
BIOCHIMICA ET BIOPHYSICA ACTA 7r 

BBA 3 8 I Z  

C O E N Z Y M E  A N A L O G S  

I. P R E P A R A T I O N  A N D  P R O P E R T I E S  O F  
. .  

T H I O N I C O T I N A M I D E  M E T H I O D I D E  

National Cancer institute, National Institutes of Health, 
Bethesda, Md. (U.S.A. i  

(Received July 6th; x962) 

SUMMARY 

I.  T h i o n i c o t i n a m i d e  me th iod ide ,  a " m o d e l "  for t h i o n i c o t i n a m i d e  aden ine  di- 
nuc leo t ide ,  was  p r e p a r e d  f rom n i c o t i n a m i d e  m e t h i o d i d e  a n d  P2Ss. 

z. T h e  a b s o r p t i o n  s p e c t r a  of t h ion i co t i namide ,  t h i o n i c o t i n a m i d e  m e t h i o d i d e  a n d  
x - m e t h y l - I , 4 - d i h y d r o t h i o n i c o t i n a m i d e  show m a x i m a  e x p e c t e d  for  t h e  s u b s t i t u t i o n  of 
su l fur  for oxygen  w h e n  these  are  p a r t  of  t h e  c h r o m o p h o r e .  

3- r - M e t h y l - I , 4 - d i h y  d r o t h i o n i e o t i n a m i d e  unde rgoes  a p h o t o c h e m i c a l  r eac t ion  in 
visible l ight  in t h e  presence  or absence  of oxygen .  

4. i - M e t h y l - i , 4 - d i h y d r o t h i o n i c o t i n a m i d e  c o m b i n e s  w i t h  s i lver  n i t r a t e ;  however ,  
a xo% excess  of the  m e t a l  a p p e a r s  to  be  c o n s u m e d  w h e n  ti~e r eac t ion  is fol lowed 
s p e c t r o p h o t o m e t r i c a l l y  a n d  a z-fold excess  w h e n  fol lowed a m p e r o m e t r i c a l l y .  

INTRODUCTION 

KARRER a n d  coworkers  I first d e m o n s t r a t e d  t h a t  N - m e t h y l n i c o t i n a m i d e  serves  as  a 
su i t ab le  m o d e l  for the  reac t ions  of N A D  +. R e p l a c e m e n t  of t he  n i c o t i n a m i d e  m o i e t y  
of N A D  + w i t h  va r ious  3 - s u b s t i t u t e d  py r id ines  h a s  led to  t h e  ava i l ab i l i t y  of a large 
n u m b e r  of d inuc leo t ide  analogs.  One  of the  ana logs  wh ich  w a s  r ecen t ly  m a d e  ava i l ab le  
c o m m e r c i a l l y  is t h i o n i c o t i n a m i d e  aden ine  d inuc leo t ide  in wh ich  su l fur  is s u b s t i t u t e d  
for t h e  o x y g e n  of n ico t inamide .  This  s u b s t i t u t i o n  resu l t s  in t h e  a p p e a r a n c e  of some 
i n t e r e s t i n g  s p e c t r o p h o t o m e t r i c  p rope r t i e s  as well  as  a new chemica l ly  ac t ive  site. 
T h e  chemica l  and  phys ica l  p rope r t i e s  of t h i o n i c o t i n a m i d e  m e t h i o d i d e  a n d  the  pho to -  
c h e m i s t r y  of t he  r educed  " m o d e l "  are  r e p o r t e d  in  th is  pape r .  

MATERIALS A N D  M~ETHODS 

T h i o n i c o t i n a m i d e  was  syn thes ized  f rom 3 - c y a n o p y r i d i n e  a n d  h y d r o g e n  sulfide 
acco rd ing  to  the  m e t h o d  of K A R R E R  AND SCHUKRI ~. 

