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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, 2 ( 5 ) ,  663-675 (1979) 

AMPEROMETRIC METHODS FOR OXIDOREDUCTASE ENZYMES 
BASED ON LIQUID CHROMATOGRAPHY WITH ELECTRO- 

CHJIMICAL DETECTION. ALCOHOL DEHYDROGENASE. 

Gregory C. Davis, Karey L.Holland, and Pe te r  T. Kiss inger  
Chemistry Department 

Purdue University 
West Lafaye t te ,  Indiana 47907 

ABSTRACT 

Nicotinamide adenine d inuc leo t ide  (NAD) is an important 
cofac tor  i n . a  number of oxidoreductase enzyme systems. The 
de tec t ion  and quan t i t a t ion  o f  i t s  reduced form (NADH) is the  
b a s i s  f o r  a number of methods which determine both s u b s t r a t e s  
and enzyme a c t i v i t y .  
shown promise i n  t h i s  area, they have su f fe red  from a l ack  of 
s e l e c t i v i t y .  
t i o n  (LCEC) provides the  s e l e c t i v i t y  and t h e  s e n s i t i v i t y  requi red .  
The use of a lcohol  dehydrogenase (ADH) €or  blood a lcohol  de t ec t ion  
is inves t iga ted  as a model system. 

Although electrochemical techniques have 

Liquid chromatography with e lec t rochemica l  detec- 

INTRODUCTION 

A l a r g e  number of enzymatic methods have been developed 

which employ t h e  use of t h e  co fac to r  f3-nicotinamide adenine di-  

nuc leo t ide  (NAD) and its reduced form.NADH (1-3). The produc- 

t i o n  of NADH has been used t o  determine both  the  concent ra t ion  

of subs t r a t e s  and the  a c t i v i t y  of enzymes. 

quan t i t a t ed  by spectrophotometry o r  fluorescence.  

Christian, Blaedel,  Elving, Olson and o t h e r s  have c l e a r l y  demon- 

s t r a t e d  t h e  p o t e n t i a l  of e lec t rochemis t ry  i n  t h e  de t ec t ion  of 

enzymatically generated NADH ( 4 , s ) .  

NADH is pr imar i ly  

Recently, 
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664 DAVIS, HOLLAND, AND KISSINGER 

NADH is electrochemically oxidized in  a 2e- r eac t ion  (Fig- 

ure  1 )  t o  t h e  parent nuc leo t ide  NAD (6,7). Consequently i t  is 

poss ib le  t o  i n d i r e c t l y  quan t i t a t e  t h e  amount of s u b s t r a t e  i n  a 

sample by monitoring the  NADH oxidation. 

based on t h i s  idea  have suf fered  from a l ack  of s e l e c t i v i t y .  

The NADH oxidation cur ren t  i s  o f t en  superimposed on a s i g n i f i c a n t  

background caused by more e a s i l y  oxidized b io log ica l  components 

( 8 , 9 ) .  Elec t roac t ive  contaminants, such as u r i c  ac id  o r  ascorb ic  

ac id ,  which are cont r ibu ted  from serum, make it d i f f i c u l t ,  if not  

impossible, t o  accura te ly  d e t e c t  s m a l l  changes i n  NADH concentra- 

t i o n  using simple amperometry. 

Amperometric procedures 

The general  LCEC approach described h e r e  o f f e r s  a marked 

improvement over previous amperometric procedures. 

the  powerful s epa ra t ing  a b i l i t y  of t h e  micropar t icu la te  C-18 

s t a t i o n a r y  phase with the  s e l e c t i v i t y  of t h e  electrochemical de- 

t e c t o r ,  t he  problem of de t ec t ing  small amounts of NADH i n  t he  

presence of high concentrations of o the r  e l e c t r o a c t i v e  contami- 

nants  i s  eliminated. 

the  enzyme a lcohol  dehydrogenase (EC 1.1.1.1) was chosen as a 

model system. A blood-ethanol method is described which u t i l i z e s  

the  following reac t ion ,  

By combining 

To i l l u s t r a t e  the p o t e n t i a l  of t h i s  approach, 

CH3CH20H + NAD' .- t CH3CH0 + NADH + H+ , 
pfl 8.8 

MATERIALS AND METHODS 

Chemicals 

Dihydronicotinamide adenine d inuc leo t ide  (NADH, Grade 111), + nicotinamide adenine d inuc leo t ide  (NAD , Grade 111) , a lcohol  

dehydrogenaae (ADH, from yeas t )  and Tris Olydroxymethyl) amino 

methane (Trizma Base and Trizma HC1) were obtained from Sigma 

Chemical Co. (St. Louis, MO),  Rossv i l le  Gold 200 proof e thanol  

was purchased from IMC Chemical Group, Inc.  (Terre Haute, I N ) .  

