme, (90) and in  1948 Bonnichsen and Wassen (90) i s o l a t e d  

ADH from h o rse  l i v e r  in  c r y s t a l l i n e  form .
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ADH c a t a ly s e s  many r e a c t i o n s .  I t  is  w e ll  known t h a t  ADH does 

not have a u n iq je  s p e c i f i c i t y  f o r  s u b s t r a t e s  a s  i t s  r e a c t s  with a 

v a r i e ty  o f  normal and b ra rc h e d -c h a in  a l i p h a t i c  and a rom a tic  

a lc o h o l s ,  both prim ary and seconda ry , various  ca rbony l compounds 

and a s e r i e s  of ana logs  o f  NADVNADH (90). Examples a r e  ADH's 

involvem ent in  th e  d e g ra d a t io n  of f r u c t o s e ,  th e  r e d u c t io n  of 

g ly ce ra ld e h y d e  to  g ly c e r o l ,  and th e  r e d u c t io n  o f  r e t i n a l  ( the 

a ldehyd ic  chromophore of v isu a l  p igm ents) t o  th e  correspond ing  

a lc o h o l ,  r e t i n o l .

E le c t r o p h o r e t i c  s tu d i e s  of equine l i v e r  a lc o h o l  dehydrogenase 

(LADH) (E. C. 1 .1 .1 .1 . )  in d ic a te  t h a t  LADH c o n ta in s  two com ponents , 

a main component and a minor component. These com ponents, i t  has 

been shown, show somewhat d i f f e r e n t  s p e c i f i c i t i e s .  C onsequen tly , 

t h r e e  main isozymes a re  formed by th e  d im eric  com bination o f  th e s e  

two d i f f e r e n t  components. These com ponents , a re  no t a c t i v e  in  th e  

monomeric s t a t e .  However, in  th e  d im eric  fo rm s th ey  a r e  a c t iv e  

and s u b s e q u e n t ly  show various  s p e c i f i c i t i e s .  A ccord ing ly , th e s e  

components have been named. The s t e r o id  a c t iv e  component has been 

named S w t i l e  t h e  e th a n o l  a c t iv e  component i s  c a l l e d  E (14). The 

major isozymes a r e  t h e r e f o r e  EE, ES, and SS. Although t h e i r  names 

may su g g e s t  s u b s t r a t e  s p e c i f i c i t y  i t  i s  Im p o r ta n t  to  n o te  t h a t  EE 

and SS both  have s t e r io d  and e th a n o l  a c t i v i t y  r e s p e c t i v e l y ,  a l b e i t  

w ith low r e a c t i o n  r a t e s .

I t  i s  w orth m entioning t h a t  t h e r e  a r e  s ix  amino ac id  

d i f f e r e n c e s  between th e  prim ary  s t r u c t u r e s  o f  E and S.
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A pparen tly , the  two p ro te in s  a r e  sy n th e s iz e d  from d i f f e r e n t  

au tosom al gene l o c i ,  and p o s t  t r a n s c r i p t i o n a l  m od if ica tion  of th e  

t h r e e  form s of the  p ro te in  le a d  to  va rious  s u b f r a c t io n s .  Namely, 

EE', E E " , E E " ' where th e  prime r e p r e s e n t s  a d e c re a se  in ca thod ic  

e l e c t r o p h o r e t i c  m o b il i ty .

The main isozyme o f  the  commercial p re p a ra t io n  o f  equine

l i v e r  a lc o h o l  d e tyd rogenase  i s  EE. I t s  m o le c u la r  weight i s  80,000 

MW (56), w ith  an e x t in c t io n  c o e f f i c i e n t  of 3.57 X 10" M-1 cm-1 a t  

280 nm. This isozyme c o n ta in s  374 amino ac id  r e s id u e s  o f  which 14 

a r e  c y s te in e s .  I t  is w ell  known t h a t  the  n a t iv e  enzyme c o n ta in s

two Zn(II) ions pe r  monomer, one of which p a r t i c i p a t e s  in c a t a l y s i s

(96) while  th e  o th e r  i s  found in  a s t r u c t u r a l  s i t e .  I t  i s  be lieved  

t h a t  t h i s  s t r u c t u r a l  s i t e ' s  z inc ion i s  p r im a r i ly  f o r  th e  

s t a b i l i z a t i o n  o f  th e  q u a te rn a ry  s t r u c t u r e  o f  the  enzyme (33).

The c a t a l y t l c a l l y  e s s e n t i a l  zinc io n s ,  d i f f e r s  in

physiochem lcal p r o p e r t ie s  from th o se  o f the  s t r u c t u r a l  zinc ion.

I t  has been shown by MZn2+ exchange t h a t  th e  s t r u c t u r a l  zinc ion 

can be d i f f e r e n t i a t e d  from th e  c a t a l y t i c  z inc ion, and t h a t  th e s e  

zinc ions can be d i f f e r e n t i a l l y  l a b e l l e d  a s  w e ll  (34). X-ray

s tu d ie s  su g g e s t  t h a t  th e  c a t a l y t i c  z inc  ion i s  c o o rd in a te d  in  a

d i s t o r t e d  t e t r a h e d r o n  by two s u l f u r  a tom s from cys-46  and cy s-

17 4, one n i tro g e n  atom from h is -6 7 ,  and one oxygen from a w a te r  

m olecu le  which i s  be lieved  to  be r e p la c e d  by th e  oxygen o f  the  

s u b s t r a t e  during  o a ta l y s i s  (Figure 2). The n o n - c a t a l y t i c  z inc ion, 

on th e  o th e r  hand, has been measured as  being 2.06 nm away from
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Figure 2: A schem atic  r e p r e s e n ta t i o n  o f  th e  a c t iv e  s i t e  of equine

l i v e r  a lc o h o l  dehydrogenase , d e p ic t in g  th e  coenzyme and s u b s t r a t e  

binding domains and th e  coo rd in a tio n  of th e  a c t iv e  s i t e  z inc to  

s u l f u r  o f  C y s - I? 2*, Cys-Hb and n i t ro g e n  o f  H is-67 , and th e  oxygen 

of w a te r .
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th e  c a t a l y t i c  s i t e  and i s  coo rd ina ted  in a d i s t o r t e d  t e t r a h e d r o n  by 

fo u r  s u l f u r  atom s from c y s -9 7 ,  cys-100 , cys-103 and cys-111 (1^). 

F u r th e rm o re ,  i t  has been no ted  t h a t  both c a t a l y t i c  and non- 

o a t a l y t i c  zinc ions p lay  a s u b s t a n t i a l  s t r u c t u r a l  r o l e  in th e  

enzyme (56).

Eklund e t  a l . (37) have shown via the  c r y s t a l  s t r u c t u r e  t h a t  

LADH has a s p e c i f i c  coenzyme binding s i t e  n e a r  th e  c a t a l y t i c  s i t e  

(F igu re .  2). At t h i s  s i t e ,  th e  adenine m oiety o f  NADVNADH l i e s  on 

a 0 - p le a te d  s h e e t  reg ion  w hile  th e  r ib o s e  and pyrophosphate  groups 

f o ld  in such a way as  to  accommodate th e  n ico tinam ide  m oiety in 

making van der  Waals c o n ta c t  w ith  th e  c a t a l y t i c  zinc ion . The 

coenzyme upon binding induces  a s ig n i f i c a n t  p ro te in  co n fo rm a t io n a l  

change, enhancing th e  s u b s t r a t e  binding to  th e  hydrophobic a c t iv e  

s i t e  of th e  enzyme. Evidence a long  th e s e  l i n e s  come from o p t i c a l  

and e l e c t r o n  param agnetic  resonance  s p e c t ro s c o p ic  (EPR) s tu d i e s ,  

which show t h a t  th e  296 K o p t i c a l  spectrum  o f  Cu (II)*LADH shows a 

sm a l l  red  s h i f t  upon NADH binding with an unchange molar 

e x t in c t io n  c o e f f i c i e n t .  In te rm s  of EPR, th e  h y p e r f in e  s p l i t t i n g  

of Cu (II)*LADH, i t  was ob se rv ed , went unchanged upon NADH binding. 

Although no observed  changes in th e  zinc (II) l ig a n d  t a k e s  p la c e ,  

i t  i s  mentioned t h a t  perhaps  changes in  p r o te in  confo rm ation  do 

cause  s m a l l  p e r tu b a t io n s  a t  th e  m eta l  c e n te r .  I t  i s  becoming 

a p p a re n t  t h a t  th e  c a t a l y t i c  zinc ion in  l i v e r  a lc o h o l  dehydrogenase 

has  a m u l t i f u n c t io n a l  r o l e  as  w e l l .



15

I t  has been proposed by some r e s e a r c h e r s  t h a t  during 

c a t a l y s i s  the  a c t iv e  s i t e  m eta l  ion a c t i v a t e s  th e  s u b s t r a t e  via a 

d i r e c t  c o o rd in a t io n  between th e  m eta l  and s u b s t r a t e ,  th e re b y  

o p e ra t in g  as  a Lewis a c id .  The e x p e r im e n ta l  evidence a long  th i s  

l i n e  shows t h a t ,  when th e  z inc ion has been r e p la c e d  by c o b a l t  ion 

in LADH, th e  binding o f  an ions , such as  a z id e ,  a c e t a t e  or hydrogen 

s u l f i d e  causes  c h a r a c t e r i s t i c  changes in th e  s p e c t r a  of th e  

c a t a l y t i c  c o b a l t  ion in  f r e e  c o b a l t  (II)-LADH, namely the  

d isappearance  o f  th e  520 nm a b s o rp t io n  band with th e  concom itan t 

appearareje o f  a band around 575 nm (56). S im i la r ly  in  t e r n a r y  

complexes such a s  Co++-LADH/NADVacetate o r  2 , 2 , 2 - t r i f l u o r o e th a n o l  

(56) s p e c t r a l  changes upon anion binding have been o bse rved .

On th e  o th e r  hand while a v a r i e ty  o f  in fo rm a t io n  reg a rd in g  

d i r e c t  c o o rd in a t io n  o f  the  zinc m eta l  ion t o  s u b s t r a t e  an d /o r  

coenzyme has been p re s e n te d ,  th e  m echan is t ic  r o l e  of zinc ion in 

LADH is  s t i l l  a s u b je c t  of a c t iv e  in v e s t ig a t io n  and d isc u s s io n .  

F lu o r im e t r ic  s tu d ie s  by Iweibo and Weiner (45) showed t h a t  

s u b s t r a t e  co m p e t i t iv e  i n h ib i to r s  form t e r n a r y  complexes with th e  

m eta l  f r e e  enzyme and NADH. In  a d d i t io n  Young and Wang (106) have 

shown no s p e c t ro s c o p ic  changes which a r e  c h a r a c t e r i s t i c  of 

c o o rd in a t io n  o f  az id e  to  th e  c a t a l y t i c  ion of th e  n a t iv e  and c o b a l t  

(II) z inc (II) mosaic enzyme. F u r th e rm o re ,  k in e t ic  s tu d ie s  and 

binding s tu d ie s  have argued a g a in s t  such c o o rd in a t io n .  S loan e t  

a l .  (84) us ing  n u c le a r  m agnetic  r e s o n a r c e  s p e c t ro sc o p y ,  s tu d ie d  the  

s u b s t r a t e  i n t e r a c t io n  with Co++-LADH. They a rgae  t h a t  the
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param agne tic  e f f e c t s  o f  Co (II ) ,  a t  th e  c a t a l y t i c  s i t e ,  on the  

r e l a x a t i o n  r a t e s  of th e  m ethyl p ro tons  of isobu ty ram ide  (IBA) a t

100 and 200 MHz in d ic a te  t h a t  IBA binds a t  a s i t e  9.1 X from the

c a t a l y t i c  Co (I I ) .  This d i s t a n c e ,  they  ob se rv ed , d e c re a sed  t o  6.9 X 

upon NADH binding. Also they  determ ined a Co (II) t o  methyne 

p ro to n  d is ta n c e  of 6 . 6  X, in d ic a t in g  t h a t  a co n fo rm atio n a l  change 

may le a d  to  th e  fo rm ation  of a second sp h e re  enzyme Co (II) IBA 

complex in  which a ty d ro x y l  or w a te r  l ig an d  in te rv e n e s  between the  

m eta l  and th e  IBA. With t h e  s u b s t r a t e ,  e th a n o l ,  th ey  showed t h a t  

upon e th a n o l  binding, th e  param agnetic  e f f e c t s  o f  Co (II) ,  a t  th e  

a c t iv e  s i t e ,  on th e  r e l a r a t l o n  r a t e s  of th e  e th a n o l  p ro to n s  a t  100 

and 220 MHz showed t h a t  e th a n o l  binds a t  a d i s ta n c e  o f  12-14 X 

from th e  Co (II ) .  In th e  a b o r t iv e  complex, LADH/NADH/ethanol i t  

was shown t h a t  the  e th a n o l  binds a t  a d is ta n c e  of 6 . 3  X. Hence 

th ey  have p o s tu l a te d  t h a t  a p o s s ib le  r o l e  of th e  c a t a l y t i c  c o b a l t  

ion may be th e  a c t i v a t io n  o f  a hydroxyl or w a te r  l ig a n d  which, i t  

i s  th o u g h t ,  p o la r i z e s  th e  a ldehyde carbonyl group by hydrogen 

bonding. Moreover, i t  has been suggested  t h a t  the  m eta l  ion 

in f lu e n c e s  th e  dynamics of coenzymes and t h e i r  an a lo g s  binding, 

a l th o u g h  m o lecu la r  evidence fo r  d i r e c t  binding o f  

coenzym es/ana logs  to  th e  m eta l  ion is  no t a v a i l a b l e .

In s p i t e  o f  a l l  o f  the  s u g g e s t io n s  as  t o  how th e  zinc ion

might be invo lved  in  LADH’s c a t a l y s i s ,  much more in fo rm a t io n  i s  

needed f o r  th e  p roper  u n d e rs tand ing  o f  the  m o le c u la r  d e t a i l s  o f 

th e  c a t a l y t i c  c y c le .  In p a r t i c u l a r ,  t h a t  which might lo ck
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e v e ry th in g  in  p lace  in  te rm s  o f  the  mechanism i s  th e  number and 

chem ical n a tu re  of a l l  t h e  in te rm e d ia te s  formed during  th e  t e r n a r y  

complex in te r c o n v e r s io n s .  A problem o f  concern  w ith  th e s e  types  

of s tu d ie s  i s  th e  fo rm a tio n  of s t a b l e  t e r n a r y  com plexes. 

P re lim in a ry  in fo rm a t io n  has r e c e n t l y  become a v a i l a b l e  through 

s tu d i e s  of the  very  poor LADH s u b s t r a te  p-dimethy lamino 

benzaldehyde (DABA). DABA form s a very  s t a b l e  t e r n a r y  complex

w ith  LADH/NADH, hence an LADH/NADH/DABA complex is  formed. DABA 

has a s t r o n g  a b so rp t io n  band a t  352 nm (e»3.0 X 10" M '1 c m '1) in 

s o lu t io n .  Angelis e t  a l .  (6) have shown t h a t  DABA is  co n v e r ted  to  

th e  co rre spond ing  a lc c h o l  in  th e  p resence  o f  NADH and LADH around 

pH 7 .0 .  However a t  pH 9.6 DABA form s a very  s t a b l e  t e r n a r y

complex w ith  a s h i f t  o f  Amax to  380 nm (e -2 .9  X 10H M '1 c m '1).

P e t ic o la s  e t  a l .  (47) have r e p o r te d  the  Raman s p e c t r a  o f  DABA

d isso lv e d  in  w a te r  b u f fe r  and o th e r  s o lv e n t s  and th e  spectrum  of 

th e  s t a b l e  t e r n a r y  complex LADH/NADH/DABA. They r e p o r te d  major 

changes in  th e  Raman spectrum  o f  DABA when bound to  th e  enzyme 

complex, compared t o  t h a t  in  s o lu t io n .  In th e s e  s tu d ie s  the  

t e n t a t i v e  assignm ent of th e  Zn++-0  bond was de te rm ined  as being 

394 c m '1 in  th e  LADH/NADH/DABA te r n a r y  complex. In t h i s  work 

o th e r  Raman s tu d ie s  were done in  which th e  carbonyl oxygen was 

i s o t o p i c a l l y  l a b e l l e d  ( , , 0) and th e  t e r n a r y  chem ical in te rm e d ia te  

and th e  Lewis ac id  complex formed. There was no obvious 

c o n fi rm a tio n  o f  the  Zn++-0 bond s ince  th e  i s o t o p i c a l l y  l a b e l l e d  

ca rbony l oxygen o f  DABA did not give the  a n t i c ip a t e d  changes in  the
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Zn++-0 band. That is  to  say ,  no s ig n i f i c a n t  s h i f t  of  th e  "assigned" 

Raman band f o r  th e  Zn'*'+-0  was observed  under  th e s e  c o n d i t io n s .

