
Evidence for Site Equivalence in the Reaction Mechanism of Horse 
Liver Alcohol Dehydrogenase with Aromatic Substrates at Alkaline 
pH' 

Charles F. b'eidig. Herbert R .  Halvorson, and Joseph D. Shore* 

IzHSTRAC~':  The reaction mechanism of liver alcohol dehq- 
drogenase with benz!.l alcohol and benzaldehyde substrates 
sas studied a t  pH 8.75 using transient kinetics. Oxidation of 
saturating concentrations of alcohol resulted in a transient 
burst of enzqme-bound NADH production equal to 46% of the 
cni)  me site concentration. At high alcohol concentration (24 
m M )  resulting i n  extensive abortive complex formation, and 
in the presence of isobutyramide, the amplitudes of the tran- 
sient burst reactions \+ere respectively equal to 87 and 97%of 
the cnzqme site concentrations. These results indicate that less 
than complete burst amplitudes are due to the ratio between 
the rate constants for aldehyde dissociation and reverse hydride 
transfer. I n  the presence of benzaldehyde as a product inhib- 
itor. the burst of bound Y A D H  production due to alcohol ox- 

T h e  broad substrate specificitq of liver alcohol dehydroge- 
niisc has resulted in the use of aromatic aldehydes and alcohols 
for mechanistic studies. Substituent effects have been studied 
for aldehyde reduction (Jacobs et al.. 1974) and alcohol oxi- 
dation (Hardman et al.. 1974): proton equilibria (Dunn, 1974) 
and p H  effects (McFarland and Chu, 1975) have been eval- 
uated using aromatic substrates. These substrates have been 
useful since. particularlq at alkaline pH,  a number of rate 
constants of transient mechanistic processes become readil) 
accessible to measurement in the stopped-flow time range. 

'12 persistent problem in interpretation of transient inter- 
mediates with aromatic substrates is due to the current con- 
troversq regarding nonequivalence of the two active sites on 
the dimeric enzyme molecule. The first transient kinetic study 
using aromatic aldehydes (Bernhard et al., 1970) reported that. 
in the single turnover oxidation of limiting K A D H '  bi excess 
e n q m e  and substrate. or the reduction of limiting substrate 
b! c'xccss of N A D H  and enzyme, biphasic reactions of equal 
amplitude occurred. These studies were subsequently expanded 
(Dunn and Bernhard, 197 1 ; McFarland and Bernhard, 1972: 
I-uisi and Favilla, 1972) and extended to the reaction in the 
opposite direction bq the report that the oxidation of benz 
alcohol resulted in a burst of bound NADH formation equ 
to half the c r i q m e  concentration (Luisi and Bignetti, 1974). 
The general theory which evolved from these findings was that 
the catalqtic step induced a functional asymmetry so that, until 
product or coenzyme dissociated from the first subunit to react. 
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idation mas almost completely abolished. I n  the reverse reac- 
tion direction. at least 90% of enzyme-bound NADH is rapidly 
oxidiied by benzaldeh)de Lvith the remaining slou reaction 
readily accounted for b) equilibrium considerations. A n  ex- 
trapolation of steadq-state reaction amplitudes w i t h  N A D H  
concentrations greater than enzyme indicated that a concen- 
tration of coenzyme equal to the enzyme site concentration was 
rapidlq oxidized prior to turnover. It was possible to directly 
determine all rate and equilibrium constants in  the mechanism 
w i t h  the exception of aldehyde binding, which could be esti- 
mated from the Haldane relation. N o  evidence for site non-  
equivalence n a s  found. and the results are most rcadil) ex- 
plained by independently functioning active sites of  the en- 
7yme. 

the second subunit \ \a> unable to react. 
1 n the case of liver alcohol dehydrogenase. results have been 

published which dispute this interpretation. Hadorn et al. 
( 1975) reported that the concentration of substrate or coen- 
z y i c  converted to product in the transient phase corresponded 
to the active site concentration of enzyme. This was further 
supported by the results of Tatemoto (1975).  who used a 
steady-state analysis of burst amplitudes to determine that both 
active sites on the enzyme s e r e  turning over during the pre- 
steady-state period. 

The present study \+a\  undertaken in an  attempt to com- 
pletel) dissect the liver alcohol dehydrogenase reaction 
mechanism into its component partial reactions using an aro. 
matic substrate at alkaline p H .  Prior to doing this, however, 
it  \vas necessar) to cvaluatc carefull) the plausibilit) o f  the half 
of  the sites reactivity theory under these conditions. 