T h i o n i c o t i n a m i d e  m e t h i o d i d e  was  p r e p a r e d  b y  a modi f i ca t ion  of t he  p rocedure  
of HOFMANN AND GABm~L 3. N i c o t i n a m i d e  m e t h k ~ l i d e  (5.o g), f rom n i c o t i n a m i d e  a n d  

Abbreviation : EPA, ethyl ether-isopentane-ethyl alcohol (5 : 3 : 2). 
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m e t h y l  iodide, was placed in a porcelain m o r t a r  and hea ted  to 7 o°. Phosphorus  penta-  
sulfide (1o.o g) was added  to the pyr id in ium salt  in small  port ions,  and  the powders  
were tho rough ly  mixed  under  the pressure of a pestle unt i l  a t a r r y  mass  was formed. 
The dark  mate r ia l  was exhaus t ive ly  ex t r ac t ed  wi th  me thano l  unt i l  the ex t rac t  was  
no longer yellow. The produc t  was prec ip i ta ted  wi th  e ther  and recrystal l ized f rom hot  
m e t h a n o l - e t h e r .  Long yellow needles (35% yield) were ob ta ined  and  dried at  65 ° 
under  vacuum.  Melt ing point ,  198.5-199.5 °. Calcula ted for CTHoNzSI (moi. wt. ,  
28o.14): C, 30.0o; H, 3.24; N, IO.OO. F o u n d :  C, 29.74; H ,  3-49; N, 9-93- 

I -Methy l - I ,4 -d ihydro th ion ico t inamide  was prepared by  dissolving 3.0 g of 
th ion ico t inamide  meth iodide  in 50 ml  of 9 %  NaHCOs-  Sodium di th ioni te  (5.0 g) 
was added  in smal l  a l iquots  to the  solution which was ma in ta ined  at 4 ° under  a s t r eam 
of helium. Orange crysta ls  prec ip i ta ted  fr6m the react i0n mix tu re  af ter  s t a n d i n g  in the 
cold for several  hours,  and  the p roduc t  was washed  wi th  cold wate r  on a s intered-glass 
funnel  and  dried for 5 h a t  65 ° under  vacuum.  Melting point ,  lO9- I  xo.5 °. The f ie ld  was  
50% of theoret ical .  

A methano l ic  solution of the p roduc t  had  ).max 4x2.5 m~,  e xo 9oo. 
Calcula ted for C~H~0N~S (mol. wt . ,  154.24): C, 54 .5I ;  H,  6.54; N, x8.I 7. F o u n d :  

C, 54.24; H ,  6.33; N, i? .94.  
The  pho top roduc t  of x -methy l -x ,4 -d ihydro th ion ico t inamide  was p repared  by  

dissolving 5oo m g  in x 1 of wate r  and  ad jus t ing  the p H  to 9-5 wi th  N a O H .  The solution 
was i r rad ia ted  b y  sunl ight  for 3 h while being flushed wi th  hel ium. The mix tu r e  
was concen t r a t ed  by  freeze-drying, and a methanol ic  solution of the amorphous  
mate r ia l  was placed on W h a t m a n  3 m m  paper  for chromatograph ic  separat ion.  The 
solvent  sys tem used was b u t a n o l - w a t e r  (3:7)- The most  p rominen t  yellow band  
(RF o.76) was e luted from the paper  wi th  methanol .  

A rgentimetric titration of x-methvl-z,4-dihydrothio n icolinamide. 

(a) Amperometrically: I /xmole was dissolved in 3 ° m l  of o . i  31 T r i s - n i t r a t e  
buffer (pH 7.4) and equi l ibra ted  in a t he rmos ta t ed  t i t ra t ion  vessel. The t i t ra t ion  was 
carried out  according to BENESCH, LARD'-." AND BEXESCH t. The appara tus ,  described 
b y  MURAYAMA n, consisted of a t h e r m o s t a t e d  t i t ra t ion  vessel equipped with a ro ta t ing  
p la t inun ,  electrode, a gas inlet  tube  for deaera t ing  wi th  hel ium, a salt  br idge to a 
calomel  electrode,  and  a microbure t t e  conta ining i o-° M silver n i t ra te  solution. An auto-  
m a t e d  t ime-control led  device delivered o. I / ,mote of t i t r an t  every  6o see. A Leeds 
and  N o r t h r u p  char t - recorder  having  a range of i z sensitivities,  designed byMuRAYAMA 
(manuscr ip t  in prepara t ion) ,  was used to follow the  cur ren t  dur ing  the t i t ra t ions .  