S t r u c t u r a l  s tu d ie s  of LADH has been underway by s e v e r a l  

i n v e s t i g a t o r s .  Eklund and h is  c o -w o rk e rs  (35) r e p o r te d  th e  t h r e e  

d im ensional s t r u c t u r e  o f  c r y s t a l l i n e  LADH a t  2.H X  r e s o l u t i o n  with 

an X-ray d i f f r a c t i o n  a n a ly s i s .  They showed t h a t  th e  enzyme 

c o n ta in s  2 9 $ a h e l ix ,  31*? B -p lea ted  s h e e t  and 37 5t random c o i l  

under th e s e  c o n d it io n s .  Villliams and h is  group (101), using Raman 

s p e c t ro sc o p y ,  c a lc u la t e d  (based on th e  amide I bands) t h a t  LADH 

con ta ined  a r e l a t i v e  low p e rcen tag e  o f  a  h e l ix  (18H). Our s tu d ie s  

have confirm ed th e  l a t t e r  r e s u l t s .
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RAMAN EFFECT

Raman s p e c t ro sc o p y  i s  a means of acq u ir in g  in fo rm a t io n  on th e  

normal v ib ron ic ,  t o r s i o n a l ,  and bending modes of a m o lecu le .  The 

Raman s c a t t e r i n g  e f f e c t  comes from with t h e  i n t e r a c t io n  o f  th e  

in c id e n t  l i g h t  with th e  e l e c t r o n s  in  th e  i l lu m in a te d  m o lecu le .  I t  

i s  known t h a t  when a sam ple  is  i l l u m in a te d  w ith  a beam of l i g h t  a t  

f requency  (v) an o s c i l l a t i n g  d ip o le  i s  induced in  th e  m o lecu le .

The c l a s s i c a l  ex p re ss io n  o f  t h i s  e f f e c t  i s :

Wind “ • E(v)

where uinC| i s  th e  induced d ip o le ,  a i s  th e  e l e c t r i c  p o l a r i z a b i l i t y  

t e n s o r  of the  m o lecu le  a t  f req u en cy  v, and E is  th e  e l e c t r i c  f i e l d  

v e c to r  of th e  l i g h t .  I f  th e  t im e  v a r i a t io n  of th e  e l e c t r i c  f i e l d  

o f  th e  l i g h t  is  defined  as :

E (t)  -  E0co s2 n v t

then :

Mind ” a (v )  • E0cos2 irv t.

We w i l l  assume f o r  s im p l ic i t y  t h a t  th e  e l e c t r i c  p o l a r i z a t t l i t y  

t e n s o r  of th e  m o lecu le  i s  t r e a t e d  a s  a number a (v )  i n s t e a d  o f  the  

t e n s o r  q u a n t i ty  i t  i s .  Since t h e  m olecu le  i s  v ib ra t in g  a t  some 

normal mode freq u en cy ,  i t s  p o l a r i z a b i l i t y  w i l l  no t  be c o n s ta n t .  

When th e  m o lecu le  moves th e  e l e c t r o n s  r e a c t  and a t  each n u c le a r  

p o s i t io n  a change in p o l a r i z a b i l i t y  ta k e s  p la c e .  This phenomenon 

can be de fined  as:

a (v )  ■ o0(v) + a '(v ) c o s 2 i r v ' t
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where <x0 i s  th e  p o l a r i z a b i l i t y  of th e  m olecu le  a t  i t s  equ il ib r ium  

n u c le a r  c o n f ig u ra t io n ,  a ' ( v )  i s  th e  change in  p o l a r i z a b i l i t y  when 

t h e r e  i s  n u c le a r  motion and v' is  th e  v ib ra t io n a l  f req u en cy  o f  th i s  

n u c le a r  motion. In tro d u c in g  th i s  eq u a tio n  in to  th e  d e f in i t i o n  o f  

th e  induced d ip o le ,  th e  equa tion  which p r e d i c t s  what th e  induced 

d ipo le  w i l l  be in  th e  m o lecu le  i s  then :

p( t)  -  E0[ a 0(v) ♦ o ' ( v J c o s ? ™ 't ] c o s 2 i r v t

-  E0a 0(v)cos2Trtv + E0a , (v)cos2irv , tcos2iTvt

-  y ( t)  ♦ u ' ( t )

where p (t)  i s  th e  normal induced d ip o le  o s c i l l a t i n g  a t  f re q u e n c y  

(v) which r e s u l t s  in  e l a s t i c  l i g h t  s c a t t e r i n g ,  and p*(t) g ives  

r i s e  to  th e  Raman spec trum . From th e  geom etric  d e f in i t i o n  t h a t  

cosAcosB -  1/2[cos(A ♦ B) ♦ cos(A -  B)] th i s  e f f e c t  can be

dem o n s tra ted  as:

p ' ( t )  - 2{E0a (v ) [co s2 n (v  + v ' ) t  ♦ cos2n(v  -  v ' ) t ] } .

From t h i s  e q u a t io n  i t  i s  a p p a re n t  t h a t  a d ipo le  o s c i l l a t i n g  a t  a 

given f re q u e n c y  v w i l l  emit r a d i a t i o n  a t  f re q u e n c ie s  v ♦ v* and v -  

v ’. The p o s i t io n  o f  th e  emission l in e s  r e l a t i v e  to  th e  e x c i t in g  

f req u en cy  p e rm i ts  th e  measurement of the  v ib r a t io n a l  f re q u e n c y  v' 

i f  v i s  known and v ♦ v ' or  v - v '  i s  m easured . The band a t  v + v' 

is  c a l l e d  th e  a n t i - S to k e s  band whereas t h a t  o f  v -  v ' i s  c a l l e d  

th e  S tokes  band. While ex p la in in g  t h i s  phenomenon, i t  i s  

envisioned  t h a t  th e  Raman e f f e c t  i s  a two photon e v e n t .  The 

complex t a k e s  up one photon o f  f re q u e n c y  v and em its  one a t  e i t h e r  

v ♦ v' or v -  v ' .
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When th e  in c id e n t  r a d ia t io n  f requency  l i e s  a t  or n ea r  an 

a b so rp t io n  band, t h e  Raman e f f e c t  i s  enhanced. This enhancement 

i s  known as resonance  or near  resonance  Raman sp e c t ro sc o p y .  The 

resonance  e f f e c t  y ie ld s  a l a r g e  c ro s s  s e c t io n  enhancement of 

p a r t i c u l a r  Raman bands.

For m icrom olecu les  th e  Raman e f f e c t  com plim ents  th e  in f r a r e d  

sp e c t ro sc o p y .  T ra n s i t io n s  which give r i s e  to  th e  Raman bands must 

have a p o l a r i z a b i l i t y  which changes with n u c le a r  m otion, o th e r  

than  having a f ix ed  d ip o le  t h a t  changes. As t h i s  i s  th e  c a se ,  some 

t r a n s i t i o n s  which a r e  low in i n t e n s i t y  in  one techn ique  may be high 

in  th e  o th e r .  For h igh ly  asym m etric  m acrom olecu les ,  th e  Raman and 

th e  i n f r a r e d  e f f e c t s  give r i s e  to  e s s e n t i a l l y  th e  same a r r a y  o f  

bands. The prim ary  advan tage  o f  Raman sp e c t ro sc o p y  i s  th e  f a c t  

t h a t  w a te r  has a r e l a t i v e l y  poor Raman sp ec tru m , making th e  s tu d y  

of b io lo g ic a l  s y s te m s ,  which co n ta in  w a te r ,  e a sy .  Moreover, only 

sm a l l  amounts o f  sam ples  a r e  needed i . e .  enough sam ple  to  f i l l  th e  

volume of th e  l a s e r  beam. We have perform ed m easurem ents o f  as  

l i t t l e  as  10 p i .

In comparison to  o th e r  sy s te m s ,  f o r  in s t a n c e ,  n u c le a r  

m agnetic  reso n an ce  s p e c tro sc o p y  (NMR), NMR tec h n iq u es  r e q u i r e  ve ry  

high c o n c e n t ra t io n s  of th e  sam ple (a l though  t h i s  has improved 

d r a m a t ic a l ly  f o r  p ro to n s  in  r e c e n t  y e a rs )  or an enrichm ent of a 

p a r t i c u l a r  s u b s ta n c e 's  m agnetic  n u c le i  in  o rd e r  f o r  th e s e  

re so n a n c e s  to  be ob ta ined . F u r th e rm o re ,  f o u r i e r  t ra n s fo rm  

experim en ts  can be perform ed f o r  days or weeks. X-ray
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c r y s t a l l o g r a p h y ,  while  providing u s e fu l  in fo rm a tio n  on atom ic 

p o s i t io n s ,  seldom gives  s p e c i f i c a t i o n s  of e l e c t r o n i c  s t r u c t u r e  such 

as  bonding p r o p e r t i e s .  In a d d it io n  i t  r e q u i r e s  t h a t  th e  sam ple is  

in  th e  c r y s t a l l i n e  s t a t e ,  which may no t a lw ays mimic th e  in  vivo 

s i t u a t i o n .  In a d d i t io n ,  no t a l l  sam ples  can be c r y s t a l l i z e d .  

U l t r a v i o l e t / v i s i b l e  a b s o rp t io n  sp e c tro sc o p y  a lthough  u s e fu l  in 

making p rov is ion  f o r  th e  u nders tand ing  of th e  e x c i te d  s t a t e  

s t r u c t u r e  o f  a m olecu le  does not compare to  Raman sp e c t ro sc o p y ,  

which p rov ides  in fo rm a t io n  not on ly  of th e  e x c i te d  s t a t e  s t r u c t u r e  

of a m o le c u le ,  but th e  ground s t a t e  as w e l l .

D esp ite  i t s  su c c e s s  Raman s p e c tro sc o p y  i s ,  however, not 

w ithout i t s  l i m i t a t i o n s .  The Raman s p e c t r a  can e a s i l y  be obscured  

by f lo u r e s c e n c e ,  r e s u l t i n g  o f t e n  from im p u r i t ie s .  In a d d i t io n ,  fo r  

an adequate  spectrum  with a good s ig n a l  to  no ise  r a t i o  th e  sam ple 

r e q u i r e s  high c o n c e n t r a t io n s ,  in th e  range  of a pp rox im ate ly  

0.01-0.1 M or h ig h e r .  These c o n c e n t ra t io n s  a r e  much h igher  than  

th o se  used in  NMR expe rim en ts .  A d d i t io n a l ly ,  i t  i s  no t  a lw ays easy  

to  i n t e r p r e t  th e  Raman d a ta .  C u rren t  th e o r i e s  r e l a t i n g  Raman 

bands to  normal mode v ib ra t io n s  and th e s e  to  s t r u c t u r e  a r e  not ye t  

ro u t in e  f o r  l a r g e  m o le c u le s .

To d a te  many o f  the  Raman bands found in  p ro te in  s p e c t r a  have 

been a ss ig n ed  to  s p e c i f ic  p e p tid e s  or s id e  chain v ib ra t io n s  in 

p r o te in s ,  p a r t i c u l a r  phosphates  or bases  in  n u c le ic  a c id s  and 

con fo rm ation  and con fo rm atio n a l  changes ( i . e .  d i f f e r e n c e s  between 

a  h e l i c e s ,  B s h e e t s ,  and random c o i l s )  in  p r o te in s .  Moreover r ic h
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in fo rm a tio n  p e r ta in in g  t o  secondary  s t r u c t u r e s  of p ro te in s  can be 

made a v a i l a b l e  from th e  Raman bands of th e  amide I and amide II 

t r a n s i t i o n s .  In a d d i t io n ,  hypochrom icity  in  Raman s p e c t r a  can 

o f te n  le a d  to  th e  u nders tand ing  of va rious  s t a t e s  in some 

m olecu les  e .g .  base s ta c k in g  or hydrogen-bonding in 

p o ly n u c le o t id e s .

A Raman s p e c t ro m e te r  c o n s i s t s  e s s e n t i a l l y  o f  a l i g h t  source  

e .g .  a l a s e r  beam of monochromatic r a d i a t i o n ,  a sample 

com partm ent, a m onochromator, a p h o to m u l t ip l ie r  system  or a photo 

diode a r r a y  as a d e t e c t o r ,  and an e l e c t r o n i c  s ig n a l -p r o c e s s in g  u n i t  

(F igure . 3).



Figure 3: Schem atic  r e p r e s e n ta t i o n  o f  Raman s p e c t r o m e te r

d e p ic t in g  i t s  l ig h t  so u rc e ,  sam ple com partm ent, monochromater 

d e t e c t o r ,  and e l e c t r o n i c  s ig n a l -p r o c e s s in g  u n i t .
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MATERIALS AND METHODS

MATERIALS. LADH was purchased  from Boehringer Mannheim Co. 

( In d ia n ap o l is ,  IN). The c o l lo d io n  bag vacuum c o n c e n t r a to r  was 

su pp lied  by A. H. Thomas (P h i la d e lp h ia ,  PA). C ollod ion  bags were 

ob ta ined  from S c h le ic h e r  & S chue ll  (Keene, NH). The c e n t r ic o n  30 

m ic ro c o n c e n tra to r  was purchased from AMICON (Danver, MA). NADH 

(Grade I I I ) ,  NAD* (Grade I I I ) ,  3-PAAD+, NMN*, NMNH, 

1 -m ethy ln ico tinam ide  iod ide , 9 -e th y la d e n in e ,  adenine  (Sigma g rade) ,  

adenosine  (Sigma g rad e ) ,  ADP (grade I ) ,  AMP (Sigma g rad e ) ,  

p-(d im ethylam ino) benzaldehyde (DABA), and adenosine 

5 '-d ip h o sp h o r ib o se  were purchased  from Sigma Chem icals Co. (S t .  

Louis, MO). ZnCl2 was purchased  from M allinc k r o d t ,  Inc. (S t.  

Louis, MO). Anhydrous d ie th y l  e th e r  was o b ta in e d  from e i t h e r  J .  T. 

Baker Chemical Co. ( P h i l l ip s b u rg ,  NJ) or F ish e r  S c i e n t i f i c  Co. (Fa ir  

Lawn, NJ). I s o t o p i c a l ly  l a b e l l e d  DABAs were p repared  by th e  

l a b o r a to r i e s  of Dr. J .  Lugtenburg (Gorlaeus L a b o ra to r ie s ,  S ta te  

U n iv e rs i ty  Leiden, Leiden, N e th e r lan d s )  and Dr. V. Balogh-Nair (The 

C ity  C o llege  of New York, N. Y., N. Y. 10031).

ENZYME PREPARATION. Liver a lc c h o l  dehydrogenase which is  

purchased  as c r y s t a l s  suspended in  20 mM potassium  phosphate  

b u f fe r  pH 7.0; 10% e th an o l  was p repa red  by methods as d esc r ib ed  

below.
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The c r y s t a l s  of LADH, which had s e t t l e d  a t  th e  bottom of the  

sh ipping  v ia l  were g e n t ly  suspended using a p a s te u r  p ip e t t e .  The 

suspension  was then  t r a n s f e r r e d  to  a c e n t r i f u g e  tube and 

c e n t r i fu g e d  f o r  20 m inutes a t  ^°C a t  6000 x g. The s u p e rn a ta n t

was a s p i r a te d  o f f  and th e  p e l l e t  was suspended in  0 .05 M 

pyrophosphate  b u f f e r ,  pH 9.60. The enzyme suspension  was 

c e n t r i fu g e d  f o r  10 m inutes a t  ^°C a t  6000 x g. The s u p e rn a ta n t

was then  removed and e x h a u s t iv e ly  d ia ly se d  a g a in s t  0.1 M 

pyrophosphate  b u f f e r ,  pH 9 .60 . I t  was then  c o n c e n t ra te d  using a 

c o l lo d io n  bag vacuum c o n c e n t r a to r .

ENZYME ASSAY. The enzym atic  a c t i v i t y  was de te rm ined  by th e  

method o f  D a lz ie l  (28). In two c u v e t t e s  were added s e p a r a t e l y  

250A of 30 mM NAD+, 2.6 ml 20 mM pyrophosphate  pH 8.8  and 30A 

10% e th a n o l .  To th e  r e f e r e n c e  c u v e t t e  100A o f  b u f fe r  was added. 