E x pe r i ni  e n t a1 Sect i o ti 
l k f c~ fe r /a / , \ .  Liver alcohol dehydrogenase u a s  prepared ac- 

cording to the method of Theorell et al. ( 1966). Samples o f  the 
crystalline enzyme ue re  routinely dissolved in 0.05 M phos- 
phalc~-ammonia buffer, pH 9.6. and dialyzed against 40 mM 
phosphate buffer (4  X 1000 mL) .  pH 7. The concentration of 
c n ~ )  me mas determined by activit) measuremcnt (Dalricl. 
1957) and fluorometric titration of NADH binding sites in the 
presence of  isobutyraniidc (Theorell and McKinley-hlcKec, 
1961) w i t h  results by the two methods always uithin IO%/oof 
each other. Chenzqme\ \\ere purchased from Sigma Chemical 
Corp.,  and h , 4 D +  14~1s purified by sulfuric acid elution from 
Dowex-1 (Stinson and Holbrook. 1973). Benzql alcohol and 
benzaldehyde (Fisher Scientific Co. )  uerc  l a c u u m  distilled 
prior to use. Isobutyramide and p) razole here  purchased from 

astnian Organic Chemicals and used without further puri-  
cation. Mitochondrial malate dehqdropen;isc was prepared 

i n  [his laborator! f rom pig liearts by the method of Gregor! 
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F IGURE 1 :  Absorption spectrum of NADH and enzyme-bound NADH 
at  pH 8.75; [NADH]  = 28.9 pM and [LADH] = 40 pN.  

et al. ( 197 I ) and lactate dehydrogenase was purchased from 
Sigma Chemical Corp. All kinetic experiments were carried 
out in 0.05 M pyrophosphate buffer, pH 8.75. 

Methods. Ultraviolet-visible spectra were recorded on a 
Cary Model 1 7 spectrophotometer. Stopped-flow experiments 
were performed on a Durrum-Gibson spectrophotometer with 
fluorescence attachment. The dead time was determined to be 
3.5 f 0.5 ms as measured by the reaction of ascorbic acid with 
2, 6-dichloroindophenol (Gutfreund, 1972). Kinetic experi- 
ments were performed at  25 O C .  Data (2048 samples per re- 
action) were collected with a Transidyne Neurograph Model 
N-3  waveform recorder. Rate constants were computed using 
an analog device designed by Dr.  D. Ballou, consisting of a 
logarithmic converter and a variable potentiometer for setting 
the end point of the reaction to obtain a linear first-order plot. 
Fluorescence experiments to monitor the oxidation of N A D H  
or the reduction of NAD+ were carried out by exciting at  335 
nm, and observing emission at  wavelengths higher than 400 
nm using a PBL GL-42-01 filter. Reactions monitored in the 
spectrophotometric mode which did not exhibit simple first- 
order kinetics were analyzed on a Nova 2/10 computer. A 
double Guggenheim plot (Gutfreund and Sturtevant, 1956) 
was  employed to obtain exponential burst rate constants. 

Results 
Extinction Coefficient of Bound NADH.  Since the evalu- 

ation of amplitudes of transient reactions in the liver alcohol 
dehydrogenase mechanism requires accurate values for the 
extinction coefficient of free and bound NADH,  the absorb- 
ance of these species was determined under the reaction con- 
ditions of our kinetic experiments. Figure 1 shows the ab- 
sorption spectrum of free and bound N A D H  a t  pH 8.75 in 
pyrophosphate buffer. The  isosbestic point is a t  325 nm, and 
the peak wavelength for bound N A D H  is 325 nm, showing a 
hypochromicity compared with free coenzyme. The difference 
extinction coefficient for bound N A D H  minus enzyme.at 330 
nm, the wavelength used in our kinetic studies, was 5.3 f 0.13 
X M-' cm-l determined by experiments a t  various ratios 
of enzyme to coenzyme with corrections for the small amount 
of free N A D H  due to the K D  of 0.5 pM a t  this pH (Taniguchi 
et al., 1967; Theorell et al., 1970). Formation of ternary 

FIGURE 2: Burst of bound NADH a t  330 nm. (a)  Syringe I ,  49.4 G N  
LADH; syringe 2 , 2  m M  N A D +  and 48 m M  BzOH. ( b )  Syringe I .  49.4 
pN LADH; syringe 2 .2  m M  WAD+, 48 m M  BzOH and 200 m M  Iba.  

complex with isobutyramide or benzyl alcohol had a negligible 
effect on the binary complex absorbance a t  330 nm. In the 
stopped-flow instrument, the extinction coefficient for bound 
coenzyme was 5.1 f 0.1 X I O 3  M-I cm-I with a I-mm slit. 
being slightly lower due to the optics of the instrument. This 
value was used in calculation of reaction amplitudes of our 
kinetic studies. 