Semicarbazide H C 1  was acquired from Easrman Kodak (Rochester, NY). 
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LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 665 

R R 
Figure  1. The e l e c t r o c h e m i c a l  o x i d a t i o n  of NADH. 

A l l  o t h e r  chemicals  were r e a g e n t  grade  q u a l i t y .  Doubly d i s t i l l e d  

water  w a s  used i n  p r e p a r i n g  a l l  s o l u t i o n s .  

Reagents 

Pyrophosphate b u f f e r ,  75 mM, pH 8.8 is  prepared  by weighing 

33.4 g of Na4P207 

1.6 g of g l y c i n e  i n t o  a l a r g e  beaker  and d i s s o l v i n g  t h e s e  s o l i d s  i n  

800 mL of water. The pH is  a d j u s t e d  t o  8.8 by s low a d d i t i o n  of 

3 M NaOH.  When t h e  proper  pH i s  a t t a i n e d ,  t h e  s o l u t i o n  i s  d i l u t e d  

t o  1 l i t e r  w i t h  water .  

complexes heavy metal i o n s  which are known t o  i n a c t i v a t e  t h e  

y e a s t  enzyme ( 1 4 ) .  When n o t  i n  u s e , t h i s  s o l u t i o n  should b e  s t o r e d  

a t  5°C t o  i n h i b i t  t h e  growth of microorganisms. 

10 H 0, 8 . 4  g of semicarbaz ide  H C 1  and 2 

Pyrophosphate b u f f e r  i s  used because i t  

+ A 3 mM NAD s o l u t i o n  i s  prepared by d i s s o l v i n g  108.53 mg of 
+ NAD i n  f i f t y  mL of t h e  pyrophosphate b u f f e r  s o l u t i o n .  This  

reagent  remains s t a b l e  f o r  1 week i f  s t o r e d  i n  a r e f r i g e r a t o r .  

The a l c o h o l  dehydrogenase obta ined  from Sigma Chemical Co. 

had a stated a c t i v i t y  of 312 U/mg s o l i d  (10). A s o l u t i o n  w i t h  a n  

a c t i v i t y  of 3.1 U/vL can b e  prepared by adding 50 mg of t h e  s o l i d  i n  

5 mL. of water. T h i s  s o l u t i o n  i s  s t a b l e  f o r  approximately 6 months 

i f  kept  f r o z e n  (10) .  The 5 mL are d i v i d e d  between 3 s m a l l  v i a l s  

s o  as t o  avoid  numerous d e l e t e r i o u s  freeze- thaw c y c l e s  on t h e  same 

s o l u t i o n .  

A d i l u e n t  b u f f e r  i s  r e q u i r e d  s i n c e  t h e  amount of MADH gen- 

e r a t e d  i n  t h e  r e a c t i o n  i s  s o  l a r g e  t h a t  it is  n e c e s s a r y  t o  

d i l u t e  t h e  sample b e f o r e  i n j e c t i n g  o n t o  t h e  LC. T h i s  e n s u r e s  tha t  
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666 DAVIS, HOLLAND, AND KISSINGER 

the  amount of NADH i s  i n  t h e  l i n e a r  range of t he  de t ec to r .  

8.5 T r i s  bu f fe r  s e rves  t h i s  purpose w e l l .  I t  i s  prepared by 

d i s so lv ing  0.44 g of Trizma H C 1  and 0.872 g of Trizma base  i n  
100 mL of water .  

A 0 .1  M pH 

A 0.01 M Hg+2 s o l u t i o n  is used i n  t h e  f i n a l  s t e p  of t h e  

procedure t o  ensure t h a t  t h e  enzyme r e a c t i o n  i s  stopped ( s e e  

Resul t s  and Discussion sec t ion ) .  A 1.0 M s o l u t i o n  of HgC12 i s  

i n i t i a l l y  prepared by d i s so lv ing  27.15 g of HgC12 i n  100 mL of 

H 2 0 .  