To th e  sam ple  c u v e t t e  100A c on ta in ing  7-12 pM LADH was added. The 

sam ple  was m onitored a t  3^0 nm f o r  t o . 2 (th e  t im e  i t  t a k e s  f o r  th e  

o p t i c a l  d e n s i ty  t o  reach  0 .2 ) .  The te m p e ra tu re  was m ain ta ined  a t  

23°C. The c o n c e n t ra t io n  o f  the  enzyme was determ ined  

s p e c t r o s c o p i c a l ly  using  e 2eo-3.57x1 O^M*1 cm-1 .

PREPARATION OF DEUTERATED LADH. The LADH enzyme was 

d i lu t e d  with 0.1 M pyrophosphate  b u f fe r  pD 9.60 (pD-pH+0.1*),

c o n ta in in g  D20. The p re p a ra t io n  was a llow ed  to  s i t  overn igh t  

acco rd ing  t o  th e  p rocess  of B lout e t  a l .  (10). I t  was then
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c o n c e n t ra te d  by a c e n tr ic o n  30 m ic ro c o n c e n tra to r .

PREPARATION OF THE BINARY COMPLEX OF LADH/NADH. The

complex was formed by mixing a 1:2 molar r a t i o  of LADH:NADH 

accord ing  to  th e  method of DeTraglia  e t  a l .  (32). Under th e s e  

co n d it io n s  th e  complex fo rm ation  i s  a lm os t  100* (32), with no

excess  of NADH or LADH. The complex fo rm a tio n  was v e r i f ie d  

s p e c t r o s c o p ic a l ly  by th e  s h i f t  in NADH's Amax from 340 nm to  325 

nm.

PREPARATION OF NADH, NAD4', THEIR FRAGMENTS AND 
ANALOGUES. The sam ples  were d is so lv e d  in 0.1 M pyrophosphate  

b u f f e r ,  pH 9.60, or phosphate b u f f e r ,  pH 7 .0 , 5 .0 , 4.0, or 3.0 

depending on th e  n e c e s sa ry  ex p e r im en ta l  co n d it io n .  Had th e  pH of 

th e  b u f fe r  changed because of the  b a s ic i ty  or a c id i ty  of the  

coenzyme, f ragm en t  or ana logue , i t  was a d ju s te d  to  th e  a p p ro p r ia te  

pH fo r  th e  given experim ent by th e  a d d it io n  o f  d i l u t e  phosphoric  

ac id  or d i l u t e  potassium  hydroxide.

The c o n c e n t ra t io n  of NADH and NAD4, t h e i r  f ra g m en ts  and 

ana logues  were de term ined  s p e c t r o s c o p ic a l ly  using known v a lu es  of 

e x t in c t io n  c o e f f i c i e n t s  or by th e  a d d i t io n  o f  de te rm ined  volumes of 

b u f fe r  to  preweighed v i a l s  of known q u a n t i t i e s .

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

mg ZnCl2 were d r ied  in  vacuo over phosphorus pen tox ide .  Both were
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used im m edia te ly  or s to r e d  over phosphorous pentoxide in  vacuo 

u n t i l  use. In th e  case  o f  DABA, i t  was s to r e d  in th e  dark .

Anhydrous d ie th y l  e th e r  or m ethylene  c h lo r id e  used in  th e s e

p re p a ra t io n s  were de term ined  to  be d ry  enough upon a r r i v a l  from 

th e  i n d u s t r i a l  houses. A f te r  being opened d ie th y l  e th e r  was d r ied  

with sodium. When in  use, 400 ml of e i t h e r  anhydrous d ie th y l  

e th e r  or m ethylene  c h lo r id e  was added t o  DABA. For a s a t u r a t e d  

s o lu t io n  o f  ZnCl2, th e  ZnCl2 was added to  100 ml of e i t h e r  s o lv e n t .  

A 1:1 (v /v )  m ix tu re ,  of both s o lu t io n s ,  was p repa red  and conside red  

the  DABA-Zn*+ complex by th e  c r i t e r i a  of the  s h i f t  in  Amax from 

327 nm when f r e e  in s o lu t io n  to  37 2 nm or 380 nm when in 

com plexation  to  zinc ion in  e i t h e r  d ie th y l  e th e r  or m ethylene

c h lo r id e .  All nonaqueous s o lu t io n s  were p repa red  in  an argon

a tm osphere .

SAMPLE HANDLING AND THE RAMAN MEASUREMENTS. A ll sam ples 

were p laced  in  a f lu o re s c e n c e  c u v e t t e  and where n e c e s s a ry ,  th e  

c u v e t t e  wa3 p laced  in  a therm obath  and t h e r m o s ta t t e d  in  r e l a t i o n

to  th e  experim en t.  For th e  s o lu t io n  s p e c t r a  of th e  enzyme th e

ba th  was m aintained a t  8°C. For th e  expe r im en ts  invo lv ing  the  

b inary  complex o f  NADH/LADH and th e  r e f e r e n c e  sam ple o f  LADH in

s o lu t io n  th e  te m p e ra tu re  was m ain ta ined  a t  4#C.

Samples o f  NADH, NAD+, t h e i r  f ra g m en ts  and ana logues  were 

measured a t  ambient t e m p e ra tu re  with th e  ex c ep t io n  o f  adenine and 

adenosine a t  pH v a lu es  low er  than  9.6. These s a m p le s ,  because of
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t h e i r  low s o l u b i l i t i e s  under ambient c o n d it io n s ,  were measured a t  

60#C. All DABA sam ples ,  w ith o r  w ithou t z inc (II ) ,  were measured 

a t  ambient te m p e ra tu re .  The t e m p e ra tu re  fo r  a l l  sam ples  was 

m ain ta ined  by a therm al  b a t h / c i r c u l a t o r .  U l t r a v i o l e t / v i s i b l e  

s p e c t r a l  m easurem ents were ob ta ined  b e fo re  and a f t e r  each Raman 

m easurem ent. No obvious changes in  th e  a b s o rp t io n  s p e c t r a  were 

o bse rved , in d ic a t in g  t h a t  no a p p re c ia b le  d e g ra d a t io n  of sam ples 

occ u rre d  du ring  th e  Raman m easurem ent. The Raman s p e c t r a  of a l l  

sam p les  were ob ta ined  by one of th e s e  two sy s tem s:  (1) a s ta n d a rd

scann ing  system  c o n s is t in g  of a Spex 1401 double  s p e c t ro m e te r  

c o n t r o l l e d  by a Compudrive c o n t r o l l e r  (CD2A, Spex I n d u s t r i e s ,  

Metuchen, NJ), a cooled  RCA 31034 p h o to m u l t i p l i e r ,  and photon- 

coun ting  e l e c t r o n i c s ;  (2) an OMA system  which c o n s i s t s  of a 

T r ip le m a te  S p e c tro m e te r  (Spex I n d u s t r i e s ,  Metuchen, NJ) and a s o l id  

s t a t e  d e t e c to r  system -M odel 1420 w a te r -c o o le d  photodiode a r r a y  

and Model 1218 c o n t r o l l e r  (EG&G, P r in c e to n  Applied R esearch , 

P r in c e to n ,  NJ). Both s p e c t r o m e te r s  were I n te r f a c e d  to  a LSI-11 

microcom puter (D ig ita l  Equipment Corp., M arlboro , MA), which was 

a l s o  used f o r  d a ta  a n a ly s i s .  A ll s p e c t r a l  l i n e s  m easured with th e  

OMA system  were c a l i b r a t e d  a g a in s t  known l in e s  o f  to lu e n e .  

S p e c tra  measured with th e  scanning  s p e c t ro m e te r  a re  a c c u r a te  to  

w ith in  ±2 cm-1 . The OMA system  has an ac cu ra cy  o f  ±1.5 cm-1. 

Most s p e c t r a  were measured using e i t h e r  488 nm o r  514.5 nm l in e s  

from a model 165 argon ion l a s e r  (S p e c tra  Physics , Mountainview, 

CA). B lu e -g re en  l i n e s  from a C oherent (P a lo  A l to ,  CA) Model CR-
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2000 k ryp ton  Ion l a s e r  were a l s o  used . The o rgan ic  s o lv e n t  b u f fe r  

background Raman spectrum  has been s u b s t r a c t e d  from th e  p re se n ted  

d a ta  in  a l l  i n s t a n c e s .
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RESULTS AND DISCUSSION 

Structural studies of LADH
Figure  ̂ shows a ty p ic a l  Raman spectrum  of LADH a t  pH -  9 .60. 

Most of th e  peaks can be a t t r i b u t e d  e i t h e r  to  th e  p ro te in  backbone 

or to  amino ac id  "R-groups". Assignments were made by com parisons 

with Raman s p e c t r a  of o th e r  p r o te in s  and amino a c id s  in s o lu t io n  

(5^,78). Table  1 l i s t s  th e  p re l im in a ry  a ss ignm en ts  of most peaks 

to  various  p a r t s  of th e  enzyme.

Aromatic r e s id u e s  a r e  known to  give s t r o n g  Raman l i n e s .  LADH

has on ly  2 t ry p to p h a n  (Trp) and  ̂ ty ro s in e  (Tyr) r e s id u e s .  Thus

c o n tr ib u t io n  from th e s e  amino ac id  groups i s  expec ted  t o  be s m a l l .  

For exam ple, th e  850 cm-1 and 831 cm- * bands commonly a s s o c ia te d  

with ty ro s in e  (83) a re  on ly  b a re ly  v i s ib l e .  However, t h e r e  a re  18 

p h en y la lan in e  (Phe) r e s id u e s  in LADH, and they  a r e  r e s p o n s ib le  f o r  

th e  prominent s h a rp  peak a t  1003 cm-1 and f o r  o th e r  s m a l l e r  bands. 

Peaks from a rom a tic  amino a c id  r e s ic l ie s  a re  known to  be 

in s e n s i t i v e  to  th e  con fo rm atio n a l  s t a t e  o f  th e  p r o te in  (51*).

There a r e  two prominent bands due to  th e  p ep tid e  backbone of 

the  enzyme. The amide I band a p p e a rs  a t  1668 cm-1 and th e  amide 

I II  bands a r e  a t  1230s tl , 12^5, and 1265sh  cm-1 . Raman s p e c t r a l  

a n a ly s i s  of the  enzyme in Da0 shows t h a t  the  amide I I I  bands s h i f t

tow ards  900-1000 cm-1 as expected  (F igure . 5). A sm a l l  broad

s t r u c t u r e  rem ains  a t  1200-1300 cm-1 which may be due t o  o th e r  

p a r t s  o f  LADH o r  t o  incom ple te  p ro to n /d e u te r iu m  exchange. Both
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Figure JJ: Raman spectrum  of l i v e r  a lc o h o l  dehydrogenase in  0.1 M

pyrophosphate  b u f f e r  pH 9.6 . Sample was m aintained a t  8 °C. 

L ase r  l i n e  was ^88.0 nm with in c id e n t  power o f  110 mW. D ispers ive  

g r a t i n g  was 1200 cm"‘ w ith  s l i t  w idth o f  100 pM, g iv ing  a f i n a l  

r e s o l u t i o n  o f  6 cm-1 .
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Table 1: P rinc ipa l peak freq u en c ies  in  th e  Raman spectrum  of l iv e r  a lcch o l
dehydrogenase (Fig. 4).

Peak Frequency (cm-1)

488
580
622
650
746
830»h
850
895
940

1003
1030
1105
1125
1165
1210
1230ah
1245
1265sh
1320
1340
1400
1450
1585
1610
1668

T en ta tive  Assignment

Phe rin g  mode

Tyr
Tyr

Phe
Phe

C-C s t r e tc h  in  tydrooarbon 
Phe, Tyr 
Phe, Tyr
Amide III: B -sheet 
Amide 111: random c o ll  
Amide III: a -h e llx

Y-CH,
Asp, Clu: COO*
B-CH,
Phe, Arg 
Phe, Tyr 
Amide I p
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Figure 5: Raman spectrum  of LADH in DjO b u f f e r  (0.1 M

pyrophosphate  b u f fe r  pD 9 .6). In c id e n t  power was 170 mW with a l l  

o th e r  cond it ions  being th e  same as in  Figure  M.
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amide v ib ra t io n s  a r e  known t o  be s e n s i t iv e  to  th e  secondary  

s t r u c t u r e  of th e  p ro te in s  (19,22,108). Typical r a n g e s  f o r  th e s e  

bands a re :  fo r  amide I ,  1645-1660 cm-1 f o r  o h e l ix ,  1665-1680 cm-1

f o r  6 s h e e t  and 1660-1670 cm"1 f o r  u n s t r u c tu r e d  random c o i l ;  f o r  

amide I I I ,  1265-1300 cm-1 f o r  a h e l ix ,  1230-1240 cm-1 f o r  6 s h e e t  

and 1240-1260 cm-1 f o r  random c o i l .  Various methods have been 

used to  c a l c u l a t e  th e  p e rc e n ta g e s  of each  ty p e  of s t r u c t u r e  

(52,73,101,102). L ippe rt  e t  a l .  (52) d e f in ed  th e  i n t e n s i t i e s  a t  

t h r e e  f re q u e n c ie s  which a re  in d ic a t iv e  o f  t h r e e  ty p es  o f  secondary  

s t r u c t u r e :  1240 cm-1 (amide III )  f o r  6 - s h e e t s ;  1632 cm-1 (amide I ' )

f o r  a h e l ix  and 1660 cm-1 (amide I ' )  f o r  random c o i l .  Typical 

i n t e n s i t i e s  f o r  each type  of s t r u c t u r e  a t  th e s e  f re q u e n c ie s  were 

ob ta ined  from model p o ly p ep tid es  and p r o te in s  with known 

s t r u c t u r e .  The sum of t h e  i n t e n s i t i e s  f o r  t h e  d i f f e r e n t  ty p e s  of 

s t r u c t u r e s  s c a le d  down by i t s  co rre sp o n d in g  p e rc e n ta g e s  g ives  the  

observed  Raman I n te n s i t y .  P e rc e n ta g e s  of each ty p e  o f  s t r u c t u r e  

were c a lc u la t e d  by s o lv in g  th e  s im u l ta n e o u s  e q u a t io n s .  Follow ing  

t h i s  p rocedu re ,  we found t h a t  LADH in s o lu t io n  c o n ta in s  21 $ a 

h e l i c e s ,  35 if 6 ~ p lea ted  s h e e t s ,  and 43$ o f  u n s t r u c tu r e d  random 

c o i l .  These p e rc e n ta g e s  a r e  c lo s e  t o  t h e  s t r u c t u r e  ob ta ined  by X- 

ra y  c r y s t a l l o g r a p h y  (29$ h e l ix ,  34$ 6 - p le a te d  s h e e t  and 37$ 

random c o i l ;  Eklund e t  a l . , 1976). Follow ing a s im p l i f ie d  method 

of  Williams e t  a l . ,  (101) which uses a c a l c u l a t i o n  o f  s t r u c t u r e  

based on ly  on th e  amide I  bands, a low pe rc e n ta g e  o f  a h e l ix  (18$ )  

was a l s o  ob ta in ed . The sm a ll  d i f f e r e n c e  in  h e l i c a l  s t r u c t u r e  as
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determ ined  by th e  X-ray and Raman techn iques  may be in d ic a t iv e  of 

sm a l l  con fo rm atio n a l  changes t h a t  occur upon d is so lv in g  th e  

c r y s t a l s  in to  th i s  b u f fe r  s o lu t io n  o r  in  c r y s t a l l i z i n g  a s o lu b le  

p ro te in .