Benzyl Alcohol Oxidation. Figure 2 shows typical traces 
of the reaction of liver alcohol dehydrogenase with saturating 
concentrations of N A D +  and benzyl alcohol, in  the presence 
and absence of isobutyramide. The  exponential formation of 
enzyme-bound N A D H  is followed by a steady-state rate which 
is inhibited due to abortive enzyme-NADH-benzyl alcohol 
complex formation, and more extensively diminished by the 
presence of isobutyramide. The  amplitude of the exponential 
burst phase obtained from a double Guggenheim plot was 
corrected by the method of Gutfreund ( 1  972).  This method 
takes into account the rates of both the hydrogen-transfer step 
and coenzyme dissocation from the enzyme. The  corrected 
amplitude is 87% of theenzyme site concentration i n  the ab- 
sence of isobutyramide and 97% in the presence of inhibitor. 
The rate constants of the exponential phase were 20 s - I  in  the 
absence of isobutyramide and 18.2 s - I  in its presence. The rate 
constant for the exponential phase was independent of alcohol 
concentration in the concentration range 1 to 24 m M .  When 
the same reaction, in the presence of isobutyramide, was 
measured by monitoring the fluorescence of bound N A D H ,  
the rate constant for the exponential burst phase was also 20 
s-1. 

The effect of product on the transient kinetics of alcohol 
oxidation was also determined. Increasing the concentration 
of benzaldehyde in the reaction mixture produced three effects 
on the observed transient: the amplitude of the exponential 
phase decreased, the apparent rate constant of the exponential 
phase increased, and the slope of the steady-state phase was 
decreased. Typical results a re  presented in Figure 3. The  am-  
plitude of the exponential phase could be diminished by more 
than 95% in the presence of 0.2 m M  benzaldehyde. 

Benzaldehyde Reduction. The reaction in this direction can 
be studied by single turnover experiments, in  which enzyme 
concentration is slightly greater than NADH, and benzalde- 
hyde is in large excess. Figure 4 shows the results of three 
typical experiments. Curve 4a is the reaction with N A D H  in 
the same syringe as aldehyde, while in curve 4b  enzyme was 
premixed with N A D H .  Curve 4c shows the reaction with 0.5 
m M  benzaldehyde. In no case was the amplitude of the rapid 
phase equal to that of the slow phase. The  slower apparent 
reaction rate of the fast phase in curve 4a was due to the bi- 
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FIGURE 3: Burst of bound h A D H  ui th  added Bzald at  330 nm. Slr inge 
I ,  SI .9 p N  LADH; syringe 2 , 2  niM NAD+, 0.96 m M  BzOH and no Bzald 
(upper trace) or 0.4 m M  Bzald (lower trace).  

AA 

F I G L R E  4: Single turnover experiment a t  330 nm. ( a )  Syringe I ,  52 ph' 
LADH;  syringe 2, 39 p M  N A D H  and 0.2 m M  Bzald. (b)  Syringe I ,  52 
p N  LADH and 39 p M  N A D H ;  syringe 2,O.Z m M  Bzald. (c) Syringe I ,  
52 p N  LADH and 39 pM N A D H ;  syringe 2, 1 .O m M  Bzald. 

molecular rate of N A D H  binding to the enzyme. When 
coenzyme was premixed (Figure 4b), more than half the re- 
action amplitude was lost in the instrument dead-time. With 
0.5 m M  aldehyde, 80% of the reaction was not seen and the 
slow reaction accounted for only 10% of the total ampli- 
tude. 

The  large fraction of the amplitude lost during the instru- 
ment dead-time agrees with the results of Hadorn et al. (1975) 
who reported rapid rates for the hydrogen-transfer reaction 
under these conditions. Although the rate constant for this 
reaction was beyond the time resolution of our instrument, an  
extrapolated double-reciprocal plot of rate constants and al- 
dehyde concentrations yielded an estimated value of 500- 1000 
s- '  a t  saturating aldehyde. Since the 0.5 m M  concentration 
of aldehyde used in the experiment presented in Figure 4c is 
not saturating, it is probable that an  even greater fraction of 
the rapid phase would occur within the instrument dead-time 
under saturating conditions, with a correspondingly smaller 

t ,msec [NADH], p M 

F I G U R E  5 :  (.4) Steady-state \ A D H  oxidation: (B)  plot of amplitudes 
vs. N A D H  concentration. Slringe I .  36 pN enzyme and N A D H ;  syringe 
2. 24 m M  benzaldehyde. M D H  concentrations after mixing (top to 
bottom) were 40.9. 32.7. 27 8.  24.6, and 22.9 p M .  Wavelength, 360 nrn;  
time constant. 0.1 rns; slit width, I mm (4 nm HBW);  path length, 1.6 
cm.  

relative amplitude for the slow phase. 
As a further demonstration that a t  least 90% of the enzyme 

sites turn over very rapidly, we performed an  experiment 
suggested to us by Dr. J .  J. Holbrook. Enzyme and various 
NADH concentrations in excess over enzyme were mixed with 
benzaldehyde in a stopped-flow apparatus. Under these con- 
ditions, the rapid oxidation of enzyme-bound N A D H  is fol- 
lowed by the slower steady-state oxidation of free NADH.  The 
amplitude of the pre-steady-state reaction indicates the 
coenzyme concentration oxidized prior to steady-state turn-  
over. This rapid oxidation occurs almost totally within the 
instrument dead-time and is easily distinguishable from the 
steady-state reaction. I f  the amplitudes of the observed 
steady-state reactions are plotted against total N A D H  con- 
centrations, the plot will intercept the abscissa a t  a concen- 
tration of N A D H  equal to the concentration oxidized in the 
rapid pre-steady-state phase. 