(b) Spectrophotometrically: 3 t zmoles of i - m e t h y l - I , 4 - d i h y d r o t h i o n i c o t i n a m i d e  was 
d i lu ted  to  50 ml  wi th  o . I  M T r i s - n i t r a t e  buffer (pH 7.4)- The absorpt ion  spec t rum 
was scanned  from 5o0 to 30o mr ,  prior  to t i t ra t ion  and within 3 rnin af ter  each ad- 
di t ion of si lver n i t ra te .  The concen t ra ted  (o.I M) silver n i t ra te  was added by  means  of 
a rnicropipet te  m a n u f a c t u r e d  b y  Roger  Gi lmont  In s t rumen t s ,  Inc. Each  addi t ion of 
si lver n i t ra te  to the  th ione was accompanied  by  the addi t ion of an equiva len t  a m o u n t  
of t i t r a n t  to  the  b lank.  

Absorp t ion  spect ra  were measured  on a Cary  Recording Spec t ropho tomete r ,  
Model x 4, hav ing  a ther rnos ta ted  cell c o m p a r t m e n t .  

Emiss ion  proper t ies  were examined  on a modified Aminco-Bowrnan Spectro-  
photof luorometer  equipped  with  a cell c o m p a r t m e n t  designed to accommoda te  a 
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Dewar flask with quartz windows to allow.examination of rigid glass solutions at low 
temperatures. 

Solvents were Spectroquality grade purchased from Matheson, Coleman and Bell. 

RESULTS 

Th.ionicotinanzide: The absorption spectrum of thionicotinamide in methylene 
chloride is shown in Fig. I. The inset illustrates the long-wavelength absorption band 
with an expanded extinction-coefficient scale. The oscillator strength of the band was 
calculated to bef N 0.008. When the spectrum was examined in methanol, the long- 
wavelength maximum had shifted to the 38o-rnp band. The weak band disappeared 
completely when the pyridine nitrogen was quatemized in thionicotinamide methio- 
dide (see below). 
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The inset represents the long-wavelength absorption of a more concentrated solution (I .8% - IO-~ 31). 

The magnitude of the oscillator strength6, the “blue shift” on increasing solvent 
polarity’, and the disappearance of the bancl in the methahalidee, are in accord with 
the assignment of n+rr * transition to the longest-wavelength band.The more intense 
bands at 300 and 232.5 rnp are absent in nicotinamide and are in the vicinity of 
absorption maxima reported for other thionamidesQ. 

Thiolzicotinamide methiodide : Attempted alkylation of thionicotinamide with 
methyl iodide generally resulted in the production of a strong mercaptan odor and 
isolation of nicotinamide methiodide from the reaction mixture. Similar results were 
reported in the reaction of thionicotinamide with dichlorobenzyl bromidelo. Successful 
slrnthesis of thionicotinamide methiodide was effected by treating nicotinamide 
methiodide with P,S, (see METHODS). 

The absorption spectrum of thionicotinamide methiodide is illustratqd by the 
dashed curve in Fig. 2. The long-wavelength band which was present as a shoulder in 
thionicotinamide is no longer deiecta’bie. The stir-rnp masimum is found in the 
absorption spectracpf a large number of 3-substituted pyridinium salt+. 

r-Methyl--T,.+dihydrobttionicotinamide : RAFTER AND COLOWICK~~ demonstrated 
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t ha t  reduction of nicotinamide methiodide with sodium dithionite takes place at  the 
para position of the pyridine ring. Dithionite reduction of thionicotinamide methiodide 
yielded an orange crystalline product whose a b s o ~ t i o n  spectrum is shown by the solid 
curve in Fig. 2. The position of the long-wavelength absorption max imum near 4x5 mtz 
is consistent with the hypsochromic shift of 4o-5o mtL usually observed when oxygen 
is replaced by sulfur as par t  of the chromophore is. (The absorption maximum of i -  
methyl-x,4-dihydronicotinamide is at 365 mtL.) 
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F i g .  2. A b s o r p t i o n  s p e c t r u m  of  t h i o n i c o t i n a m i d e  m e t h i o d i d e  ( d a s h e d  c u r v e )  a n d  I - m : , t h y l - [ ,  4- 
d i h v d r o t h i o n i c o t i n a m i d e  (sol id  c u r v e ) .  