In a d d i t io n ,  we have been unable  to  d e te c t  any pH dependence 

of th e  Raman spectrum  of LADH from pH 7.0 to  9 .6. A pH dependent 

con fo rm atio n a l  change in th e  LADH s t r u c t u r e  defined  by a pK of 9.8 

was p o s tu la te d  p rev ious ly  (10*0. At pH 9 .6 , t h e r e  e x i s t s  

app rox im ate ly  HOf of the  d ep ro to n a te d  form whereas none o f  th is  

form i s  p r e s e n t  a t  pH 7.0. The Raman s p e c t r a  o f  LADH a t  t h e s e  two 

pH's a r e  i d e n t i c a l  to  w ith in  l e s s  than  3 %. M easurements a t  pH 

va lues  h igher than  9.6 were p rec luded  because LADH d e n a tu re s  under 

th e s e  c o n d it io n s .  N e v e r th e le s s ,  we conclude  t h a t  over th e  pH 

range  of 7.0 -  9 .6 , on ly  sm a l l  changes in th e  secondary  (or 

t e r t i a r y )  s t r u c t u r e  of LADH occurs  and t h a t  th e s e  changes a r e  not 

d e t e c t a b l e  by Raman sp e c tro sc o p y .
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Studies of binary coaplex LADH/NADH
R ecen tly ,  we developed  a methodology via which very  a c c u r a te  

Raman d i f f e r e n c e  s p e c t r a  can be ob ta in ed . A prio ri ,  i t  may seem 

u n l ik e ly  t h a t  th e  c l a s s i c a l  Raman spectrum  of adenine , a 137 MW 

m olecu le ,  can be d is t in g u ish e d  from t h a t  of LADH, with a monomer 

of U0,000 MW. As a m a t te r  of f a c t  we have dem o n s tra ted  in our 

l a b  t h a t  the  c l a s s i c a l  Raman spectrum  of adenine bound to  the  

a c t iv e  s i t e  of LADH can be ob ta ined . Two prominent rea so n s  why 

th e s e  experim en ts  a r e  p o s s ib le  a re :  1) The c l a s s i c a l  Raman bands 

observed  from p ro te in s  a r e  broad compared to  n u c le o t id e  bands. 

For example, th e  amide I p ro te in  band is  some 100 cm-1 wide 

compared to  th e  10 cm-1 width o f  a ty p ic a l  adenine band. This 

s u g g e s t s  t h a t  we gain  a f a c t o r  o f  10 in  r e l a t i v e  peak i n t e n s i t i e s  

of adenine ve rsu s  p ro te in  over a s im ple  comparison o f  m o lecu la r  

w eigh ts .  Taking th e  r e l a t i v e  peak i n t e n s i t i e s  of n u c le o t id e  t o  

p ro te in  bands to  s c a l e  accord ing  to  r e l a t i v e  m o lecu la r  weight and 

in v e r s e ly  to  peak w idth, we e x p ec t  t o  f ind  I a den ine / I p ro te in  ~

We f in d ,  e x p e r im e n ta l ly  t h a t  the  r a t i o  i s  on th e  o rd e r  of 2 - 7 % 

depending on which adenine and which p ro te in  band a re  being 

compared. 2) The o p t ic a l  m u lt ichanne l  a n a ly z e r  (0MA) d e te c t io n  

sys tem  i s  h igh ly  s e n s i t iv e  r e l a t i v e  t o  th e  p h o to m u l t ip l i e r  tube  

d e te c t io n  device and i s  much more Immune to  s p e c t ro m e te r  d r i f t .  

This means t h a t  one g e t s  a b e t t e r  s ig n a l - t o - n o i s e  so t h a t  very 

s e n s i t iv e  d i f f e r e n c e  s p e c t r a  can be ob ta ined  when one s u b t r a c t s  a 

p ro te in  spectrum  from a spectrum  of th e  p ro te in -d in u c le o t id e
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complex. In a d d i t io n ,  because th e  spectrum  i s  taken  a l l  a t  once 

with th e  OMA device i t  i s  p o s s ib le  to  ta k e  t h e  s p e c t r a  of sam ples 

in  an in te r l e a v in g  manner (defined  as A|B,B2A2A,...BnAn). Such an 

approach com pensates  f o r  s p e c t ro m e te r  d r i f t ,  s ince  the  

s p e c t ro m e te r  d r i f t  w i l l  tend to  a f f e c t  the  sum of a l l  the  A 

m easurem ents in  th e  same way as th e  sum o f  the  B measurem ents 

and s u b t r a c t  out of the  d i f f e r e n c e  of th e s e  two. With th i s  

methodology, very  s e n s i t iv e  Raman d i f f e r e n c e  spectrum  f o r  NADH 

bound t o  LADH was ob ta ined .

Figure  6 shows th e  Raman spectrum  of LADH (F igure . 6b) and 

i t s  b inary  complex with NADH (Figure . 6a). I t  i s  c l e a r  t h a t  most 

of the  Raman s c a t t e r i n g  o f  the  b inary  complex is  due to  LADH. In 

f a c t ,  th e  i n t r i n s i c  Raman c ro s s  s e c t io n  o f  NADH i s  on ly  a few 

p e rc e n t  o f  t h a t  o f  LADH; the  s t r o n g e s t  peak o f  NADH in s o lu t io n  a t  

1688 cm-1 i s  about 10$ of the  1450 cm-1 peak of LADH. In o rd e r  to  

o b ta in  th e  Raman spectrum  o f  bound NADH, d i f f e r e n c e  s p e c t r a  were 

c a l c u l a t e d .  I t  i s  known t h a t  binding o f  NADH quenches th e  

f lu o r e s c e n c e  o f  LADH (55,92). High pH can a l s o  quench f lu o re s c e n c e  

(10*0. At pH 9.6 , th e  Raman spectrum  o f  LADH and t h a t  of the  

b inary  complex have only  s l i g h t l y  d i f f e r e n t  f lu o re s c e n c e  

backgrounds. The backgrounds were removed, and any d i f f e r e n c e  in 

c o n c e n t ra t io n  or c o l l e c t i o n  o p t ic s  between th e  two sam ples  was 

c o r r e c te d  by comparing th e  peaks a t  1*150 cm-1 (52,110). The 1*150 

cm-1 peak, which is  due to  the  a-CH2 v ib ra t io n ,  i s  a convenient 

r e f e r e n c e  because i t  i s  r e l a t i v e l y  in s e n s i t i v e  to  d i f f e r e n t
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Figure 6: (a) Raman spectrum  o f  th e  b inary  complex LADH/NADH.

C o n c e n tra t io n  o f  LADH: NADH -  1:2 mM. (b) Raman spectrum  o f  LADH. 

C o n c e n tra t io n  -  1.3 mM. Samples were m ain ta ined  a t  ^ °C, in c id e n t  

power was 100 mW with a l l  o th e r  co n d it io n s  being th e  same as  in 

F igure  H.
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secondary  and t e r t i a r y  s t r u c t u r e s  o f  the  p ro te in  (52). In 

a d d i t io n ,  t h e r e  i s  no peak in  th e  Raman spectrum  o f  NADH in b u f fe r  

s o lu t io n  around t h i s  reg io n . The r e s u l t i n g  d i f f e r e n c e  spectrum  is  

shown in  F igure  7a. There is  a sm all  r e s id u a l  broad peak around 

1650 cm-1 due to  d i f f e r e n t  c o n t r ib u t io n s  of w a te r  in  th e  o r ig in a l  

s p e c t r a .  F igure  7b shows a ty p ic a l  Raman s p e c t r a  of NADH in 

b u f fe r  s o lu t io n  f o r  comparison.

The d i f f e r e n c e  spectrum  i s  due t o  e i t h e r  bound NADH or

c o n fo rm at io n a l  changes in  LADH when NADH binds. There i s  no 

obvious n ega tive  peak (which can on ly  be due t o  LADH changes) ,

su g g e s t in g  t h a t  th e  LADH spectrum  does not change upon binding. 

As d iscussed  above, changes in  p ro te in  s t r u c t u r e  w i l l  appear as

changes in th e  Raman spectrum  in  th e  amide I a n d /o r  amide III

v ib ra t io n s  a t  16^5-1680 cm-1 and 1230-1300 cm-1 re g io n s  

r e s p e c t iv e ly .  That t h e r e  a re  no n eg a t iv e  peaks nor obvious 'new ' 

peaks in  th e s e  r e g io n s  s u g g e s t s  t h a t  th e  change in  th e  s t r u c t u r e  

of LADH upon NADH binding i s  s m a l l .  The d i f f e r e n c e  s p e c t r a  in 

F igure  7a i s  due, p robab ly  e n t i r e l y ,  t o  bound NADH. Recent 

m easurem ents of ADPR bound to  LADH's a c t iv e  s i t e  have confirm ed 

th i s  (23).

S ev e ra l  obvious changes can be seen  when NADH binds to  LADH 

as compared t o  t h a t  in  s o lu t io n .  The most prominent change i s  th e  

d isappearance  of th e  major peak in  the  s o lu t io n  spectrum  a t  15^5 

and 1338 cm-1. The broad 15^5 cm-1 band has been ass igned  t o  the  

n ico tinam ide  m oiety (12 ,76;see  n e x t  s e c t io n ) .  The d isappea rance  of
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Figure 7s (a) D if fe ren c e  Raman spectrum  of s p e c t r a  (a) and (b) o f  

F igure  6 showing b a s i c a l l y  bound NADH. The peak around 1685 cm-1 

was a r b i t r a r i l y  a d ju s te d  to  be abou t t h e  same h e ig h t  in both 

p a n e ls ,  (s) » s o lv e n t .  Conditions o f  both s p e c t r a  a re  th e  same as 

above (Figure 4). (b) Raman spectrum  of NADH in s o lu t io n .

C o n c e n tra t io n  -  32 mM.
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th e  15*15 cm-1 band shows c l e a r l y  t h a t  th e  n ico tinam ide moiety is  

d i r e c t l y  invo lved  in  the  binding of NADH by LADH. The 1338 cm*1 

band a l s o  has a p p a re n t ly  d isappeared . I t  i s  w e ll  known t h a t  the  

1338 cm-1 band i s  due to  a r in g  mode of the  adenine moiety 

(51 ,53,76). The d isappearance  of t h i s  band s u p p o r ts  th e  f a c t  t h a t  

th e  adenine p a r t  o f NADH is  d i r e c t l y  invo lved  in binding.

The broad f e a t u r e  around 1080 cm"1 in the  spectrum  o f  NADH in 

s o lu t io n  has been a ss igned  to  the  NH2 rock  (12). NADH c o n ta in s  two 

NH2 g roups ,  one a s s o c ia te d  with the  n ico tinam ide r in g  and an o th e r  

with th e  adenine r in g .  As e x p ec ted ,  th e  band s h i f t s  to  around 900 

cm-1 upon d e u te r a t lo n  of NADH (Figure  8), w hile  th e  peak a t  1109 

cm-1, which i s  not ass igned  t o  the  NH2 g roups,  rem ains  unchanged. 

The s o lu t io n  spectrum  peak a t  1080 cm-1 of F igure  7b s h i f t s  to  

1087 cm-1 with reduced i n t e n s i t y  and appears  to  narrow ipon 

form ing th e  b inary  complex, F igure  7a. I t  i s  th u s  l i k e l y  t h a t  a t  

l e a s t  one o f  the  two NH2 groups in NADH is  d i r e c t l y  involved  in 

binding, d i s r u p t in g  th e  rock ing  motion o f  NH2.

There a re  o th e r  changes in th e  r e l a t i v e  i n t e n s i t i e s  o f  s e v e r a l  

bands. For example, the  r e l a t i v e  i n t e n s i t y  o f  th e  1418 and 1688 

cm-1 bands of NADH in s o lu t io n  rem ains  r e l a t i v e l y  unchanged upon 

binding, a s  do th e  1307 and 1377 cm-1 bands. However, th e  r a t i o  of 

the  1418 (1688) cm-1 to  1307 (1 37 7) cm- * band i s  co n s id e rab ly  

reduced  when NADH binds to  LADH.

NADH e x i s t s  in  two p o s s ib le  c o n f ig u ra t io n s  in  p o la r  s o lv e n t  

(21 ,27 ,59 ,60 ,71). At 22#C, t h e r e  i s  a minimum of 3 0 -4 0 % o f  the
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Figure 8: Raman spectrum  o f  (a) NAD'*' (62 mM) and (b) NADH (*41 mM)

in 0.1 M phosphate  D jO /buffer (pD 7 .0 ) .  O ther co n d it io n s  a r e  as  in 

F igure  7.
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fo ld e d  form in s o lu t io n  where th e  adenine r in g  is  s tack ed  with th e  

n ico tinam ide r ing  (70). At h igher te m p e ra tu re  o r  in a 

n o n p o la r /d e s ta c k in g  s o lv e n t  such as m ethano l,  NADH e x i s t s  mainly 

in  an open form whereas LADH-bound NADH e x i s t s  e n t i r e l y  in  the  

open form (37). Raman s p e c t r a  of NADH a t  25°C and 75°C (where 

t h e r e  i s  no s ta c k in g )  were m easured, and they  a re  e s s e n t i a l l y  th e  

same. Thus, th e  observed  s ta c k in g  o f  NADH in s o lu t io n  has only 

minimal e f f e c t  on th e  Raman spectrum  or perhaps the  changes in 

conform ation  i s  not picked up by Raman.

The adenine  m oiety i s  known to  be im p o r ta n t  f o r  t h e  binding 

o f  NADH to  LADH. NADH frag m en ts  w ithout the  n ico tinam ide  r in g  can 

bind to  LADH and X-ray c r y s t a l l o g r a p h i c  s tu d ie s  (1 ,37,7*0 showed 

t h a t  adenine binds in  a c l e f t  in th e  coenzyme binding domain of 

LADH. D if fe ren c e  u l t r a v i o l e t  (88) and NMR s tu d ie s  (*<3) a l s o  

in d ic a te d  t h a t  th e  adenine moiety i s  p e r tu rb e d  by binding.

The r o l e  o f  t h e  n ico tinam ide  m oiety of NADH in  binding has 

been s tu d ie d  l e s s  e x te n s iv e ly .  There is  c l e a r  in d ic a t io n  from X- 

r a y  s tu d ie s  t h a t  t h e  n ico tinam ide  r in g  i n t e r a c t s  w ith  s p e c i f ic  

amino ac id  r e s id u e s  on LADH. However, H o l l is  (*J3) has sugges ted  

t h a t  both adenine and n ico tinam ide  r in g s  a r e  bound in  th e  b inary  

complex. By m onitoring  th e  NMR s p e c t r a  o f  p ro to n s  in  NADH in  Da0 

b u f fe r ,  he concluded  t h a t  th e  n ico tinam ide  m oiety i s  a f f e c t e d  by 

binding. In a d d i t io n ,  Subramanian & Ross (86,87) s tu d ie d  the  

c a lo r im e t r y  o f  NADH and NAD+ binding f o r  various  dehydrogenases 

and found t h a t  t h e r e  a re  l a r g e  en tro p y  changes only  when NADH or
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NAD+ binds to  LADH. They no ted  f u r t h e r  t h a t  binding o f  ADPR, a 

fragm en t  w ithout th e  n ico tinam ide p a r t ,  t o  LADH does not r e s u l t  in 

a l a r g e  e n tro p y  change. Futherm ore , LADH form s orthorhom bic  

c r y s t a l s  n o rm a l ly ,  but th e  b inary  LADH/NADH complex (and a lm ost 

a l l  t e r n a ry  complexes o f  LADH/NADH with va rious  s u b s t r a t e s  or 

in h ib i to r s )  canno t form orthorhom bic  c r y s t a l s .  In c o n t r a s t ,  many 

NADH f ra g m e n ts ,  which do not co n ta in  n ico t inam ide , form 

orthorhom bic  c r y s t a l s  w ith  LADH (13,112). I t  i s  t h u s  p o s s ib le  t h a t  

the  n ico tinam ide  moiety o r  th e  e n t i r e  NAD s t r u c t u r e  i s  promoting 

th e  a c t i v i t y  o f  LADH by fo rc in g  a c o n fo rm at io n a l  change on the  

enzyme (9).

Moreover, Samama e t  a l .  (79) have shown t h a t  th e  carboxamide 

group of t h e  n ico tinam ide m oeity  i s  c r u c i a l  f o r  th e  c o r r e c t  binding 

of NAD* to  LADH. X-ray s tu d ie s  In d ic a te d  t h a t  the  analogue of 

NAD+ w ithout th e  carboxamide group binds LADH with th e  adenine 

moeity in th e  same way as  NAD+ bu t th e  py r id ine  m oiety is  in  a 

d i f f e r e n t  p o s i t io n ,  f u r t h e r  away from th e  a c t i v e  s i t e .  S tu d ie s  on 

o th e r  dehydrogenases have a l s o  re v e a le d  some i n t e r a c t i o n s  o f  the  

carboxamide group with am ino-acid  re s id u e s  on th e  enzyme, p o ss ib ly  

w ith  a h i s t i d in e  group (3,99). Woenckhaus et^ al_. (1973) s tu d ie d  the  

binding o f  th e  analogue [3 - (3 -b ro m o a c e ty lp y r id in e )p ro p y l] -a d e n o s in e  

pyrophosha te  to  y e a s t  a lc o h o l  dehydrogenase and showed a d i r e c t  

bonding between th e  c a r  boxy-methyl group and a h i s t i d in e  r e s id u e .