Figure 5 shows the result of this experiment, which was 
performed with the Durrum instrument interfaced to a Data 
General Nova 2 /10  computer by a system purchased from 
On-Line Instrument Co. Each reaction curve in Figure SA 
represents 200 data points, with data collection initiated 1 ms 
after flow stopped. A benzaldehyde concentration of 12  m M  
after mixing was used to ensure saturation, and the enzyme 
concentration was 18 g N  after mixing in all experiments. The 
plot in Figure 5B shows reaction amplitudes plotted against 
total N A D H  concentration. A least-squares treatment of the 
data yields an intercept of 17.75 f 0.27 pM, with 95% confi- 
dence limits of f 0 . 7 4  pM. This value is experimentally indis- 
tinguishable from the concentration of enzyme active sites. The 
slope of the line was 6.58 f 0.2 D mM-' which, considering 
the 1.6-cm path length of the cuvette, corresponds to an ex- 
tinction coefficient of 4.1 1 f 0.13 D mM-' cm-I. This value 
is in excellent accord with the value for unbound NADH at  360 
nm presented in Figure 1 and provides a further check on the 
validity of the experiment. These results demonstrate that a 
concentration of N A D H  equal to  the enzyme site concentra- 
tion is oxidized by benzaldehyde prior to steady-state turnover. 
The method has the advantage that it is possible to determine 
the active enzyme sites without assuming values for the reac- 
tion starting point, extinction coefficients, or instrument 
dead-time. 

Rate Constants for Partial Reactions. I n  order to dissect 
the reaction mechanism, it is necessary to obtain rate constants 
for partial reactions. The rate constant for N A D H  dissociation 
was determined by addition of another enzyme and its sub- 
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F I G U R E  6: Rate of dissociation of N A D H  from LADH.  Syringe I ,  40 
pN LADH and 10 p N  N A D H :  syringe 2 ,48  p N  L D H  and 7 . 5  m M  pyr- 
uvate; excitation X 335 nm and emission X > 400 nm. 

strate. The result is demonstrated in Figure 6 in which lactic 
dehydrogenase and pyruvate were added to the liver alcohol 
dehydrogenase-NADH complex. The rate constant for dis- 
sociation of the enzyme-NADH complex was 3.0 s-l. The rate 
of binding of N A D H  to the enzyme was determined fluo- 
rimetrically in the presence of isobutyramide and was 8.8 X 
1 O6 M-' s - I  , r esulting in a calculated value of 0.34 pM for the 
dissociation constant of the enzyme-NADH complex, in good 
agreement with directly determined values a t  this pH (Tani- 
guchi et al., 1967; Theorell et al., 1970). The rate constant for 
N A D +  binding to the enzyme was determined in the 
stopped-flow instrument by protein fluorescence quenching 
in the presence of pyrazole, which forms a tightly bound ter- 
nary complex with enzyme-NAD+ and was 6 X I O 5  M-' s-l. 
Addition of N A D H  to binary enzyme-NAD+ complex was 
used to determine fluorimetrically the rate constant for NAD+ 
dissociation, which was 7.4 s - I .  The calculated dissociation 
constant of 12.4 pM was in good agreement with literature 
values for N A D +  binding at  this pH (Taniguchi et al., 
1967). 

Since the site nonequivalence proposed for liver alcohol 
dehydrogenase is contingent upon a product release rate which 
is slow relative to the catalytic step, the rate constant for dis- 
sociation of alcohol from the ternary enzyme-NAD+-alcohol 
complex was determined by the method of McFarland and 
Bernhard ( I  972). Figure 7 shows the results of this experiment, 
in  which the rate of dissociation of alcohol from ternary com- 
plex generated by a single turnover experiment was followed 
by the absorbance at  300 nm due to enzyme-NAD+-pyrazole 
complex formation. The  rate constant for benzyl alcohol dis- 
sociation was 5.2 s-I. T o  determine the approximate bimole- 
cular rate constant for alcohol binding, a series of solutions 
containing enzyme-NAD+ complex was mixed with 5.5 pM 
benzyl alcohol, and the rate of bound N A D H  formation was 
observed. The binary complex concentrations and respective 
pseudo-first-order rate constant are: 56.9,49.5,40.2, 37.1 pM; 
kobsd = 8.6, 7.7, 6.1, 5.9 s-'. Analysis of the data using two 
consecutive reversible first-order reactions (Frost and Pearson, 
1953), Le., alcohol binding followed by hydrogen transfer, gave 
1.5 X IO5 M-'  s-l as the bimolecular rate constant for alcohol 
binding and, consequently, a dissociation constant of 3.5 x 

M for the alcohol. 