0.01 M Hg . 
This s tock  s o l u t i o n  is  d i l u t e d  one hundredfold t o  g e t  t h e  

+2 

To check t h e  l i n e a r i t y  of the d e t e c t o r ,  NADH s t anda rds  a r e  

prepared. A s tock  s o l u t i o n  i s  prepared by weighing out  29.15 

mg of t h e  disodium sal t  (25 mg of t h e  f r e e  NADH) i n t o  a 50 rnL 

volumetr ic  f l a s k  and d i s so lv ing  t h e  s o l i d  i n  a 0.1 M pH 8.0 
phosphate bu f fe r .  A range of concent ra t ions  i s  made by d i l u t i n g  

t h i s  s tock  s o l u t i o n  (100 ng/pL) wi th  t h e  appropr i a t e  amount of 

b u f f e r .  

20 pL i n j e c t i o n  loop was used, t h i s  corresponds t o  300 ng t o  10 ng 

in j ec t ed .  

These s o l u t i o n s  are s t a b l e  f o r  a t  l e a s t  3 days. 

The s tandards  range from 15 ng/pL t o  0.5 ng/pL. S ince  a 

Figure 2 i l l u s t r a t e s  t h e  l i n e a r i t y  of  t h e  d e t e c t o r .  

Ethanol s tandards  a r e  prepared which r ep resen t  t h e  range 

of e thanol  found i n  blood a f t e r  a 1 t o  10 d i l u t i o n  (11). A 

s tock  s o l u t i o n  i s  prepared by p i p e t t i n g  10 mL of abso lu t e  e thano l  

i n t o  1 l i t e r  of water. 
of 7.89 g/L. By t h e  appropr i a t e  d i l u t i o n s ,  the e thano l  s t anda rds  

range from 0.473 g/L t o  0.0395 g/L. 

f o r  s e v e r a l  weeks i f  kept  f rozen.  

The r e s u l t i n g  s o l u t i o n  has  a concent ra t ion  

These s t anda rds  are s t a b l e  

Instrumentat ion 

The ins t rumenta t ion  cons i s t ed  of a model LG50 l i q u i d  chroma- 

tograph wi th  a TL-5 g lassy  carbon e l e c t r o d e  purchased from Bioana- 

l y t i c a l  Systems Inc. (W. La faye t t e ,  I N ) ,  The p o t e n t i a l  of t h e  

working e l ec t rode  w a s  maintained a t  44.750 V vs. a Ag/AgCl 
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LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 667 

Amount Injected (ng) 

Peak current response as a function of the amount in- 
jected.  

Figure 2.  

reference electrode. 

i .d .  s t a i n l e s s  steel  column packed with 10 pm RP-18 stat ionary 

phase obtained from E.M. Laboratories (Darmstadt, Germany). The 

mobile phase w a s  a pH 5.25 0.15 M phosphate/citrate bu f fe r  con- 

ta ining 4.5% methanol. 

The separations were made on a 15 cm x 4 nrm 

The flow r a t e  was  1 mL/min i n  a l l  instances. 

Procedure 

Add 3 mL of t h e  3 mM NAD' so lu t ion  t o  a 10 mL test  tube. 

Pipet 30 pL of the ADH t o  t h i s  and s w i r l  t h e  mixture b r i e f l y  with 

a Vortex mixer (Fischer Sc ien t i f i c ) .  
ethanol standard o r  di luted serum sample t o  the  mixture and 

b r i e f l y  s w i r l  i t  t o  ensure complete mixing. Incubate t h i s  

so lu t ion  f o r  20 minutes t o  allow the  reaction t o  go t o  completion. 

A l l  incubations a r e  carr ied out i n  a water bath a t  25'C. When the 

incubation period is over, remove a '100 pL al iquot  and place i t  

i n  a 3 mL test tube which contains 2 mL of the  T r i s  bu f fe r  and 

100 pL of t h e  0.01 M Hg+* solution. 

swirled on a Vortex mixer p r io r  t o  in j ec t ion  onto the LC column. 