The Raman spectrum  of bound NADH in d ic a te s  t h a t  bo th  adenine 

and n ico tinam ide p a r t s  a re  d i r e c t l y  invo lved  when NADH binds to
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LADH. The 1338 era-1 peak a s s o c ia te d  w ith  the  adenine moiety and 

th e  15 ^5 cm-1 peak due to  th e  n ico tinam ide m oiety , found in 

s o lu t io n  spectrum  of NADH, d isap p ea r  in  t h e  LADH/NADH complex. In 

a d d i t io n ,  a t  l e a s t  one of the  two NH2 groups i s  a lso  p e r tu rb e d .  

Since th e  15*15 cm-1 peak i s  s e n s i t iv e  t o  the  carboxamide, i t s  

d isappea rance  is  a l s o  c o n s i s t e n t  with a d i r e c t  involvem ent of th e  

carboxamide group.
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Studies of NAD*and NADH Fragments
In o rd e r  to  unders tand  th e  Raman s p e c t r a  o f  NADH and NAD* in 

s o lu t io n  and when bound to  th e  a c t iv e  s i t e  of LADH, we undertook  

an ex te n s iv e  s tu d y  on adenine , adenosine , AMP, ADP, ADPR, NMN*, 

NMNH, 1 -m ethy ln ico tinam ide  iod ide , 9 -e th y la d e n in e ,  and 3-PAAD*. In 

ad d it io n  to  s tudy ing  th e s e  f rag m en ts  and analogues of NADH and 

NAD* th e  e f f e c t s  of pH and th e  d e u te r a t io n  of th e  exchangable  

p ro tons  on th e  Raman s p e c t r a  of NADH, NAD+, t h e i r  f ra g m en ts  and 

ana logues  were s tu d ie d  as w e l l .  In t h i s  way we were a b le  to  

i d e n t i f y  th e  bands o f  the  Raman s p e c t r a  of NADH and NAD* with 

s p e c i f ic  m o ie tie s  of th e s e  compounds. The Raman s p e c t r a  of NAD+ 

and NADH a t  pH 7.0 a re  shown in F igure  9b and 10b r e s p e c t i v e ly .  

The Raman s p e c t r a  of th e  two major f ra g m en ts  o f  NAD* and NADH 

(NMN+ or NMNH and AMP; see  F igure  11 f o r  the  d iagrams of

m o lecu les )  a re  a l s o  shown in F igure  9 and 10. I t  i s  c l e a r  t h a t

peaks in NAD* and NADH s p e c t r a  can be i d e n t i f i e d  as being from

e i t h e r  NMN*/NMNH or  th e  AMP m oiety . Measurements of equim olar

c o n c e n t ra t io n s  of NMN*/NMNH and AMP when added reproduced  

r e s p e c t iv e ly  th e  s p e c t r a  o f  NAD* and NADH very w e l l .  The sm all  

d i f f e r e n c e s  in  th e  summed s p e c t r a  when compared to  th e  NAD* or 

NADH s p e c t r a  a re  presum ably due to  peaks which can be e a s i l y  

assigned  to  s t r u c t u r a l  changes due to  th e  jo in in g  o f  th e  two 

f ra g m en ts .  This shows t h a t  th e  two major f rag m en ts  a re  b a s ic a l l y  

independent of each o th e r  w ith  r e g a rd s  to  t h e i r  Raman s p e c t r a .  

From measurement of known m ix tu res  o f  NAD* and NADH, i t  was
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Figure 9: Raman spectrum  of (a) AMP (110 mM), (b) NAD* (45 mM),

and (c) NMN* (78 mM) in 0.1M phosphate  b u f fe r  (pH 7.0) a t  room

te m p e ra tu re .  Laser l i n e  was 488 nm w ith  100 mW In c id e n t  power, 

and th e  r e s o l u t i o n  was 8 cm~‘. The spectrum  of AMP was am p lif ied  

by a f a c t o r  of 5 /3  f o r  c l a r i t y .  As tak en  on th e  scanning

a p p a ra tu s ,  each spectrum  c o n s i s t s  of 800 ch a n n e ls  with an

e f f e c t i v e  dw ell  t im e  o f  4 s e c o n d s /c h a n n e l .  Thus, each  spectrum  

took about an hour to  t a k e .  The r e t i c o n  s p e c t r o m e te r  (see  

Methods) i s  abou t 100 t im e s  f a s t e r .
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Figure 10: Raman spectrum  of (a) AMP (110 mM), (b) NADH (67 mM),

and (c) NMNH (16 mM). Conditions a r e  a s  in  F igure  6. The spectrum  

of AMP was a m p lif ied  by a f a c t o r  of 2.5 f o r  c l a r i t y .
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Figure 11: Schem atic  o f  NADH, NAD*. NMNH, 1-MN*, NMN*, AMP, and

9EtAd. N, n ico tinam ide ; Ra, r ib o s e  nex t to  N; P, phosphate ; R,, 

r ib o s e  n e x t  to  adenine; A, adenine.
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observed  t h a t  th e  i n t e n s i t y  o f  the  1338 cm*1 peak, due t o  the  

adenine moiety (see below ), i s  th e  same in  NADH and NAD+ as 

expec ted .

Table 2 summarizes a l l  the  major band p o s i t io n s  and r e l a t i v e  

band i n t e n s i t i e s  in  th e  f ra g m en ts  and ana logues  o f  NADH/NAD* a t  pH 

7 .0 .  The i n t e n s i t i e s  were c a l c u l a t e d  r e l a t i v e  to  th e  1338 cm-1 

adenine band ( a r b i t r a r i l y  s e t  t o  10), whenever i t  i s  p r e s e n t ,  and 

i n d i r e c t l y  through th e  peak a t  1688 cm*1 o f  NADH or th e  peak a t  

1032 cm"1 o f  NAD* f o r  f ra g m en ts  not co n ta in in g  aden ine .

Assignments of th e  major peaks of NADH and NAD* to  a 

p a r t i c u l a r  group i s  based m ainly on th e  pe a k 's  p resence  in th e  

co rre spond ing  f rag m en t  spectrum  c o n ta in in g  th e  m oiety with about 

th e  same i n t e n s i t y .  For exam ple, th e  peak a t  1308 cm"1 is

ass igned  to  adenine  s in c e  i t  i s  observed  in th e  s p e c t r a  o f  a l l  

adenine co n ta in in g  f ra g m e n ts  and i s  no t p r e s e n t  in f ragm en t  

s p e c t r a  where adenine  i s  a b s e n t .  Likewise, th e  peak a t  1032 cm-1 

i s  a ss igned  to  m o le c u la r  motions in  th e  oxid ized  n ico tinam ide 

moiety s in ce  t h i s  band is  p r e s e n t  in  th e  s p e c t r a  o f  a l l  f ra g m en ts  

co n ta in in g  oxid ized  n ico tinam ide . F u r th e r  a s s i s t a n c e  in  th e  

ass ig n m en ts  comes from th e  pH dependences and d e u te r a t io n  e f f e c t s  

o f  th e  va rious  bands. Table 3 summarizes th e  a ss ignm en ts  o f  a l l  

th e  major peaks in  NADH and NAD* s p e c t r a  o b ta in ed  in  t h i s  way. 

Rodgers and P e t ic o la s  (76) p re v io u s ly  a ss ig n ed  many o f  th e  bands in 

th e  resonance  Raman spectrum  of NADH using resonance  Raman 

tec h n iq u es .  In g e n e r a l ,  th e  agreem ent between t h e i r  s tu d y  and th e
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Table 2. Raman peak frequencies (cm ) and relative  
in ten sitie s  (in parenthesis) of aden|ne, 9EtAd, adenosine, 
AMP, ADP, ADPR, NMNH, NMH , and 1-MN in pH * 7.0 buffer.
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Table 3‘- Assignment o f  Peaks in  th e  Raman Spectrum o f  NADH 
and NAD* ( r e l a t i v e  i n t e n s i t y  in p a re n th e s i s ) .

Peak f req u en cy  (cm-1)
NAD+ NADH Assignment3
1 25b r (2) ~32^b r (3) P ~

390(3) N
538(1) 526b r (4) A f o r  NAD+; .2A ♦ .8N f o r  NADH
564b r (1) 5683b P/R
642b r (2) 632b r (2) .5A/R, ♦ .5N fo r  NAD*; A/R, fo r  

NADH
730(7) 730(7) A/6R,
800(0) r2/ n
83^(2) 830b r (2) P
854(1) 850sh R,/P
888b r (2) 878(3) P
914(2) 918(3) P

940(4) N
998(4) N

1032(15) N
1084(3) 103 4(9) P f o r  NAD+; .3P + .7N« (-NH2)

1112sh
f o r  NADH

1116(4) R2/py rophospha te
1182(5) N

1186b r (3) r2/ n
1224(3) 12283h P
1254(4) 1246(5) A* fo r  NAD+; .8N* ♦ .2A« fo r  

NADH
1308(7) 1308(7) A
1338(10) 1338(10) A/6R,
1378(6) 1378(9) A/R, f o r  NAD'*'; .7A/R, ♦ .3N« 

f o r  NADH
1422(5) 1422(1 7) .5A/6R,* +.5N* fo r  NAD+; 

•1A/6R,» + .9N* f o r  NADH
1458(3) 1458(8) R2/6N
1 48 4(4) 1 48 4(4) A
15 10(4) 15 143b A/6R,

1546(16) N«
15 80(6) 15 783h • 8A/6R, + .2N f o r  NAD+; A/6R, 

f o r  NADH
1618(9) N

16 28b r (3) N*
1688(25) N

1700(1) N*
br: b road, sh: s h o u ld e r ,  *: d e u te r a t io n  e f f e c t ,  P: p h ospha te ,  A: 
aden ine ,  N: n ico t inam ide , R: r ib o s e  (R, nea r  A; R2 n e a r  N), 6: sm a ll  
in f lu e n c e .  Modes invo lv ing  more th a n  one m oiety a re  in d ic a te d  by 
symbols s e p a ra te d  by a s l a s h .  Peaks co n ta in in g  two s e p a r a te  
d e g e n e ra te  or n e a r ly  d e g e n e ra te  modes a r e  in d ic a te d  by + sign 
s e p a r a t in g  the  two modes with th e  r e l a t i v e  c o n t r ib u t io n  in 
i n t e n s i t y  in  f r o n t  of t h e  symbol.
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p r e s e n t  s tu d y  i s  e x c e l l e n t .

Adenine r e l a t e d  peaks : The Raman spectrum  of the  adenine

moiety (w ith  and w ithout th e  r ib o se  an d /o r  phosphate)  has been 

s tu d ie d  e x te n s iv e ly ,  mainly in con junc tion  w ith  th e  o th e r  bases 

found in n u c le ic  a c id s  (51,53,75). More r e c e n t l y ,  p re - re so n a n c e

and resonance  Raman s tu d ie s  of adenine were r e p o r te d

(16 ,24 ,40 ,50 ,67). In g e n e ra l ,  th e  ass ignm en ts  in t h i s  r e p o r t  ag ree  

with th e s e  r e s u l t s .  The 130 8, 13 38, 137 8, 1422, 1 i48 4̂, 15 10, and

1580 cm-1 bands in NAD+ a r e  known as r in g  modes f o r  adenine.

These r e s u l t s  show t h a t  some of th e s e  modes, namely th e  1338, 

1378, and 1422 cm-1 bands, a r e  a t  s l i g h t l y  d i f f e r e n t  f re q u e n c ie s  in 

th e  spectrum  of adenosine , in d ic a t in g  t h a t  th e s e  modes a re  

a f f e c t e d  by th e  r ib o s e ,  R,, in  va rious  d e g re e s .  The 15 10 cm-1 and 

15 80 cm*1 bands a re  not p r e s e n t  in the  adenine spectrum  but

s im i la r  peaks to  th o se  found in adenosine a re  observed  in th e

9 - e th y l  adenine sp ec tru m . Peaks a t  538 cm*1, 642 cm*1 and 730

cm*1 a r e  a lso  due to  aden ine , with th e  730 cm*1 peak a f f e c t e d  t o  a 

degree  by th e  r ib o s e .

All of th e s e  modes a r e  a ls o  p re s e n t  in  th e  spectrum  of NADH. 

Some peaks appear  to  have d i f f e r e n t  i n t e n s i t i e s  because of th e

p resence  o f  a d d i t io n a l  bands due to  the  reduced  n ico tinam ide

m oiety with very  c lo s e ,  or i d e n t i c a l ,  f re q u e n c ie s  (see  Table  3). 

For exam ple, th e  538 cm*1 adenosine  peak is  a p p a re n t ly  u n reso lv e d  

in  th e  broad 526 cm*1 peak o f  NADH since  th e  broad peak c o n ta in s  

c o n t r ib u t io n  o f  a peak a t  526 cm*1 coming from the  reduced
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nico tinam ide moiety. S im i la r ly ,  the  1378 and 1422 cm-1 peaks of 

NADH have s ig n i f ic a n t  Raman c o n t r ib u t io n s  from nico tinam ide  r e l a t e d  

modes in  ad d it io n  to  th o se  from adenosine . The l a b e l l e d  peak a t

1246 cm- ' in th e  NADH spectrum  would appear to  c o n s i s t  o f  the  1254

cm-1 adenine r e l a t e d  band th e  1240 cm-1 n ico tinam ide  r e l a t e d  band.

N ico tinamide r e l a te d  peaks : The n ico tinam ide r in g  s t r u c t u r e s

o f  NAD+ and NADH a re  ve ry  d i f f e r e n t  and th u s  y ie ld  ve ry  d i f f e r e n t  

Raman s p e c t r a  (e .g . c o n t r a s t  NMN+ and NMNH in F igures  9c and 10c). 

The Raman spectrum  o f  NAD* i s  very s i m i l a r  to  t h a t  of ADPR, 

in d ic a t in g  t h a t  the  oxidized n ico tinam ide moiety does not 

c o n t r ib u te  much to  th e  spectrum  of NAD*. The major e x cep tion  to  

t h i s  i s  a mode a t  1032 cm-1 , a prominent peak in  th e  NAD* (and the  

NMN*) spectrum . This can c l e a r l y  be a ss igned  to  an a rom a tic  r in g  

"b rea th ing"  mode, (envisioned as  a " c o n t r a c t io n  and expansion" of 

th e  r ing )  of oxidized n ico tinam ide. There a re  a l s o  two s m a l le r

bands a t  800 cm- ' and 1186 cm- ' ( sh o u ld e r)  in  th e  NAD* spectrum ;

th e s e  a re  due to  m o le c u la r  motions l o c a te d  on th e  n ico tinam ide 

moiety as  w ell  as the  r ib o s e ,  R2. Peaks a t  642, 1422, and 15 80 

cm-1 have s u b s t a n t i a l  c o n t r ib u t io n s  from bands due t o  n ico tinam ide 

a t  s im i la r  p o s i t io n s  in a d d i t io n  to  adenosine . The broad peak a t  

about 1628 cm- ' i s  a ls o  due m ostly  t o  n ico tinam ide ; however, some 

of t h i s  mode's i n t e n s i t y  a r i s e s  from adenine s in c e  adenine a l s o  has 

a weak broad peak a t  t h a t  p o s i t io n .  Many in v e s t ig a t o r s  have 

r e p o r te d  d i f f e r e n t  va lues  f o r  th e  h ig h es t  f requency  mode observed  

in  th e  Raman spectrum  o f  NAD*, which i s  a t t r i b u t e d  t o  th e  C-0
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s t r e t c h  (8 ,41,65). In t h i s  s tudy  a sm a l l  sh o u ld e r  a t  1700 cm-1 in 

th e  NAD+ spec trum , which may have been n e g le c te d  in some o f  th e s e  

e a r l i e r  s t u d i e s ,  has c o n s i s t e n t ly  been o bse rved . This band is  

c l e a r l y  v i s ib l e  i f  th e  c o n tr ib u t io n  due to  w a t e r / b u f f e r  i s  

s u b t r a c te d ,  as  in Figure 9b. The r e s u l t s  of t h i s  s tudy  d iscu ssed  

below in d ica te  a s u b s t a n t i a l  d e u te r a t io n  e f f e c t  in th e  1700 cm- ' 

mode, making i t  u n l ik e ly  t h a t  t h i s  i s  due to  be a s im ple  C-0 

s t r e t c h i n g  mode.