Discussion 
The  minimal mechanism required to describe the liver al- 

cohol dehydrogenase reaction a t  p H  8.75, with the rate con- 
stants determined in this study, is as follows: 

FIGURE 7: Rate  ofdissociation of BzOH from ternary enzyrne-NAD+- 
alcohol complex. Syringe 1,493 pN LADH;  syringe 2,41.4 1M N A D H ,  
0.2 m M  Bzald and 20 m M  Pyr. X = 300 nm. 

k3 

k - 3  
E N A D H ~ ' ~  ENADH + ald 

k4 = 3.0 S - '  

k-4 = 8.8 X lo6 L mol-' s - I  

k 4  

k-4  
ENADH +E + N A D H  

In an  additional study, the overall equilibrium constant for the 
liver alcohol dehydrogenase reaction with benzyl alcohol a t  pH 
8.75  was determined to  be 2.02 X lo-'. Use of the Haldane 
relationship permitted calculation of the dissociation constant 
of aldehyde from the ternary enzyme-NADH-aldehyde 
complex, which was 1.3 X M if the hydrogen transfer rate 
is 1000 s-I or 0.66 X 

Regarding the burst of bound N A D H  production due to 
adding saturating concentrations of NAD+ and alcohol to 
enzyme, we consistently obtained values lower than the enzyme 
site concentration in the absence of isobutyramide. In Figure 
2, the burst amplitude with 24 m M  benzyl alcohol was 87% of 
the value expected for the enzyme concentration used, after 
correcting for the steady-state rate by the method of Gutfreund 
(1972). In Figure 3, a t  0.5 m M  benzyl alcohol, which should 
more than 90% saturate the enzyme-NAD+ complex, we ob- 
tained a corrected burst amplitude equal to 46% of the expected 
value. Burst amplitudes less than 100% can be accounted for 
by the balance between the rate constants for aldehyde disso- 
ciation and the reverse hydrogen transfer, as expressed by the 
ratio k3 /k -h .  If this ratio is very large, with k3 a t  least two 
orders of magnitude greater than k-h, the burst amplitude at  
saturating alcohol, after correction for the steady-state rate. 
should be equal to the concentration of enzyme active sites. On 
the other hand, if k3 is not very much larger than k-h, the burst 
amplitude becomes a complicated function of several rate 
constants. W e  have recently derived an  equation for the tran- 
sient appearance of bound product without assuming irre- 
versible hydrogen transfer and rapid aldehyde release, and the 
term in the equation for the amplitude of the exponential phase 
is: 

= E O ( ( l  + k 4 ' / k h ) ( l  + k-h/k3)  
The constant kq' is the apparent rate constant for coenzyme 
dissociation from the binary complex and is equal to: 

M if it is 500 s-l. 

) 2  

1 
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k 4  

1 + ([alcI/K1) 
k4' = 

where 
hi 

E\ \ i ) b j . l ' c  E'U,,\DH + alc 

The  burst amplitude of 87?0 of enzyme sites a t  24 m M  
ben;l>l alcohol and 460'0 at 0.5 niM substrate is consistent with 
;I Kl  of3.7 m M  for dissociation of the alcohol from the abortive 
tcrniir! complex. 

Our obscrnt ion that the rate constant for the exponential 
burst in  the presence of isobutyramide is the same when 
measured spectrophotometrically or by nucleotide fluorescence 
indicates that aldehyde dissociation is ver). rapid relative to kh. 
This must be thc case since the fluorescence yield of the en- 
/yiiic h A D H  -isobutqramide complex is much higher than 
cn7>mc h: \DH and is the major signal in the fluorimetric 
cxperimcnt. The ternar) complex with isobutyramide cannot 
form u n t i l  aldehyde dissociates. and, since the fluorimetric 
burht rate constant is not slower than the spectrophotometric 
onc. i t  ma> be assumed that aldehyde dissociation is very much 
greater than thc 20 S K I  hydrogen-transfer rate. The experiment 
docs not. hoirever. provide an) information on the reverse rate 
cons tan t ,  X -1,. 

Inspection of the equation for the reaction amplitude pro- 
vidcs scveral insights. I t  can be seen that the ratio k - h / k ?  will 
exert :I large effect on the amplitude unless i t  is a very small 
number. I n  addition. anything which makes k j  smaller will also 
tend t o  increase the amplitude. This explains the larger am-  
plitudes seen a t  very high alcohol cnncentrations, and in the 
presence of isobutyramide. Formation of the abortive en- 
/> iiic \ADt  1 ~ alcohol complex. or the inhibitory enzyme- 
1 ,\Dl I -  iwbutyramidc complex. decreases the apparent 
turnovcr rate constant. X 4 .  A physical description of the system 
i iould be that during turnover a large fraction of the enzyme 
cxirt\ :IS cnr!.mc-\ AD+-alcohol complex due to the k - h / k j  

ratio. and hence there is an  incomplete exponential burst. I f  
turrioier is inhibited. either \+ith isobutqramide or bq benzyl 
alcohol substrate inhibition. complexes containing bound 
U D H  accumulate and a fu l l  burst \+auld theoreticall) be 
obtained \\hen there is no turnover. The almost complete bursts 
obtained ith high levels of ben7) I alcohol. and isobutyramide 
prcscnt. appear to rule out the possibility of site nonequivalence 
despite the  46% burst amplitude obtained at  noninhibitory 
b c n q l  aicohol levels. There is no ii priori reason to expect the 
exponential burst amplitude to be equal to the enzyme site 
conccntration unless product release rates greatly exceed the 
rate constant of the re \wse  catalj,tic step. 