A summary  of the absorption maxima  and their corresponding extinction co- 
efficients is given in Table I. 

Fluorescence Itnvoperties. The emission of x-methyl-r ,4-dihydrothionicotinamide in 
methy!en~ chloride and methanol  was examined using an exciting wavelength of 
4x5 rap. There was no detectable fluorescence at room temperature ,  however, in 
E P A  rigid glass solution at  77 ° K, emit ted light was easily seen with a maximum near 
495 rap. On warming to room tempera ture  the intensity of the emitted light was 
andetectable. 

T A B L E  I 

/ k B S t ; R P T I O N  M A X I M A  A N D  E . X T I N C T I O N  C O E F F I C I E N T S  O F  T H I O N I C O T I N A M I D E ,  

T I I I O ~ / I C O T I N A I ~ I I D E  M E T H I O D I D E  A - ~ D  I - . ~ I E T H Y L -  1 , 4 - D I H Y D R O T H I O ~ ' I C O T I N A M I D E  

Compound Solvent 2 ra a x (rap) e 

T h i o n i c o t i n a m i d e  

T h i o n i c o t i n a m i d e  m e t h i o d i d e  

t - M e t h y l -  1 , 4 - d i h y d r o -  
t h i o n i c o t i n a r r H d e  

M e t h y l e n e  4o3 .2  23o  
c h l o r i d e  300  76o0  

2 3 z . 5  ~o  3 0 0  

M e t h a n o l  297 .5  5 5 0 0  
26I  6 o 0 0  

M e t h a n o l  4 x ~--5 i o  9oo  
z97 .5  3 5 0 0  

B i o c h i m .  B i o p h y s .  A c t a .  6 9  ( x 9 6 3 )  x - 8  
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t h i o n a m i d e  as if it  were  p resen t  in t h e  th io l imide  form. R e c e n t  s tud ies  on t h e  ab-  
so rp t ion  of t a u t o m e r i c  th iones  h a v e  d e m o n s t r a t e d  t h a t  C~-S  is p re fe r red  to  the  
tl~iolenol fo rmmt8  in the  absence  of an a p p r o a c h i n g  a lkyl  hal ide.  

T h e  abso rp t i on  m a x i m a  of t h ion ico t inamide ,  t h i o n i c o t i n a m i d e  m e t h i o d i d e  a n d  
I - m e t h y l - I , 4 - d i h y d r o t h i o n i c o t i n a m i d e  are  cons i s ten t  wi th  the  h y p s o c h r o m i c  shif t  of 
40-50  mt~ when  oxygen  is r ep laced  b y  su l fur  as p a r t  of the  c h r o m o p h o r e  is. T h e  
pers i s tence  of t he  295-3oo-mt~ b a n d  in these  t h r ee  c o m p o u n d s  p r o m p t s  the  a s s i g n m e n t  
of t h e  a b s o r p t i o n  b a n d  to  t h e  C = S  group.  

T h e  t h i o n a m i d e  func t ion  wa.', also r eac t ive  wi th  p o t a s s i u m  cyan ide  a f te r  the  
t h i o n i c o t i n a m i d e  m e t h i o d i d e - c y a n i d e  a d d u c t  was  formed.  A b s o r p t i o n  s tud ies  of t h e  
p r o d u c t  wi th  excess cyan ide  sugges ted  the  hydro lys i s  of t h e  th ione  to  n i c o t i n a m i d e  
me th iod ide .  T h e  ease of hydro lys i s  a n d  t h e  r e a c t i v i t y  of the  t h i o n a m i d e  is sufficient 
w a r n i n g  t h a t  r e a g e n t s  genera l ly  used  in  s t u d y i n g  t h e  reac t ions  of N A D  + or i ts  mode l  
c o m p o u n d s  c a n n o t  be  used  ind i sc r imina te ly .  