In c o n t r a s t  to  NAD*, th e  reduced  n ico tinam ide moiety y ie ld s  

many prominent peaks in th e  NADH spec trum . By comparing th e  

Raman spectrum  of NADH and NMNH, i t  is  easy  to  i d e n t i f y  th e  bands 

a t  390, 526, 9*40, 1084, 1182, 1378, 1422, 1546, 1618, and 1688 cm-1 

as  due to  th e  n ico tinam ide m oiety. The peak a t  1084 cm-1 has been 

ass igned  t o  th e  rock ing  motion o f  -NH2 o f  the  amide ( r e f .  12, a ls o  

see  d isc u ss io n  above). Upon d e u te r a t i o n ,  i t  s h i f t s  down to  908 

cm-1 as  p re v io u s ly  mentioned. The s t r o n g  1688 cm-1 band has o f te n  

been a t t r i b u t e d  to  th e  C-0 carbonyl s t r e t c h  (8 ,12 ,41 ,65 ,72). This 

a ss ignm en t,  however, i s  s e r io u s ly  ques tioned  (75) in  th e  r e c e n t  

l i t e r a t u r e .

Peaks due to  pho sp h a te : Peaks which appear  in  th e  AMP

spectrum  but no t in  a d e n o s in e 's  and which a l s o  double  in  i n t e n s i t y  

in  ADP's sp ec tru m , have been a ss igned  to  phosphate  modes. F u r th e r  

su p p o r t  f o r  th e s e  ass ignm en ts  comes from th e  pH dependencies of 

th e s e  bands. ADP has an a p p a re n t  pK a t  6.3 (4,11) a s s o c ia te d  with 

th e  io n iz a t io n  of the  p h o s p h a te 's  l a s t  d i s s o c i a t a b le  p ro to n ,
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suggesting that NAD+ and NADH would show sim ilar titra tio n  

behavior. Indeed t itr a t io n s  of NADH or NAD+ through pH 6, show 

sign ifican t changes in those bands a33igned to  the phosphate 

moiety.

I t  i s  im p o r tan t  t o  mention the  phosphate  band a t  108^ cm-1 

(75) in  th e  spectrum  o f  NAD+. This band i s  not v i s i b l e  in  NADH 

because  o f  the  much more dominant rocking  mode o f  the  am ide 's  -NH2 

a t  108̂ 4 cm-1 . Upon d e u te r a t io n  o f  NADH, however, th e  phosphate  

peak i s  r e v e a le d ,  while  th e  peak due t o  -NH2 i s  dow nsh ifted  t o  908 

cm-1 , a s  shown above.

Deu t e r a t i on e f f e c t s ; F igure  8 shows the  Raman s p e c t r a  of 

NAD+ and NADH in D20 / b u f f e r .  At pD-7.0, on ly  th e  two -NH2 groups 

and th e  hydroxyl groups of th e  r ib o se  r in g s  a re  d e u te r a te d .  

N e v e r th e le s s ,  t h e r e  a r e  a number of s ig n i f ic a n t  changes in  the  

NAD+ and NADH s p e c t r a ,  d e s p i t e  th e s e  a p p a re n t ly  r e l a t i v e l y  minor 

changes. These in d ic a te  t h a t  many modes invo lve  motions 

a s s o c ia te d  with th e s e  -NH2 groups or the  r ib o s e  m oiety t o  vary ing  

d e g re e s .  Here in  a re  d isc u sse d  in t u r n  th e  changes o bse rved , upon 

d e u te r a t i o n ,  f o r  bands a ss igned  to  aden ine , oxidized n ico tinam ide  

r in g ,  reduced  n ico tinam ide  r in g ,  and r i  b ose /phospha te  m oiety . 

S p e c t r a  o f  d e u te r a t e d  f ra g m en ts  l ik e  AMP, NMN+ and NMNH were a ls o  

measured to  c l a r i f y  th e  changes (d a ta  no t shown). Modes t h a t  show 

a d e u te r a t i o n  e f f e c t  a r e  in d ic a te d  by an a s t e r i s k  in  Table  3.

The 1^22 cm-1 peak in  both  NAD+ and NADH c o n ta in s  an adenine 

r in g  mode which i s  u p s h if te d  s l i g h t l y  by H cm-1 in  D20 / b u f f e r ,
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showing t h a t  t h i s  mode in v o lv e s  the  -NH2 group to  a deg ree .  The 

broad peaks a t  12*16 cm-1 f o r  NADH and 125*1 cm-1 fo r  NAD* con ta in  

more than  one mode. The adenine mode a t  125  ̂ cm-1 i s  common 

in both coenzymes. In D jO /buffe r ,  t h i s  band d i sa p p e a rs .  (For 

NADH, a weaker new peak due to  th e  reduced n ico tinam ide r ing  

appears  a t  about th e  same frequency  in  D ^ / b u f f e r ) .  Upon 

d e u te r a t i o n ,  two new bands, a sh o u ld e r  a t  1200 cm-1 and a peak a t  

1182 cm-1 , a p p e a r .  Both can be i d e n t i f i e d  with th e  adenine moiety 

s in c e  s im i la r  peaks appear  when AMP is  d e u te r a t e d .  The 1182 cm-1 

mode has been a ss igned  to  a -ND2 s c i s s o r  mode by Tsitooi e t  a l .  (9*0 

in  h is  s tu d ie s  o f  adenine . Note t h a t  the  peak a t  1182 cm-1 

observed  in th e  d e u te r a t e d  NAD* and NADH s p e c t r a  is  a l s o  p a r t l y  

due to  a mode a s s o c ia te d  w ith  th e  n ico tinam ide  r in g .

A number o f  s p e c t r a l  changes can be a s s o c ia te d  with th e  

e f f e c t s  o f  d e u te r a t io n  upon th e  oxid ized  n ico tinam ide  m oiety . The 

broad peak a t  1628 cm-1 o f  NAD* in H20 s o lu t io n  i s  r e p la c e d  by a 

peak a t  1635 cm-1 f o r  d e u te r a te d  NAD*. S im ila r  s p e c t r a l  changes 

occur fo r  NMN*. The weak peak a t  1700 cm-1 , in th e  p ro to n a te d  

NAD* sp ec tru m , d isa p p e a rs  upon d e u te r a t io n  and a new peak a t  1668 

cm-1 ap p ears  in D20 / b u f f e r ,  s u g g e s t in g  a 32 cm-1 downward s h i f t  of  

the  1700 cm-1 band upon d e u te r a t i o n .  This is n o t ,  however, th e  

c a s e .  The peak a t  1668 cm-1 i s  a lso  p r e s e n t  in  d e u te r a t e d  NMN* 

but no t in  any o f  th e  adenine  c o n ta in in g  d e u te r a t e d  f ra g m e n ts ,  

which im p l ie s  t h a t  both peaks a re  a s s o c ia te d  w ith  th e  n ico tinam ide  

m oiety . However, in  t h e  spectrum  o f  3-PAAD, where th e  carboxamide
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i s  r e p la c e d  by an a ld eh y d e , th e  1700 cm"1 peak i s  p re s e n t  in  H20 

but th e  1668 cm"1 peak i s  missing in  D20 / b u f f e r .  I t  is  c l e a r  t h a t  

both modes a r e  r e l a t e d  to  motion o f  the  -NH2 moiety but a r e  

s e p a r a te  modes. The weak broad peak a t  1258 cm-1 in  the

p ro to n a te d  NMN* spec trum , which is  p a r t  of the  observed  125*1 cm-1 

peak in  t h e  spectrum  o f  NAD*, d isa p p e a rs  upon d e u te r a t i o n .

C orrespond ing ly ,  a broad peak a t  1238 cm-1 ap p ears  in the  

d e u te r a te d  NMN* and NAD* s p e c t r a ,  s u g g e s t in g  t h a t  th e  oxid ized

n ico tinam ide  1258 cm-1 mode s h i f t s  t o  1238 cm"1 upon d e u te r a t i o n .  

The n a tu r e  o f  the  new broad peak around 9*18 cm"1 in  th e  d e u te r a te d  

spectrum  i s  no t c l e a r .  However, i t  i s  l i k e l y  to  be a s s o c ia te d  with 

th e  n ico tinam ide  m oiety s ince  a s im i la r  new peak (sh o u ld e r)  ap p ears  

in  th e  NMN* spectrum  in D20 w hile no co rrespond ing  peak i s  

observed in  th e  D20 s p e c t r a  o f  AMP, ADP, and ADPR.

The most prominent change in  th e  Raman spectrum  o f  NADH in 

D20 i s  the  dow nsh if t  of the  108*1 cm"1 mode to  908 cm"1. As

mentioned above, t h i s  mode i s  a s s o c ia te d  w ith  th e  n ico t inam ide  -NH2 

ro ck .  The 12*10 cm"1 NMNH mode, which i s  p a r t  o f  the  observed  12*16 

cm"1 mode in th e  spectrum  o f  NADH, d isa p p e a rs  upon d e u te r a t i o n .  A 

"new” peak due to  th e  n ico tinam ide  m oiety ap p ears  a t  125*1 cm-1 in 

th e  d e u te r a te d  spec trum . Note t h a t  the  o r ig in a l  125*1 cm"1 peak 

(seen as  p a r t  o f 12*16 cm"1 s ide  o f  NADH) in  th e  H20 sp e c tru m , which 

i s  due to  adenine  m oie ty , d isap p ea rs  upon d e u te r a t io n .  S im i la r  

behavior is  observed  with th e  spectrum  o f  NMNH upon d e u te r a t i o n ,  

confirm ing  th e  ass ignm en ts  made in t h i s  r e p o r t .  The 1378 cm"1
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peak, due in p a r t  m ost ly  to  a mode from the  reduced  n ico tinam ide

moiety (see Table  3), appears  to  dow nsh if t  to  1370 cm-1 . A

sh o u ld e r  l a b e l l e d  a t  1382 cm-1 in F igure  8b, i s  p robab ly  due to

the  1378 cm-1 adenine band, which rem ains  u n a f fe c te d  by

d e u te r a t io n .  The co rrespond ing  but weaker mode in  NAD+ spec trum , 

which i s  due s o l e l y  to  adenosine , i s  u n a f f e c te d .  In a d d i t io n ,  the  

1546 cm-1 mode i s  i p s h i f t e d  t o  1556 cm-1 in D20 / b u f f e r .

The r e g io n s ,  300 cm-1 to  600 cm-1 and 700 cm-1 to  900 cm-1 ,

show a number of changes; t h i s  i s  expec ted  as  t h e r e  a re  many

modes due to  r ib o s e /p h o s p h a te  in  t h i s  reg io n .

pH dependence : No changes in  th e  Raman spectrum  o f  NAD*

between pH 8.0 to  pH 5.0 and NADH between pH 9.6 and pH 7.0 a re

ob se rv ed . NAD+ i s  not s t a b l e  a t  pH h igher than  pH 8, i t s  Raman 

s ig n a l  r a p id ly  d isa p p e a rs  i r r e v e r s i b l y .  For NADH, i r r e v e r s i b l e

changes in th e  a b so rp t io n  spectrum  occur a t  a pH below about 6.

At pH 5 .0 ,  f o r  exam ple, th e  340 nm a b so rp t io n  peak d isa p p e a rs  

co m p le te ly  in  s e v e r a l  hou rs .  S ig n i f ic a n t  changes a re  a ls o

observed  in  th e  Raman spectrum  of NADH a t  a pH low er than  6.

Between 4.0 and 6.0, a l l  the  changes a r e  a s s o c ia te d  with 

n ico tinam ide  r e l a t e d  peaks. Below pH 4 .0 ,  changes in  th e  adenine 

r e l a t e d  peaks a re  a l s o  observed  (see  below ). For example, the

i n t e n s i t i e s  of the  peaks a t  998, 1422, and 1 6 8 8  cm-1 due to

n ico tinam ide  a r e  g r a d u a l ly  reduced  as pH is  low ered . The 1688 

cm"1 peak d i sa p p e a rs  c o m p le te ly  a t  pH 3. In th e  meantime, the

i n t e n s i t i e s  o f  the  1618, 1084 and 878 cm-1 bands in c r e a s e ,
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e s p e c i a l l y  t h a t  of th e  878 cm-1 band, which in c r e a s e s  by over 10 

f o ld  from pH 7.0 to  pH 5 .0 . O ther new bands a t  800, 495 and 433 

cm-1 , a ls o  s t a r t  to  appear a t  pH 5.0 with r e l a t i v e  i n t e n s i t i e s  of 

4, 4, and 3, r e s p e c t iv e ly .  These changes a re  a l l  p robab ly  r e l a t e d  

to  ac id  d e n a tu ra t io n  o f  the  reduced n ico tinam ide m oiety .

Major s p e c t r a l  changes occur with th e  adenine r e l a t e d  peaks 

when the  pH is  low ered  from pH 5.0 fo r  both NAD* and NADH. Figure 

12 shows th e  Raman spectrum  of NAD* a t  pH 5 .0 , 4 .0 ,  and 3.0. At

pH above 5 .0 , th e  fo u r  peaks a s s o c ia te d  with th e  adenine moiety a t

130 8, 1338, 137 8, and 1422 cm"' a re  e a s i l y  d i s t in g u is h a b le .

However, a s  the  pH i s  low ered , th e s e  bands a re  r e p la c e d  by th e  two 

bands a t  1329 and 1411 cm-1 a t  pH 3 .0 .  There a re  o th e r  s p e c t r a l

changes a l s o ,  which a re  ev iden t  from Figure  12. These s p e c t r a l

changes, which a r e  r e v e r s i b l e ,  a r e  p robab ly  a s s o c ia te d  with the  

t i t r a t i o n  o f  a group with a pK around 3 .9  (61). I t  i s  l ik e ly  to  be 

due to  a p ro to n a t io n  o f  the  adenine r in g  (15,25,38,48,1 13). 

P ro to n a t io n  would c l e a r l y  cause  major changes in  th e  r in g  modes of 

adenine as obse rved . S im ila r  changes a r e  observed  in  th e  Raman

spectrum  o f  AMP and in  the  adenine r e l a t e d  peaks o f  NADH as  pH i s

va ried  from 5 to  3.

S ta ck in g : I t  is w ell  known t h a t  NADH and NAD* e x i s t  in

predom inan tly  fo ld e d  fo rm s in  s o lu t io n  a t  room te m p e ra tu re ,  with 

th e  adenine and n ico tinam ide  r in g s  s ta c k e d  to g e th e r

(21 ,27 ,59 ,60 ,71). The Raman spectrum  of NADH a t  75°C and with a 

s t r o n g  d es ta c k in g  a g e n t ,  8M urea  has been m easured. Under th e s e
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Figure 12: Raman spectrum  of NAD+ (66 mM) as  a fu n c t io n  o f  pH:

(a) pH 5.0; (b) pH *1.0; (c) pH 3.0. Sample a t  pH 5.0 was in  0.1 M 

phosphate  b u f f e r .  Phosphoric ac id  was added to  th e  sam ple to  

low er  th e  pH to  th e  d e s ire d  v a lu e s .  The r e s o l u t i o n  was 6 cm-1 ; 

o th e rw ise  co n d it io n s  a re  as  in  F igure  7.
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c o n d it io n s  the  open form predom inates  (21 ,27 ,59 ,60). In t h i s  work 

i t  has been observed  th e  Raman s p e c t r a  o f  th e s e  two form s a re  

e s s e n t i a l l y  i d e n t i c a l  with a sm a l l  downward s h i f t  of  the  peak a t  

15^6 cm-1 as  th e  on ly  change. NAD* i s  u n s ta b le  a t  high 

te m p e ra tu re s .  However, in 8m u rea ,  no o b se rv a b le  changes were 

seen in  th e  Raman spectrum  of NAD*. T h e re fo re ,  i t  is  apparen t  

t h a t  s ta c k in g  has no e f f e c t  on th e  Raman spectrum  o f  NADH and 

NAD*.