The  ability of aldehyde product to diminish the amplitude 
oftl ie cxponential phase (Figure 3 )  to a negligible value indi- 
catcs that there is no discernible sloa isomerization of en- 
7) me h ADH-aldehyde complex. The ratio kh /k -h  indicates 
that approximately 2 -4% of the enzqme w i l l  be in the form of 
en;.)mc- CADH-aldehyde and 96-98?0 in enzyme-NAD+- 
alcohol ;it saturating concentrations of aldehyde and alcohol, 
in good agreement with our results. The  increasing apparent 
rate constant for the exponential burst with increasing alde- 
hqde is due to the reversible reaction proceeding to  an equi- 
librium, with the rate constant for reverse hydrogen transfer 
affecting the observed rate constant. The  equation which de- 
vxibcs this process is: 

where X = burst rate constant. This is illustrated in Figure 3. 

The apparent burst rate increases from 20 5- l  (no benzalde- 
hyde present) to 57 s - l  at  0.2 m M  Bzald with a 90% decrease 
i n  the burst amplitude. W e  carried out this experiment a t  
several other concentrations of benzyl alcohol and found the 
same qualitative effect. I f  half-site reactivity \\'ere an operative 
m ec h a n i s ni the dim e r i c species. E .\ 1) + i L  - E \ ., 1) 1 l c i l d  s h ou 1 d 
accumulate ;it saturating benzaldehyde since this  species 
cannot return to E \ , , L l + J -  E \ , ,~~-" i c  while alcohol is still bound 
to the other subunit, Our  experimental evidence refutes this 
h! pot hesis since. under a i arietq of experimental conditions, 
\\e \+ere iible to displace the hydrogen-transfer equilibrium to 
a point where the amount of bound N A D H  produced i n  the 
exponential phase was less than 10% of the enzyme active site 
concentration. 

The single turnover experiment shown in Figure 4 indicates 
that ,  when enzyme and Y A D H  are  premixed, a t  0.5 m V  al- 
dehyde, 90% of the reaction amplitude occurs rapidll, with the 
remaining 10?,6 a t  a much slov,er rate.  A premixing effect has 
been reported (Luisi and Favilla, 1972) but is totally due to the 
bimolecular rate of N A D H  binding to the enzyme. and we 
have been able to simulate curve 4a by calculations based on 
a second-order binding rate constant of 8 X 1 Oh L mol-' s - '  
followed by an exponential hydrogen transfer rate of 1 O3 s- - I .  

Hijazi and Laidler (1973) also studied the effect of premixing 
on the transient-phase kinetics of tho-substrate enzyme sys- 
tems. They deri\,ed equations which predict that premixing 
coenzyme with enzyme should lead to a more rapid initial re- 
action and concluded that site nonequivalence is not required 
to explain the premixing effect. The  oxidation of 90% of the 
limiting reagent. K A D H ,  in the rapid phase contradicts pre- 
vious reports of equal amplitude fast and slow reactions under 
similar conditions (Bernhard et ai..  1970: Luisi and Favilla. 
1972). Those studies, h w e v e r ,  s e r e  performed a t  aldehyde 
concentrations belo4 0.1 m M  and the results can readill be 
explained bb failure to saturate with substrate. As demon- 
strated in Figure 3b. an aldehyde concentration substantiall) 
below saturation results in a siower observed rate for the rapid 
phase and an  increase in the amplitude of the slou phase. 

The  effect of substrate concentrations significantl) below 
saturation can be understood bq considering the partial rcac- 
tion scheme, 

K3 represents the equilibrium formation constant for aldehyde 
binding, while Kkj represents the equilibrium constant for 
hydrogen transfer. I n  past studies (McFarland and Bernhard. 
1972). k - 2  has been reported to be between 5.1 and 6.5 s - l ;  

our result (Figure 7 )  of 5.2 s-' is in good agreement with this 
and indicates that alcohol dissociation partially limits turnover. 
This step is much slower than the preceding steps of hydrogen 
transfer and aldehyde binding, which a r e  therefore in  a rapid 
linked equilibrium. The  equilibrium constant for conversion 
of E ~ A D H  to EN,L,D+~I~ will be equal to K3(ald) KH.  From the 
Haldane relation, we have calculated that,  i f  k-h is 500 s - ' ,  
K 3  would be the reciprocal of 0 .65 X 1 0-3 M, or 1.54 X 1 O3 
M-I, and K H  would be 25. The  fraction of ECADH converted 
to  ENA~+alC in this rapid equilibrium would equal: 