Final ly ,  add 100 pL of t h e  

This l a s t  mixture is b r i e f l y  
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668 DAVIS, HOLLAND, AND KISSINGER 

A reagent blank is always examined w i t h  each set of 

samples. 

from a l l  of t he  samples t o  co r rec t  f o r  any t r a c e  amounts of e thanol  

t h a t  m i g h t  be present  i n  t h e  reagents ,  e.g. a lcohol  dehydrogenase 

has a t r a c e  amount of e thanol  i n  the  lyophi l ized  enzyme (10). 

The NADH present  i n  the reagent blank i s  subt rac ted  

RESULTS AND DISCUSSION 

In i t i a l  experiments used e thanol  standards i n  order  t o  eval- 

ua te  the  method under idea l  matrix-free conditions.  

are i l l u s t r a t e d  i n  Figure 3. 
a range of ethanol concentrations,  which, as previously mentioned, 

were chosen t o  represent  serum a lcohol  levels a f t e r  d i l u t i o n .  

Fur ther  evidence of  the  method‘s accuracy is shown i n  Table 1. 

The r e s u l t s  

The l i n e a r i t y  is demonstrated over 

Figure 

1c 
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LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 669 

Ethanol Std. (g/L) 

0.0395 

0.0789 
0.158 

0.237 

0.316 

0.395 

0.473 

TABLE 1 

Theore t ica l  (ng/pl)  

0.823 

1.65 

3.29 

4.94 

6.58 

8.23 

9.88 

Experimental* (ng /p 1 )  

0.784 

1.64 
3.41 

5.14 

6.81 

8.22 

9.83 

Slope of t h e o r e t i c a l  values: 20.86 ( co r re l a t ion  c o e f f i c i e n t  1.00) 

Slope of experimental values:  20.88 ( co r re l a t ion  c o e f f i c i e n t  1.00) 

* A l l  values background cor rec ted  

The t a b l e  lists t h e  e thanol  s tandards ,  t he  t h e o r e t i c a l  concentra- 

t i o n  of NADH which should be produced, and the  a c t u a l  NADH con- 

cen t r a t ion  found i n  the  sample. A l i n e a r  regress ion  ana lys i s  of 

t h e  da t a  Ind ica t e s  t h a t  the s lope  of t h e  l i n e s  f o r  t h e  theo re t i -  

cal and experimental va lues  are s t a t i s t i c a l l y  ind i s t ingu i shab le .  

When t h e  procedure i s  applied t o  human serum samples spiked 

wi th  e thanol ,  similar r e s u l t s  are obtained. Table 2 compares 

t h e  t h e o r e t i c a l  values t o  those found experimentally i n  the  serum 

samples. 

As with t h e  previous r e s u l t s ,  a l i n e a r  regress ion  ana lys i s  

of the  two sets of da t a  demonstrates t h a t  t h e  s lopes  f o r  the two 

l i n e s  a re  s t a t i s t i c a l l y  ind is t inguishable .  

A t y p i c a l  chromatogram of NADH produced from t h e  enzymatic 

oxida t ion  of e thanol  is shown i n  Figure 4 .  
volume response i s  due i n  p a r t  t o  ox id izable  serum contaminants, 

b u t  is pr imar i ly  accounted f o r  by excess semicarbazide. The 

semicarbazide is added t o  t h e  pyrophosphate bu f fe r  t o  complex 

the acetaldehyde and p u l l  t h e  r eac t ion  firmly t o  the  right. 

sepa ra t ion  of  NADH from the void volume response is more than 

adequate and t h e  r e t en t ion  t i m e  of t h e  NADH peak matches t h a t  of 

a standard.  

The l a r g e  void 

The 
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6 70 DAVIS, HOLLAND, AND KISSINGER 

TABLE 2 

Theore t ica l* l  (ndU1) Experimental*' (ng/pl)  

0.798 0.791 

1.59 1.79 

3.19 3.35 

4.78 5.02 

6.38 6.37 

7.78 8.22 

9.55 9.70 

Ethanol Std.  (g/L) 

0.0395 

0.0789 

0.158 

0.237 

0.316 

0.395 

0.473 

Slope of t h e o r e t i c a l  values: 20.20 ( co r re l a t ion  c o e f f i c i e n t  1.00) 

Slope of experimental values: 20.35 ( co r re l a t ion  c o e f f i c i e n t  1.00) 

"lThe d i f f e rence  between t h e  t h e o r e t i c a l  values i n  t a b l e s  1 and 2 

*2A11 values background cor rec ted  

are due t o  a d i f f e r e n t  d i l u t i o n  f ac to r .  