Hence, i t  seems p o s s ib le  t o  a ss ign  th e  major Raman peaks of 

NAD* and NADH to  s m a l le r  components of th e s e  r a t h e r  s i z a b l e  

m olecu les  by s tu d y in g  th e  Raman s p e c t r a  a r i s in g  from a s e r i e s  of 

f ra g m en ts  and an a lo g u e s .  Major changes in  th e  Raman spectrum  

a s s o c ia te d  with th e  adenine m oiety a r e  observed  when adenine is 

p ro to n a te d  a t  pH 3 .9 .  S tack ing  seems to  have a very  sm a l l  o r  no 

e f f e c t  on th e  Raman s p e c t r a  o f  NAD* and NADH.
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Studies of DABA, Its isotopic derivatives and zinc (II) 
complexes

In our l a b o r a to r y ,  binding o f  the  a ro m a tic  a ldehyde DABA to  

th e  s u b s t r a t e  binding s i t e  o f  LADH has been s u c c e s s f u l l y  d e te c te d  

and i t s  Raman spectrum  a t  the  enzym e's a c t iv e  s i t e  has been 

ob ta in ed . As a means of un d e rs tan d in g  th e  s p e c t ro sc o p ic  

c h a r a c t e r i s t i c s  of DABA in s i t u we have s tu d ie d  zinc (II) complexes 

o f  DABA and i s o to p ic  d e r iv a t iv e s  o f  DABA as a p o s s ib le  model fo r  

t h a t  which may occur in  th e  m o lecu la r  environm ent o f  the  enzymes 

a c t iv e  s i t e  f o r  t h i s  s u b s t r a t e .  F u r th e rm o re ,  we have ob ta ined  th e  

Raman spectrum  of th e s e  i s o to p ic  d e r iv a t iv e s  of DABA fo r  the  

purpose o f  s tu d y in g  th e  normal mode p a t t e r n  o f  DABA.

Figure 13 shows a schem a tic  r e p r e s e n t a t i o n  o f  the  m o lecu la r  

s t r u c t u r e  o f  DABA and i t s  l s o t o p i c a l l y  l a b e l l e d  d e r iv a t iv e s  used in 

t h e s e  s tu d i e s :  DABA(CDO), DABAC’CHO), DABAC’CDO) and DABA(2D).

A) Results of, and evidence for the DABA-zlnc++ model:
For com parative  purposes  F igure  14 c o n ta in s  th e  Raman 

spectrum  of:  (a) DABA in 0.1M pyrophosphate  b u f f e r ,  a t  pH 9 .6 , (b) 

DABA in s i t u, and (c) th e  n a t iv e  DABA in com plexation  with th e  zinc 

ion . The Amax v a lu e s  fo r  th e s e  sy s tem s  a r e  352, 3 8 O and 372 nm, 

r e s p e c t i v e ly  f o r  DABA in pyrophosphate  b u f fe r  pH 9 .6 , when bound 

to  LADH and in  com plexation  with zinc ion in  m ethy lene  c h lo r id e .  

I t  i s  ev id e n t  from th e s e  s p e c t r a  t h a t  th e  DABA-Zn++ complex i s  

f a i r l y  r e p r e s e n t a t i v e  o f  t h a t  which may be occu ring  a t  th e  a c t iv e
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Figure 13: Schem atic  r e p r e s e n ta t i o n  o f  th e  m o lecu la r  s t r u c t u r e s

of DABA and i s o t o p i c a l l y  l a b e l l e d  DABA(CDO), DABA(l ,CHO)» 

DABA(l *CDO), and DABA(2D).
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Figure 1H: Raman s p e c t r a  of:  (a) 4̂.6 mM DABA in 0.1 M

pyrophosphate  b u f f e r  pH 9.6; (b) DABA bound to  LADH; (c) DABA-Zn 

complex in  m ethylene  c h lo r id e .  A ll co n d it io n s  a re  the  same as 

th o s e  in  Figure
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s i t e  o f  LADH, when th e  s u b s t r a t e  DABA binds. T h e re fo re ,  as  a f i r s t  

working assum ption  one cou ld  su rm ise  t h a t  th e  DABA i s  d i r e c t l y

complexed with th e  z inc  ion in  s i t u .

The ju x ta p o s i t io n  o f  s p e c t r a  in  F igure  14 with th o se  o f  F igure  

15 p r e s e n t s  s e v e r a l  im p l ic a t io n s .  I t  i s  a p p a re n t  t h a t  th e  1403 

cm-1 band in the  DABA spectrum  in F igure  15a a r i s e s  from the  

a ldehyd ic  C-H bending mode o f  DABA. This mode seems to  s h i f t  when 

DABA i s  d e u te r a te d  (Figure 15b). From t h e o r e t i c a l  c a l c u l t a io n s  i t  

is  known t h a t  a pure hydrogen bending mode a t~ l4 0 0  cm-1 would 

d e c re a se  by ~ /2 o r  990 cm-1 . From Figure  15 one may obse rve  a 

s h i f t  to  1044 cm-1, c lo s e l y  re sem b ling  the  v a lu e  ob ta ined

t h e o r e t i c a l l y  f o r  C-H bending modes.

The 137 8 cm- * band in F igure  14 i s  l i k e l y  t o  c o n ta in  a 

s u b s t a n t i a l  c o n t r ib u t io n  from C-0-Zn++ (Figure 16). This band i s  

not observed  in  th e  Raman spectrum  o f  the  n a t iv e  DABA but ap p ears

in th e  Raman spectrum  o f  th e  DABA in com plexation  to  th e  z inc ion

and in  s i t u . A d d i t io n a l ly ,  th e  d e u te r a t i o n  o f  the  a ldehyd ic  p ro ton  

(Figure 16) seems t o  cause  a downward s h i f t  in th e  band abou t 100 

cm-1 to  1289 cm-1 when th e  DABA is in  com plexation  with th e  zinc 

ion o r  a t  th e  a c t i v e  s i t e  of th e  enzyme (Figure 17). Moreover, 

when c o n t r a s t i n g  12CD0 to  lsCD0 (Figure  17) th e  mode s h i f t s  f u r t h e r  

downward by abou t 6 cm-1 .

The r in g  s t r u c t u r e  o f  DABA i t  seems c o n t r ib u te s  s u b s t a n t i a l l y  

t o  i t s  Raman spec trum . This o b s e rv a t io n  i s  based on th e  va rious  

peak s h i f t s  which o c c u rs  when th e  r in g  i s  d e u te r a te d  (F igure  15).
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Figure 15: Raman s p e c t r a  o f:  (a) 4.6 mM DABA; (b) 7.3 mM

DABA(CDO); (c) 2.2 mM DABA(l ,CD0); (d) 4.3 mM DABA('*CH0); (e) 2.5 mM 

DABA (2D). A ll  cond it ions  a re  th e  same as  th o s e  in  F igure  4.
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Figure 16: Raman s p e c t r a  o f  DABA zinc  complexes (a) 20 mM DABA;

(b) 28 mM DABA(CDO); (c) HO mM DABAC'CDO); (d) 20 mM DABA(‘*CH0); 

(e) 19 mM DABA(2D). A ll  sam ples  were In m ethylene  c h lo r id e .  A ll 

co n d it io n s  a re  the  same as th o se  In F igure  U.
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Figure 17: Raman s p e c t r a  of DABA bound to  LADH: (a) DABA; (b)

DABA(CDD); (c) DABA(‘*CDO); (d) DABA ( “ CHO); (e) DABA(2D). The molar 

c o n c e n t ra t io n  In a l l  c a se s  i s  0.67 mM. A ll o th e r  c o n d it io n s  a re  

th e  same as th o se  in  F igure  4.
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I t  seems l i k e l y  from th e s e  s tu d ie s  t h a t  the  DABA-Zn++ complex 

in  m ethylene  c h lo r id e  i s  a p o s s ib le  model f o r  a rom atic  a ldehydes 

a t  the  a c t iv e  s i t e  of the  enzyme l i v e r  a lccho] dehydrogenase. 

This o b se rv a t io n  is  based on th e  s t r i k in g  resem blance  of the  

resonance  Raman s p e c t r a  of the  a rom atic  a ldehyde  DABA and i t s  

i s o t o p i c a l l y  l a b e l l e d  d e r iv a t iv e s ,  when a t  th e  zinc ( I l ) - c o n ta in in g  

a c t iv e  s i t e  of LADH, as compared t o  th o se  of DABA and i t s  i s o to p ic  

d e r iv a t iv e s  in com plexation  with z inc ion in m ethylene c h lo r id e .  

F u r th e r  evidence fo r  the  su p p o rt  of t h i s  model comes from the  

s t r i k i n g  resem b lence  of th e  Raman spectrum  of th e  DABA-Zn complex 

and th e  spectrum  o f  DABA in s i t u  a t  low er wavenumbers. For 

example th e  r e l a t i v e  i n t e n s i t i e s  o f  the  bands in  th e  590-640 cm-1 

reg ion  of th e s e  s p e c t r a  (F igure  14) a re  th e  same. I t  i s  worth 

no t ing  t h a t  the  low er w avelength  peak h e igh t  in t h i s  reg ion  is  

s m a l l  r e l a t i v e  to  th e  h igher  wavelength  peak, f o r  bo th  th e  in s i t u 

d a ta  and th e  zinc (II) complex d a ta .  However, in t h e  DABA s o lu t io n  

spectrum  the  r e l a t i v e  i n t e n s i t i e s  of th e s e  peaks has the  o p pos ite  

appearance  with th e  low er w avelength  peak being h igher than th e  

h igher  w aveleng th  peak.

B) Analysis of the DABA spectrua
In r e l a t i v e  term s th e  DABA m olecu le  is  a r a t h e r  s im ple  

m o lecu le .  I t  i s  c l e a r  from our d a ta  t h a t ,  a l th o u g h  DABA shows a 

s u b s t a n t i a l  Raman sp ec tru m , i t s  Raman spectrum  poses some 

d i f f i c u l t y  in i n t e r p r e t i n g .  I t  seems obvious, t h e r e f o r e  t h a t  one
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must e x e rc is e  cau t io n  in  ass ig n in g  any o f  th e s e  peaks to  p a r t i c u l a r  

bending or s t r e t c h i n g  modes in th e  m olecu le .  However, in  looking  

a t  th e  d a ta  s y s t e m a t i c a l l y  we f in d  t h a t  th e  bands in th e  reg ion  of 

1000-1700 cm-1 a r e  g r e a t l y  a f f e c t e d  when th e  a ld e ty d ic  p ro to n  is  

d e u te r a te d  (compare F igure . 15a with F igure . 15b). These a f f e c t s  

have a l s o  been observed  f o r  the  o th e r  i s o to p ic  d e r iv a t iv e s  o f  DABA.

In viewing th e  Raman spectrum  o f  DABA from the  h igher 

wavenumber f re q u e n c ie s  to  th o se  of the  low er wavenumber 

f r e q u e n c ie s ,  we have c o n s i s t e n t ly  observed  a peak a t  1700 cm-1 

(data  not shown) in  s p e c t r a  o f  DABA bound to  th e  a c t iv e  s i t e  of 

LADH and when in  com plexation  with zinc ion in  m ethy lene  c h lo r id e .  

At t h i s  t im e  i t  i s  q u i te  d i f f i c u l t  to  a c c e s s  th e  o r ig in  of t h i s  

peak. However, we have observed  t h a t  the  r e l a t i v e  i n t e n s i t i e s ,  of  

th e  two h ig h es t  wavenumber peaks of th e  v a r io u s  DABA s p e c t r a ,  a re  

a fu n c t io n  of the  e x c i t a t i o n  w aveleng th . When th e  e x c i t a t i o n  

w avelength  becomes lo n g e r  th e  I n te n s i t y  of th e  h ig h e s t  frequency  

peak d e c re a s e s  while  t h a t  o f  the  lo w e s t  f req u en cy  peak in c r e a s e s .

Considering  more s p e c i f i c  p o r t io n s  of t h i s  1000-1700 cm*1 

reg ion  of th e  DABA s p e c t r a ,  i t  i s  tem pting  to  a ss ig n  th e  1500-1700 

cm*1 reg io n  as being due t o  th e  carbony l  s t r e t c h ,  f o r  i t  is  u s u a l ly  

in t h i s  reg ion  t h a t  ca rbon ly  s t r e t c h i n g  f re q u e n c ie s  a r e  found. 

Upon c lo s e  exam ination o f  the  164̂ 4 cm-1 mode f o r  DABA in s o lu t io n  

i t  seems t h a t  t h i s  mode c o n ta in s  more than  one peak (F igure . 1H). 

The ju x a p o s i t io n  o f  t h i s  peak w ith  th e  1625 cm*1 band found in  the  

Raman spectrum  of the  zinc ion complex and in  s i t u  su g g e s t  t h a t
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one of the  peaks which composes the  1 6 ^  cm-1 peak in  the  s o lu t io n  

spectrum  "d isappears"  in  form ing th e  Zn-oxygen bond, s in c e  i t  

becomes n a rro w e r .  This peak ten d s  to  be dow nsh ifted  s l i g h t l y  with 

a red u c t io n  in i n t e n s i t y  in  most of th e  Raman s p e c t r a  of the  

i s o to p ic  d e r iv a t iv e s  o f  DABA.

In tu rn  we look a t  the  DABA bound to  the  LADH/NADH binary  

complex. Upon s u b s t i t u t i n g  th e  carbonyl carbon with “ C, (F igure . 

17d), i t  seems l i k e l y  t h a t  the  carbonyl s t r e t c h  i s  coupled  to  a l l  

o f  th e  modes in  t h i s  reg ion  f o r  a l l  of the  peaks in t h i s  a r e a  a re  

a f f e c t e d  by t h i s  s u b s t i t u t i o n  (compare F igure . 17a to  F igure . 17d). 

For example th e  1578 cm-1 peak i s  s h i f t e d  by 15 wave numbers to  

15 63 cm-1. I t  i s  known t h a t  f o r  a "pure" ca rb o n ly  s t r e t c h  a s h i f t  

o f  “35 cm-1 i s  ex p e c te d .  In a d d i t io n ,  upon d e u te r a t io n  o f  the  

a ldehyd ic  p ro ton  o f  the  **C d e r iv a t iv e  (F igure . 17c) t h i s  peak 

s h i f t s  to  1557 cm-1 . I t  is  worth  no t ing  t h a t  d e u te r a t io n  o f  the  

carbons a t  th e  3 and 5 p o s i t io n s  o f  th e  r ing  has  l i t t l e  o r  no 

a f f e c t s  on t h i s  band, (F igure . 17e).

In te rm s  o f  the  DABA-Zn++ complex i t  is  q u i te  a p p a re n t  t h a t  

t h i s  s p e c t r a l  band c o n ta in s  more than  one peak a t  “ 1582 cm“ * 

(F igure . 16a). When th e  a ldehyd ic  p ro ton  i s  d e u te r a te d  th e  1578 

cm-1 peak becomes more pronourc ed with a sh o u ld e r  on i t s  low er 

f requency  s id e  (F igure . 16b). In a d d it io n  th i s  peak becomes 

somewhat a ssym m etric  qpon !*C l a b e l l i n g  o f  the  carbony l  carbon 

(F igure . I6d). There i s  a peak a t  15^5 cm-1 which i s  a s sy m e tr ic  in  

th e  LADH/NADH/DABA(CHO) (F igure . 17a) spec trum . I so to p ic  l a b e l l i n g
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of  DABA seems to  have some a f f e c t s  on th i s  band. For example 

t h e r e  i s  a pronounced s e p a ra t io n  of two bands which a p p a re n t ly  

a r i s e s  from th i s  band. With *’C la b e l  of the  f u n c t io n a l  group the  

r e l a t i v e  i n t e n s i t y  of th e  peak a t  th e  low er wavenumber f requency  

i s  he igh tened . I t  i s  not c l e a r  whether d e u te r a t io n  o f  C3 and C5 of 

th e  r in g  has any a f f e c t s  on t h i s  mode.

The reg ion  from 1250-1500 cm-1 has some o u ts ta n d in g  f e a t u r e s .  