(1.54 X 103)25[ald] 
1 + 1.54 X 103[ald] + (1.54 X 103)25[ald] 

Using this relationship with 0.1 m M  aldehyde, 77% of the 
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EI\IADH complex should be rapidly converted to E N , , D + ~ ~ ~ ,  while 
with 0.5 m M  aldehyde the rapid phase should account for 
9 1.6% of the amplitude. This is in rather good agreement with 
the results presented in Figures 4b and 4c. Subsequent to the 
attainment of this equilibrium concentration of E N A D t “ I C ,  the 
reaction proceeds in the thermodynamically favored direction 
at  the rate constant for alcohol dissociation, which accounts 
for the slow phase. 

Although equilibrium considerations are the primary factors 
in explaining biphasic single turnover reactions, particularly 
a t  low substrate concentrations, several other factors can make 
a minor contribution to this phenomenon. ( 1 )  With an  equi- 
librium constant of 25 for the hydrogen transfer reaction, 4% 
of the total amplitude would occur in the slow second phase 
even at  saturating aldehyde concentrations. This amount is 
within the error of the experiment in Figure 5 and may account 
for the value slightly lower than 18 KM for the abscissa inter- 
cept. (2) At low substrate concentrations, the rate of the fast 
process becomes slower as  would be expected. This enhances 
the difficulty of distinguishing between the rapid phase and 
slow phase for accurate amplitude determinations. (3) I t  is 
extremely difficult to ensure that all N A D H  will be enzyme 
bound, despite the relatively low dissociation constant of 0.5 
p M .  For example, in the experiments in Figure 4, the drive 
syringe with binary complex would contain 1.3 p M  free 
N A D H  and 14.3 p N  free enzyme. After mixing, these con- 
centrations would be halved and the psuedo-first-order rate 
constant for binding the free N A D H  would be 63 s-l. Al- 
though this is faster than the alcohol dissociation rate constant, 
it is considerably slower than hydrogen transfer and would 
contribute to the difficulties of precise amplitude determina- 
tion. 0.65 MM N A D H  is only 3.3% of the total concentration, 
but it should be kept in mind that the difference between the 
results of Figure 4c and those expected with saturating alde- 
hyde is only 6% of the total amplitude. 

The  extrapolation of steady-state amplitudes (Figure 5 )  
further demonstrates that a concentration of N A D H  equal to 
the enzyme site concentration is rapidly oxidized. With a slow 
rate constant for dissociation of alcohol product, which par- 
tially limits turnover, the results of Figures 4 and 5 incontro- 
vertibly demonstrate that site nonequivalence based on product 
release is not observed with this substrate under these condi- 
tions. The  experiment of Figure 5 is particularly significant 
since it requires no assumptions about starting levels, extinction 
coefficients or instrument dead-times and does not involve 
elaborate curve-fitting procedures. 

Through the use of transient kinetic techniques, it has been 
possible to determine most of the rate constants for the liver 
alcohol dehydrogenase reaction under these conditions. The 
only values not experimentally accessible a re  the binding and 
dissociation rate constants for benzaldehyde. Using the 
Haldane relationship, it was possible to estimate that the dis- 
sociation constant of the aldehyde is between 0.65 and 1.3 X 
IO-’ M. Although this is a calculated value, it does not seem 
unreasonable. From the incomplete burst of alcohol oxidation, 
k-h and k3 must be of the same order of magnitude. If k3 and 
k-h are  I O 3  s-l, k-3 would be 7.7 X I O 5  L mol-’ s-I, a rate 
constant similar to  that for alcohol binding. The  reasons for 
both alcohol and aldehyde binding a t  slower than diffusion 
limited rates, and for the very slow rate constant for alcohol 
dissociation from the ternary complex, are still obscure and will 
require further study. 

Past studies have indicated biphasic single turnover reactions 
for N A D H  oxidation by benzaldehyde, with equal amplitude 
fast and slow phases (Bernhard et al., 1970; McFarland and 

Bernhard, 1972; Luisi and Favilla, 1972; Luisi and Bignetti, 
1974). Inspection of the conditions for these studies indicates 
that the substrate concentrations used were well below the 
aldehyde dissociation constant. This may have been due to the 
incorrect use of the steady-state K ,  as a basis for estimating 
the concentrations needed for saturation. A rapid phase sub- 
stantially greater than half of the total amplitude has been 
reported (McFarland and Bernhard, 1972) but was dismissed 
as an unusual effect due to excessive high substrate concen- 
tration. W e  have demonstrated that these results can be an- 
ticipated for an  ordered ternary complex mechanism without 
subunit interactions. 