When using LC f o r  trace organic determinations p o s i t i v e  

i d e n t i f i c a t i o n  of an e lu t ed  compound can b e  d i f f i c u l t .  

t i o n ,  s i n c e  most LCEC determinations involve nanogram amounts 

of i n j ec t ed  materials, i t  i a  v i r t u a l l y  impossible t o  ob ta in  

s p e c t r a l  information from col lec ted  f r a c t i o n s .  

I n  addi- 

One means of f u r t h e r  confirming the presence of a compound 

is by p l o t t i n g  hydrodynamic voltammograms f o r  s p e c i f i c  chromato- 

graphic zones. 

by making repeated in j ec t ions  of a sample a t  d i f f e r e n t  p o t e n t i a l s  

and p l o t t i n g  the peak he igh t  vs. t he  applied p o t e n t i a l .  I n  order  

t o  f a c i l i t a t e  comparison of the  voltammogram wi th  t h a t  of a 

s tandard ,  it i s  use fu l  t o  r a t i o  a l l  the  peak he igh t s  t o  t h a t  

measured a t  the  most pos i t i ve  po ten t i a l .  

cur ren t  func t ion ,  4, is  p lo t t ed  vs. t he  applied po ten t i a l .  

suspected compound i n  a p a r t i c u l a r  chromatographic zone and a 

standard a r e  t ru ly  t h e  same, then the  curves w i l l  be i d e n t i c a l .  

Figure 5 i l l u s t r a t e s  t h i s  po in t  dramat ica l ly .  

voltammograms a r e  generated: A f o r  an NADH s tandard ,  B f o r  

NADH generated using an ethanol s tandard ,  and C f o r  NADH generated 

The hydrodynamic voltammograms a r e  constructed 

The r e s u l t i n g  normalized 

If the  

Three hydrodynamic 
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LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 671 

c 

NADH 

10 namp I 

- 
0 2 4 6 8  

(rnin.) 

Figure 6 .  This chromatogram illustrates t h e  a p p l i c a b i l i t y  o f  t h e  
method. 
(d i lu t ed  1:lO) which was taken from a d r i v e r  involved 
i n  a one car acc iden t ,  w a s  t e s t e d  using the  LCEC pro- 
cedure. 

A 100 1~.1 a l iquo t  of a coroner blood sample 

from a serum sample containing e thanol .  

th ree  curves are i d e n t i c a l  and t h a t  NADH is t h e  compound measured. 

It is  obvious t h a t  a l l  
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6 72 DAVIS , HOLLAND, AND KISSINGER 

Figure 5. Hydrodynamic voltamograms f o r  NADH from t h r e e  sources.  
(See t e x t  f o r  d e t a i l s ) .  

The pH of t h e  mobile phase used he re  i s  5.25. 
acid l a b i l e  and can decompose i n t o  a number of  products (12,13). 

Of t h e  reverse  phase LC methods t h a t  have been published, many 

have used a mobile phase pH of 7 o r  g rea t e r .  A pH of 7 i s  usua l ly  

regarded a s  near t h e  upper l i m i t  f o r  reverse  phase systems. 

poor chromatographic r e s u l t s  (broad, t a i l i n g  peaks) t h a t  were 

obtained i n  t h e  published r epor t s  i nd ica t e s  t h a t  t h e  columns may 

have been adversely a f f ec t ed  by t h e  high pH. 

phase is a compromise between the  decomposition of NADH and t h e  

s t a b i l i t y  of t he  reverse  phase ma te r i a l .  A decomposition s tudy  

of NADH a t  pH 5.25 r evea l s  t h a t  f o r  t h e  sho r t  period of t i m e  

t h a t  NADH spends i n  t h e  column, a neg l ig ib l e  amount decomposes. 

As a r e s u l t ,  t h e  choice of t h i s  mobile phase is j u s t i f i e d .  