P h o t o c h e m i c a l  t r a n s f o r m a t i o n  of t h i o c a r b o n y l  c o m p o u n d s  has  been  e x a m i n e d  in 
visible a n d  u l t r a v i o l e t  l ight  TM. In  the  presence  of vis ible  l ight  a n d  oxygen ,  o x i d a t i o n  of 
t he  th iones  to  t he  co r r e spond ing  k e t o n e s  t a k e s  p lace  (e.g., t h iobenzophenone- ->  
benzophenone ) .  B y  ana logy ,  x - m e t h y l - x , 4 - d i h y d r o n i c o t i n a m i d e  shou ld  h a v e  b e e n  t h e  
p h o t o p r o d u c t  o b t a i n e d  b y  i r r ad i a t i on  of t h e  t h i o n a m i d e .  T h e  o x y g e n  c o m p o u n d  has  
been  well c h a r a c t e r i z e d  b y  its a b s o r p t i o n  a n d  f luorescence p rope r t i e s  a n d  b y  i ts  
i n s t ab i l i t y  in acid.  T h e  p h o t o p r o d u c t  does n o t  show a n y  of t hese  p roper t i es .  

On t h e  bas is  of t h e  op t i ca l  p rope r t i e s  of th iones  BUROWAY2°, 21 p r o p o s e d  t h a t  t h e y  
m a y  exis t  in a f ree- radica l  fo rm to  a smal l  ex t en t .  Th i s  sugges t ion  has  also b e e n  m a d e  
on t h e  basis  of the  p h o s p h o r e s c e n t  b e h a v i o r  of t h i o b e n z o p h e n o n e  a n d  the  t e n d e n c y  
for m a n y  th iones  to  po lymer ize  °-°. T h e  p h o t o c h e m i c a l  r eac t ion  m a y  also be  i n i t i a t ed  b y  
free radicals .  

Complex  f o r m a t i o n  of I - m e t h y l - I , 4 - d i h y d r o t h i o n i c o t i n a m i d e  w i t h  s i lver  n i t r a t e  
resu l t ed  in a p r o d u c t  whose  a b s o r p t i o n  s p e c t r u m  was  ve ry  s imi la r  to  t h a t  of the  
p h o t o p r o d u c t .  SCHONBERG AND STOLPP 2a p r o p o s e d  t h e  s t r u c t u r e  of t h e  s i lver  per-  
ch lo ra t e  complex  of d ia ry l  th iones  to  be 

[AraC-S-Ag]+ CIO 4- 

T h e  s t r u c t u r e  of tl ,e s i lver  complex  of the  d i h y d r o t h i o n i c o t i n a m i d e  m i g h t  
s imi la r ly  be  w r i t t e n  as 

E 
P,.-C-S-Agq X- 

NH 2 _i 

Cys te ine  has  been  found  to  c o n s u m e  si lver  n i t r a t e  in a I o - i 2  % excess  as m e a s u r e d  
amperometr ica l ly~*.  SLUYTERMA~ ~4 p roposed  t h a t  the  cons i s t en t ly  h igh  va lue  was  
a s soc ia t ed  wi th  t h e  presence  of a free a m i n o ' g r o u p .  T h e  r e d u c e d  t h i o n a m i d e  s imi la r ly  
c o n s u m e d  a large  excess  of sl iver n i t r a t e  w h e n  the  t i t r a t i o n  was  fol lowed spec t ro-  
p h o t o m e t r i c a l l y .  Hmveve r ,  when  the  t i t r a t i o n  was  fol lowed a m p e r o m e t r i c a l l y ,  a r a t io  
of 2 AgNOa:  I t h ione  was  observed .  This  2-fold excess was  no t  a c c o u n t e d  for b y  
c o m p l e x a t i o n  a t  s i tes  o the r  t h a n  t h e  sul fur  a tom.  A longer  t ime  i n t e r v a l  e l apsed  
b e t w e e n  add i t i ons  of s i lver  n i t r a t e  in t h e  s p e c t r o p h o t o m e t r i c  assay  p e r m i t t i n g  
equ i l ib ra t ion  w i t h  the  sul fur  a t o m  t h a n  the  6o sec b e t w e e n  add i t ions  in t h e  a m p e r o -  
m e t r i c  m e t h o d .  Th i s  m a y  a c c o u n t  for the  d i s c r e p a n c y  in t h e  t w o  m e t h o d s .  