The peak a t  1 cm*1 i s  s t r o n g ly  a f f e c t e d  by d e u te r a t io n  o f  the  

C3 and C5 carbons of th e  r in g .  I t  "d isappears"  in a l l  2D s p e c t r a  

with th e  e v o lu t io n  o f  a new peak a t  1416 cm-1 in the  

LADH/NADH/DABA spectrum  (F igure . 17). I t  seems c l e a r ,  t h e r e f o r e ,  

t h a t  t h i s  mode can be ass igned  to  the  bending m otions of the  

r i n g 's  hydrogen a tom s. Upon a n a ly s in g  th e  Raman spectrum  of bound 

DABA and DABA-Zn++ complex, in  t h i s  reg ion  and comparing them to  

t h e  s o lu t io n  spectrum  o f  DABA, i t  seems l ik e ly  t h a t  one o f  th e  two 

peaks around 1390 cm- * in  the  LADH/NADH/DABA and zinc (II)-DABA 

s p e c t r a  may be due to  th e  weakened carbonyl s t r e t c h  which r e s u l t s  

from th e  Zn-oxygen bond. However, **C s u b s t i t u t i o n  s u g g e s ts  t h a t  

t h i s  i s  no t th e  c a se ,  s in c e  i t  has  l i t t l e  o r  no a f f e c t s  on th e s e  

modes (Fig. I6d and 17d). On th e  o th e r  hand, th e  spectrum  of the  

d e u te r a te d  a ldehyd ic  p ro ton  shows no peaks in t h i s  lo c a t io n  

(Figure . 16b and F igure .  17b), w hile  e x h ib i t in g  two new peaks a t  

1284 cm-1 and 10 38 cm-1 . In a d d i t io n  a com parable  dow nsh if t  o f  

the  1403 cm-1 t o  10 44 cm-1 was observed  in  th e  s o lu t io n  spectrum  

o f  DABA as w e l l .  As mentioned above "pure" hydrogen bending modes
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around 1 H00 cm-1 , t h e o r e t i c a l l y ,  shou ld  be s h i f t e d  ~/2 o r  990 cm-1 

upon d e u te r a t io n .  This v a lu e  i s  ob ta ined  from a s im p le  reduced

mass c a lc u la t io n  on an i s o l a t e d  hydrogen bending mode, when the

hydrogen i s  r e p la c e d  by a deu ter ium . T h e re fo re ,  i t  seems l i k e l y  

t h a t  th e s e  modes around 1H00 cm-1 in  both bound and f r e e  DABA

s p e c t r a  a re  m ost ly  d ie  to  th e  a ld e ly d ic  p ro ton  bending mode. 

Although some c o n t r ib u t io n  t o  th e s e  peaks a r e  c l e a r l y  from the  

r in g  hydrogen, s in ce  s u b s t i t u t i o n  on th e  r in g  r e s u l t s  in th e

red u c t io n  in i n t e n s i t y  o f  th e s e  peaks. T e n ta t iv e ly ,  in our

l a b o r a to r y ,  we have ass igned  th e  1^03 cm-1 mode to  coupled

hydrogen bending in both  t h e  fu n c t io n a l  group and th e  r ing  

s t r u c t u r e  o f  DABA.

We make mention o f  the  peaks a t  1353 cm-1 , 1321 cm-1 , 1228 

cm-1 and 1180 cm-1 in  the  LADH/NADH/DABA and zinc ion complex 

s p e c t r a .  We have n o ticed  t h a t  th e s e  peaks go unchanged in th e  

s p e c t r a  o f  the  i s o to p ic  d e r iv a t iv e s  of DABA. This im p lie s  t h a t

th e s e  peaks might be th e  r e s u l t s  o f  th e  r in g  s k e le to n  s t r e t c h i n g .

F u r th e r  evidence f o r  t h i s  c o n d it io n a l  assignm ent l i e s  w ith  th e  f a c t

t h a t  they  a r e  s l i g h t l y  d i f f e r e n t  in  th e  s o lu t io n  spectrum  as

compared to  th e  bound or zinc (II) complex sp e c tru m . I t  is

Im p o r tan t  to  po in t  ou t t h a t  th e s e  modes a re  s e r i o u s ly  a f f e c t e d  in 

th e  s o lu t io n  spectrum  o f  2D.

Figures  18 and 19 show th e  Raman s p e c t r a  o f  the  low

frequency  range  o f  DABA and i t s  i s o t o p i c a l l y  l a b e l l e d  d e r iv a t iv e s  

in  pyrophosphate  b u f f e r ,  pH 9 .6 , and when bound to  th e  enzyme,
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Figure 18: Low frequency  range o f  DABA s p e c t r a  found in  Figure

15.
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Figure 19: Low frequency  range o f  DABA s p e c t r a  found in  Figure

17.
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LADH, r e s p e c t i v e ly .  The peak a t  8 1® cm-1 (F igu res .  1 i»b and 19a) is  

very  broad, in th e s e  s p e c t r a  as  w e l l  a s  in  th e  z in c++-DABA complex 

Raman spectrum  (data  not shown). In the  spectrum  fo r  DABA, 

d e u te r a te d  in th e  r ing  a t  C3 and C5, t h i s  peak s p l i t s  in to  two 

peaks (F igure . 19e). I t  is a l s o  a f f e c te d  by th e  i s o to p ic  l a b e l s  of 

th e  a ldehydic  f u n c t in a l  group (F igure . 18b,c,d  and F igure .  19b ,c ,d ),  

as i t  shows a profound do w n sh if t ,  under th e s e  c o n d it io n s .

I t  i s  worth remembering t h a t  th e  r e l a t i v e  i n t e n s i t y  p a t t e r n  

fo r  the  635 cm-1 and 605 cm-1 in  the  in s i t u spectrum  j ib e s  quite  

w e ll  with the  zinc ion complex Raman spectrum  and t h a t  th e s e  

modes show J u s t  the  o p pos ite  r e l a t i v e  i n t e n s i t i e s  in th e  DABA 

s o lu t io n  spec trum . Beside t h i s  f a c t ,  t h e s e  peaks seem to  be 

i n s e n s i t iv e  to  i s o to p ic  s u b s t i t u t i o n  o f  th e  a ldehyd ic  carbon and 

p ro ton  a tom s, but show s ig n i f i c a n t  dow nshift  when th e  C3 and C5 

carbons o f  the  r in g  a r e  d e u te r a te d .  This i n s e n s i t i v i t y  t o  iso to p ic  

s u b s t i t u t i o n  i s  observed  f o r  th e s e  peaks in  th e  s o lu t io n  spectrum  

as w e l l .  The broad peak a t  367 cm-1 under a l l  c o n d it io n s  o f  DABA 

( i . e .  bound, complexed to  zinc (II) o r  in  s o lu t io n ) ,  show 

i n s e n s i t i v i t y  t o  any i s o to p ic  s u b s t i t u t i o n .  F u r the rm ore  the  

p o s i t io n  of t h i s  peak in  th e  DABA spectrum  when bound to  

LADH/NADH, 367 cm-1, c lo s e l y  re se m b le s  the  s o lu t io n  d a ta ,  359 cm-1, 

than  i t  does the  zinc ion complex d a ta ,  382 c m '1. To d a te ,  

a c c e s s in g  th e  behavior o f  th e s e  peaks poses some d i f f i c u l t i e s .



96

SUMMARY

Equine l i v e r  a lc o h o l  dehydrogenase (E C -1 .1 .1 .1 .) ,  LADH,

c a ta ly z e s  th e  ox id a t io n  o f  va rious  prim ary and secondary  a lc o h o l s  

to  th e  c o rre spond ing  a ldehydes  (1^ ,90) a long  with th e  r e d u c t io n  of

th e  coenzyme n ico tinam ide  adenine d in u c le o t id e ,  NAD+. Eklund e t

a l . (35) r e p o r t e d  a d e ta i l e d  th re e -d im e n s io n a l  s t r u c t u r e  a t  2.H X 

r e s o l u t i o n  with X-ray d i f f r a c t i o n  of c r y s t a l l i n e  LADH. A dditional 

r e s u l t s  have been ob ta ined  with X-ray d i f f r a c t i o n  and s o lu t io n

sp e c t ro sc o p y  of LADH complexed with coenzyme or i t s  various  

ana logues  and i t s  t e r n a r y  complexes with d i f f e r e n t  s u b s t r a t e s  or

in h ib i to r s  (1,36,7*0. The r e c e n t  work o f  A bdallah  e t  a l .  (2)

provides  an e le g a n t  example o f  such a s tu d y .

In our l a b o r a to r y  we have examined th e  s o lu t io n  Raman

spectrum  o f  LADH. Based on th e  method o f  William e t  a l .  (101), 

whose c a l c u l a t i o n  o f  s t r u c t u r e  r e s t s  upon th e  amide I bands, we 

found t h a t  LADH in s o lu t io n  c o n ta in s  21 $ a h e l i c e s ,  35 it B -p lea ted  

s h e e t s ,  and *13it random c o i l .  These va lues  c o in c id e ,  to  a l a r g e  

e x te n t  with th o se  ob ta ined  from X-ray c r y s t a l l o g r a p h y  (29$ a

h e l i c e s ,  3*1$ B -p lea ted  s h e e t s  and 37$ random c o i l ) .  These 

d i f f e r e n c e s  in s t r u c t u r e  from s o lu t io n  to  c r y s t a l l i n e  s t a t e  may 

r e f l e c t  minute c o n fo rm at io n a l  changes which may occur upon 

d is s o lv in g  th e  c r y s t a l s  in  s o lu t io n .

C u r r e n t ly ,  a w e a l th  o f  in fo rm a t io n  has accum ula ted  on how 

coenzymes and s u b s t r a t e s  bind to  dehydrogenases  in  an a t t e m p t  a t
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u n d e rs tand ing  m e c h a n is t ic a l ly  how th e s e  enzymes c a ta ly z e  the  

convers ion  of s u b s t r a t e s  in to  p ro d u c ts .  I t  i s  w e l l  known t h a t  

oxidized n ico tinam ide  adenine d in u c le o t id e  (NAD+) and i t s  reduced 

form (NADH) a re  coenzymes f o r  hundreds of enzym atic o x ld a t io n -  

r e d u c t io n  r e a c t io n s  (31). However, th e  n a tu r e  o f  the  i n t e r a c t io n  

of th e s e  c o f a c to r s  with p r o te in s  i s  no t unders tood . Some 

in fo rm a tio n  on th i s  i n t e r a c t io n  i s  a v a i l a b l e  from X-ray 

c r y s t a l l o g r a p h i c  s tu d ie s  on s e v e ra l  dehydrogenases

(1^,37.112,1111,69,711,77). In th e s e  s tu d i e s ,  e l e c t r o n - d e n s i ty

d i f f e r e n c e s  were c a lc u la t e d  to  give th e  lo c a t io n  o f  th e  l igand  

w ithin th e  p r o te in .  N e v e r th e le s s ,  the  n a tu r e  of th e  i n t e r a c t lo n ( s )  

between th e  l ig a n d  and p ro te in  can only  be deduced and no t s tu d ie d  

d i r e c t l y  w ith  t h i s  techn ique .

In t u r n  we have employed Raman sp ec tro sc o p y  which g ives  

v a lu a b le  in fo rm a t io n  on normal mode v ib ra t io n s  of atoms within  a 

m o lecu le ,  f o r  i t  i s  s e n s i t iv e  to  bonding changes which may 

accompany l ig an d  binding to  p r o te in s .  Using d i f f e r e n c e  Raman 

techn iques  th e  spectrum  of NADH bound to  LADH was a t t a in e d .  

S ev e ra l  obvious changes can be seen  when NADH binds t o  LADH as 

compared t o  t h a t  in  s o lu t io n .  These s p e c t r a l  changes s u g g e s t  t h a t  

th e  n ico tinam ide  and th e  adenine  m o ie tie s  o f  NADH a re  d i r e c t l y  

involved  when NADH binds LADH. This is  in d ic a te d  by the  

d isappearance  o f  the  151<5 cm-1 band, a s s o c ia te d  w ith  the  

n ico tinam ide  m oiety  and the  1338 cm"1 band, due t o  the  adenine 

m oie ty , in  th e  spectrum  when th e  coenzyme binds NADH r e l a t i v e  to



98

NADH's s o lu t io n  spec trum . The absence of th e  15 **5 cm-1 peak in 

the  LADH/NADH complex connotes  the  involvem ent o f  one o f  the  NH2 

groups in  binding, s i r c e  the  15^5 cm-1 mole i s  s e n s i t iv e  t o  the  

carboxamide.

P a r t i c u l a r s  of the  Raman s p e c t r a l  f e a t u r e s  o f  NADH and NAD* 

have been in v e s t ig a te d  by s tudy ing  a n a lo g ie s  and f ra g m en ts  of th e  

m olecu les  as  a means of u nders tand ing  th e  s p e c tro sc o p y  o f  f r e e  

and bound coenzyme. The e f f e c t s  of d e u te r a t io n  of th e  

exchangeab le  p ro to n s  and o f  pH on the  Raman s p e c t r a  were s tu d ie d  

as w e l l .  I t  i s  w e ll  known t h a t  th e s e  coenzymes a re  composed of 

n ico tinam ide  in  th e  form of a q u a te rn a ry  ammonium s a l t ,  two 

m o lecu les  o f  D -r ibose  l inked  as pyrophosphate  e s t e r s  and th e  

h e te r o c y c l i c  component adenine (F igure . 10). I t  i s  a l s o  known t h a t  

th e s e  coenzymes a t  room te m p e ra tu re  in  s o lu t io n  e x i s t  in c lo sed  

fo rm s , i . e .  th e  n ico tinam ide  moiety and the  adenine moiety a r e  

s ta c k e d  to g e th e r  (27,60). However, we have observed  no s ig n i f i c a n t  

changes, excep t  f o r  a s l i g h t  downward s h i f t  of  the  15^5 cm-1 band, 

in  t h e  Raman s p e c t r a  of e i t h e r  NADH o f  NAD* when su b je c te d  to  8M 

u re a ,  a s t r o n g  d e s ta e k in g  a g e n t ,  o r  in  th e  ca se  o f  NADH, 75°C (NAD* 

i s  u n s ta b le  a t  high te m p e ra tu re s ) .  As a r e s u l t  we have assigned  

the  Raman peaks o f  NADH and NAD* to  s m a l l e r  m o ie tie s  o f  th e s e  

m o le c u le s .  We have a l s o  n o t ic e d  major changes in  th e  Raman 

spectrum  a s s o c ia te d  with th e  adenine m oeity when adenine i s  

p ro to n a te d  a t  pH 3 .9 .
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The binding n a tu r e  of th e  a rom a tic  a ldehyde , DABA, to  th e  

c a t a l y t i c  Zn*+ a c t iv e  s i t e  of LADH has been s tu d ie d  using p re ­

resonance  Raman sp e c t ro sc o p y  and has been compared to  th e  

zinc'f+-DABA complex. We have i s o t o p i c a l l y  l a b e l l e d  th e  fu n c t io n a l  

group of the  compound with l ,C and deuterium  in va rious  

com binations and have d e u te r a te d  t h e  C3 and C5 p o s i t io n s  of th e  

r in g  in  o rd e r  to  un d e rs tan d  th e  normal mode p a t t e r n s  o f  DABA, when 

bound to  th e  enzyme and in s o lu t io n .  We f ind  a s t r i k in g  

correspondence  between the  Raman s p e c t r a  o f  bound DABA and th e  

DABA-Zn++ com plexes . This resem blance  e x te n d s  to  a l l  of  th e  

iso to p ic  d e r iv a t iv e s  s tu d ie d .

In an a t t e m p t  a t  i n t e r p r e t i n g  th e  Raman spectrum  o f  DABA we 

f ind  t h a t  th e  observed  Raman bands a r i s e  from h igh ly  d e lo c a l iz e d  

normal modes in most c a s e s .  The bands in  th e  1500-1700 cm-1 

reg ion  co n ta in  C-C and C-0 s t r e t c h  w ith  some C-H and C-C-C bending 

c o n t r ib u t io n .  There a r e  marked changes in  th e  bands when DABA 

binds LADH/NADH. Bands in th e  1250-1500 cm-1 reg ion  a r e  due 

mainly to  C-H bending motions with some s t r e t c h i n g  

c h a r a c t e r i s t i c s .  There a r e  no obvious changes in  th e s e  modes when 

DABA binds LADH/NADH. In viewing th e  low er p o r t io n  o f  th e  

spectrum  i . e .  below ~1200 cm-1 i t  seems d i f f i c u l t  in  a s s e s s in g  th e  

behavior of th e s e  modes as  of now.

Our da ta  s u g g e s t  t h a t  th e  ca rbony l  r e t a i n s  a s ig n i f i c a n t  

p o r t io n  o f  i t s  double bond c h a r a c t e r i s t i c  when DABA binds LADH. 

However, t h i s  double  bond f e a t u r e  i s  s u b s t a n t i a l l y  l e s s  th an  t h a t
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found in the  s o lu t io n  spectrum  o f  DABA. This o b se rv a t io n  i s  based 

on the  response  to  !,C l a b e l l i n g ,  o f  th o se  bands found in the  

1500-1700 cm-1 reg ion .

The r ing  s t r u c t u r e  c o n t r ib u te s  s u b s t a n t i a l l y  t o  the  Raman 

spectrum  o f  DABA. This o b se rv a t io n  i s  suppo rted  by th e  numerous 

peak s h i f t s  which occurs  when the  r in g  is  d e u te r a te d  (F igure . 19).
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