NADH i s  

The 

The pH of our  mobile 

As mentioned b r i e f l y  i n  t h e  procedure, heavy metal ions w i l l  

d i s s o c i a t e  ADH i n t o  i n a c t i v e  subuni t s  (14) .  Normally bu f fe r s  

such as pyrophosphate a r e  used t o  con t ro l  t h e  incubation pH as 

It can complex these  ions  and prevent t h e  d i s s o c i a t i o n  of the 

enzyme. However, w e  found i t  necessary t o  make use of t hese  
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LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 673 

d i s s o c i a t i v e  e f f e c t s  by adding  Hg+2 i o n s  t o  t h e  d i l u e n t  b u f f e r ,  

and thereby  d e l i b e r a t e l y  d i s s o c i a t i n g  t h e  small amount of  enzyme 

p r e s e n t  i n  t h i s  f i n a l  s o l u t i o n .  T r i s  i s  used as t h e  d i l u e n t  and 

does n o t  complex Hg+2 i o n s .  

d i l u e n t  was incorpora ted  i n t o  t h e  procedure a f t e r  i t  w a s  observed 

t h a t  on repea ted  i n j e c t i o n  of  a g iven  sample, t h e  NADH response  

would i n c r e a s e  w i t h  t i m e .  

b u f f e r  systems t h a t  were used t o  d i l u t e  t h e  i n c u b a t i o n  mixture  

(carbonate ,  phosphate ,  pyrophosphate ,  T r i s ,  and McIlvaine were 

a l l  t e s t e d ) .  

NADH response  d i d  n o t  i n c r e a s e .  

of t h e  e t h a n o l  had n o t  r e a c t e d ,  b u t  t h e  d a t a  i n  Tables  1 and 2 

i n d i c a t e s  t h a t  i t  h a s .  A d d i t i o n a l  evidence i n  t h i s  r e g a r d  l i e s  

i n  t h e  o b s e r v a t i o n  t h a t  when a n  a l i q u o t  i s  t a k e n  immediately 

a f t e r  t h e  i n c u b a t i o n  i s  f i n i s h e d  (20 minutes)  and a g a i n  an hour  

l a t e r ,  t h e  i n i t i a l  response f o r  each sample is i d e n t i c a l .  Y e t  

wi thout  t h e  a d d i t i o n  of Hg+*, on reinjection the NADH response  

would i n c r e a s e .  The p o s s i b i l i t y  t h a t  trace cont iminants  which 

could serve as ADH s u b s t r a t e s  and reduce t h e  remaining NAD (which 

i s  p r e s e n t  i n  excess)  i s  c u r r e n t l y  b e i n g  i n v e s t i g a t e d .  

The a d d i t i o n  of Hg+2 t o  the 

T h i s  phenomenon w a s  observed i n  several 

When t h e  Hg+2 i o n s  were added t o  t h e  d i l u e n t ,  t h e  

It might b e  thought  t h a t  a l l  

A r e p r o d u c i b i l i t y  s t u d y  w a s  conducted us ing  t e n  r e p l i c a t e  

a n a l y s e s  of  a 0.316 g/L e t h a n o l  s t a n d a r d .  

method i n  terms o f  re la t ive s t a n d a r d  d e v i a t i o n  w a s  2.5%. 

The p r e c i s i o n  of  t h e  

The a l c o h o l  dehydrogenase system serves as an e f f e c t i v e  

model i n  demonst ra t ing  t h e  p o t e n t i a l  of l i q u i d  chromatography 

f o r  t h e  a n a l y s i s  of  enzymat ica l ly  genera ted  NADH. With t h e  use  

of t h e  s e n s i t i v e  amperometric d e t e c t o r ,  a g e n e r a l  a s s a y  scheme 

can  b e  developed (Figure 6 ) .  
the a n a l y s i s  of s u b s t r a t e s  o r  enzymes, as long  as t h e  c o f a c t o r  

can b e  s e p a r a t e d  from o t h e r  o x i d i z a b l e  components. 

methods are be ing  developed which are based on t h i s  approach f o r  

serum l a c t a t e  and l a c t a t e  dehydrogenase. 