Biochin~. Bioph'vs. Acta, 69 (z963) x - 8  



8 S. SHIFRIN 

ACKNOWLEDGEI~IENT 

I wou ld  like to  t h a n k  Dr.  M. MURAYAblA for his i n t e r e s t  and  ass i s tance  wi th  t he  
a m p e r o m e t r i c  t i t r a t i o n s .  

R E F E R E N C E S  

l p .  
2 p .  
a A .  
~ R .  
S M .  
6 H ,  

H.  
B F .  

* M .  
1@ K .  
11 ~ l .  
15 G .  
15 E .  

KARRER, G, SCHWARZENBACH, F. BENZ AND V. SOL.t, ISSEN,  Heh,. Chem. Acta, I9 (I936) 81 t. 
K A R R E R  AND J .  S C H U K R I ,  Helv .  C h i m . . 4 e t a ,  2 8  ( 1 9 4 5 )  8 2 0 .  
• V. HOFMANN A.'~'D S. GABRIEL, t~er., ~-5 (1892) x578- 
E .  BENESCH, n .  A. LARDY AND R. BENESCH, f .  t~iol. Chem., 2 t 6  ( t955)  663. 
MURAYAMA, Federation Proc., 21 ( t962)  71. 
P. STEr'nENSON, J .  Chem. Phys. ,  2z (1954) 1o77. 
McCorCNELL, J.  Chem. Phys., 2o (195-') 700. 
HALVERSON AND R.  C. HI'aT, J .  Chem. Phys. ,  I9 ( I95I )  71I .  
J .  J^rCSSEr¢, Rec. tray. chim., 79 (196o) 454,  464- 
• VALLENFELS, M. GELLRICtt AND F. KUBOWITZ, Ann . ,  62I  (1959) 137. 
L.  LAMBORG, R.  M. BURTON AND N. O. KAPLAN, J . . , l m .  Chem..~oc., 79 ( t957)  6173. 
~V. RAFTER AND S. P.  COLOXVICK, J .  Biol. Chem., 209 (1954) 773. 
A.  ]3RALDE, A~'.n. Reports, 42 (I945) 1o5. 

l ,  G. WEBER, J .  Chim. Phys.  (France), (1958) 878. 
t s  A. SCHONBERG, BET., 62"B (I920) I95.  
t6 S. SHIFRIN AND N. O. K A P - L ~ . ~ p a p e r  p r e s e n t e d  a t  t h e  x 35 th  A m e r i c a n  C h e m i c a l  S o c i e t y  Mee t ing ,  

B o s t o n ,  Mass . ,  Apr i l  I959  A b s t r a c t s ,  p. 6c. .  
tv A. ALBERT AND G. BARLXN, J.  Chem. Soc., ( i959)  2384. 
is R.  A. JONES AND A. R.  K A T R I T Z K Y ,  ,]. Chem. Soc., ( t958)  36 to .  
19 LOUIS CITAREL, Thesis, P o l y t e c h n i c  I n s t i t u t e  of  Brookl~m,  t96o.  
l0 A. BUROWAY, BET., 63 (1930) 3155 • 
at A. BUROWAY, Ber.,  64 ( I 9 3 t )  462. 
a2 E.  CAMPATGNE, Chem. Revs., 39 (I946) 1. 
2n A. SCHONBERG AND TH. STOI.PP, BET., 63 ( t93o)  3 IO2. 
~ L.  A. E .  SLtZVTER~tAN, Biochim. Biophys.  ,4cta, 25 (~957) 4 °2 .  

Biochim. Bi,)phys. Acta, 69 (I963) 1 -8  