This approach can b e  a p p l i e d  t o  

C u r r e n t l y  
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REDUCED REDUCED 

OX I D I Z ED 
S U B S  T R ATE 

O X I D I Z E D  
C OFACTOR 

Fieure  6.  General de t ec t ion  scheme f o r  enzymatic systems u t i l i z -  
i n g  an e l e c t r o a c t i v e  cofac tor .  

- ACKNOWLEDGEMENT 

This  work was supported by t h e  Nat iona l  I n s t i t u t e  of General 

Medical Sciences and t h e  Nat iona l  Science Foundation. We wish 

t o  thank M r .  C .  R. Longwell and D r .  Robert Br iner  and t h e  f a c i l i t i e s  

of t h e  Southeast  Missouri  Regional C r i m e  Laboratory for acqu i r ing  

and s t o r i n g  coroner  samples used i n  t h i s  work. 

REFERENCE LIST 

1. Kuan, J. W . ,  Kuan, S. S., and Gui lbau l t ,  G.  G . ,  The I m o b i l -  
ized-Enzyme S t i r r e r ,  Anal. Chim. Acta, x, 229 (1978). 

2 .  Stambaugh, R. and Pos t ,  D. ,  A Spectrophotometr ic  Method f o r  
t h e  Assay of Lac t i c  Dehydrogenase Subuni t s ,  Anal. Biochem., 
- 15, 470 (1966). 

3.  Brooks, L. and Olken, H.  G . ,  An Automated Fluorometr ic  Method 
f o r  Determination of Lac ta t e  Dehydrogenase i n  Serum, -. %., 11, 748 (1965). 

4. Heineman, W. R. and Kiss inger ,  P. T . ,  Ana ly t i ca l  E lec t ro-  
chemistry: Methodology and Appl ica t ions  of Dynamic Techniques, 
Anal. Chem., 50, 166R (1978). 

Kiss inger ,  P. T., Ana ly t i ca l  Electrochemistry:  Hathodology 
and Applicat ions of Dynalric Techniques, Anal. Chem., 68, 17R 
(1976). 

5 .  

6. Aizawa, M.,  Coughlin, R .  W. ,  and Char les ,  M. ,  Electrochemical  
Regeneration of Nicotinamide Adenine Dinucleo t ide ,  Biochim. 
e t  Biophys. Acta, 385, 362 (1975). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LCEC DETECTION OF OXIDOREDUCTASE ENZYMES 6 75 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Braun, R. D., Santhanam, K. S. V., and Elving, P. J., Elec- 
trochemical Oxidation in Aqueous and Nonaqueous Media of 
Dihydropyridine Nucleotides NMNH, NADH, and NADPH, J. Am. 
Chem. SOC., 97, 2591 (1975). 

Thomas, L. C. and Christian, G. D., Voltametric Measurement 
of Reduced Nicotinamide-Adenine Nucleotides and Application 
to Amperometric Measurement of Enzyme Reactions, Anal. Chim. 

-3 Acta -3 78 271 (1975). 

Wallace, T. C., Leh, M. B., and Coughlin, R. W., Amperometric 
Assay of Coenzyme-Dependent Oxidoreductase Enzymes in a 
Flow-Through Cell, Biotech. and Bioeng., 19, 901 (1977). 
Sigma Chem. Co. Bulletin - Product No. A-7011. 
Cheng, F. S. and Christian, G. D., Enzymatic Determination of 
Blood Ethanol, with Amperometric Measurement of Rate of 
Oxygen Depletion, Clin. Chem., 24, 621 (1978). 

Margolis, S .  A., Yap, W. T., Mathews, B. and Schaffer, R., 
Reverse-Phase Liquid Chromatographic Analysis of the Acid- 
Catalyzed Rearrangement of NADH, Separation of New Products 
and an Analysis of the First Two Reactions of the Rearrangement, 
J. Liq. Chromatogr., I, 669 (1978). 
Miksic, J. R. and Brown, P. R., Reactions of Reduced Nicotine 
mide Adenine Dinucleotide in Acid: Studies by Reversed-Phase 
High-pressure Liquid Chromatography, Biochemistry, 17, 2234 
(1978). 

Townshend, A. and Vaughan, A., Applications of Enzyme-Cata- 
lyzed Reactions in Trace Analysis-VI. Determination of 
Mercury and Silver by Their Inhibition of Yeast Alcohol 
Dehydrogenase, Talanta, 17, 299 (1970). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