Our results place severe constraints on proposals of func- 
tional asymmetry in liver alcohol dehydrogenase (Bernhard 
et al., 1970; Luisi and Favilla, 1972; Luisi and Bignetti, 1974). 
The  greater than 50% amplitude in the rapid phase, with al- 
cohol dissociating at  a very slow rate relative to hydrogen 
transfer, rules out any mechanism in which product dissocia- 
tion from one subunit is required for the other subunit to react. 
This is certainly also confirmed by the results of Figure 5 .  ‘ihe 
“flip-flop” or reciprocation mechanism (Luisi and Bignetti, 
1974) proposed for this enzyme would require equal amplitude 
fast and slow single turnover reactions and a half burst in the 
presence of isobutyramide, which can be ruled out by the ex- 
periments of Figures 2 and 4. It would also be impossible to 
displace the burst reaction by aldehyde, as demonstrated in 
Figure 3, in this type of mechanism. A biphasic rapid oxidation 
of bound N A D H  cannot be entirely ruled out since hydrogen 
transfer occurs primarily within the instrument dead-time, but 
is not necessary to explain currently existing data .  

Two things seem clear from our results and those of Hadorn 
et al. (1974). First, the results with the benzaldehyde-benzyl 
alcohol system do not mandate proposing subunit interactions 
and can readily be explained by an  ordered ternary complex 
mechanism with independently functioning sites. Secondly, 
the requirement for product dissociation prior to chemical 
reactivity of the second subunit cannot be a generally relevant 
mechanism for liver alcohol dehydrogenase. Future studies 
purporting to demonstrate functional asymmetry with other 
substrates should be characterized by meticulous attention to 
such factors as saturation by coenzyme and substrate, the 
hydrogen-transfer equilibrium, and product dissociation rate 
constants. 
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Lewis Acid Complexes Which Show Spectroscopic Similarities to an 
Alcohol Dehydrogenase Ternary Complext 

Ch,irlcj T ingelis.  Michdcl F Dunn.* Da\id C Muchmore.; and Richard M Wing 

.\ HST K ,I C'T-: r runs - 3 -.\',.I.- Dime t h >  I ami noci nna ma ldeh yde 
( 1 1 )  (A,,,, ,(H20) 398 nni. c , , , ~ ~ ,  3.15 X I O 4  M-l cm-l)  reacts 
i t  i t h  the horse liver alcohol dehydrogenase-NADH complex 
to form ;I transient intermediate ( I 1  I )  (A,,,,, 464 nm, tlllnX -6.2 
X I O 4  MY cm-I) ichich breaks down to truns-4-1V~V-di- 
iiiethSlaminocinnani)l alcohol and h A D + .  It was proposed 
that thc intermediate has a dipolar quinodial structure that is 
htabilixd bq a coordination bond between the active site zinc 
ion a n d  the carbonql oxygen of I 1  [Dunn. M. F.. and Hutchi- 
>on .  J .  S .  (1973).  Biocheniistrj. 12, 38831. In these studies. 
complexes of I I  or rran.r-3-.\',.2'-diniethylaminocinnamal- 
deh>de-"-pyridinohqdra7one ( I V )  Hith various Lewis acids 
i n  anhqdrous aprotic solvents ha\.e been studied as spectro- 
zcopic and structural models for 1 1 1 .  Both I I  and I V  form 
complexes exhibiting red-shifted T*+T spectral bands with 
LI wricty of Lewis acids. I I  forms complexes with ZnClz, SnC14, 
and ( C ? H > ) j O B F +  and I V  forms complexes with Znlz, 
% n ( Y O ? ) ? .  CoC12, and VnCI,. The magnitudes of the red 
shifts (39  to 1 I O  nm)  depend both on the chemical nature of 
the l.c\\is acid and on the properties of the solvent. The spec- 

Tie use of intense chromopheres i n  the study of enzyme 
catalb tic mechanism can yield insight into the detailed 
chemical processes occurring at the enzyme site if the spectral 
c h a n p s  are directlq coupled to the chemical transforma- 
tions(s). Substrate analogues based on the conjugated aryl- 
acryloyl moiety ( I )  have been particularly useful in the study 
of both proteases (Bernhard et al.. 1965: Charney and Bern- 
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trum of the  ZnClz complex with I I  in diethyl ether (A,,, = 431 
nm) is closelq similar to the spectrum of 111. The observed 
spectral red shifts are consistent with an inner sphere bonding 
interaction between the carbonyl oxygen of 11, or the imine 
nitrogen of I V  and the Lewis acid. The x-ray structure of the 
Z n l l  complex of 1V (C2hH18N4ZnIl, mol wt 585.64 g/mol) 
which crystallizes in space group PT with unit cell dimensions 
of u = 13.47 (2)  A .  h = 8.19 ( 1 )  A. c = 9.69 ( 1  ) A. N = 87.0 
( I ) ' . J=  104.1 ( I ) ' . a n d ;  = 103.4( l )"hasbeenref inedby 
full matrix least-squares to a final R of 0.092. An envelope 
conformation is observed for the five-Inembered ring created 
b\ chelation of zinc by the pyridine and imine nitrogens of the 
ligand. the coordination about zinc is distorted tetrahedral. and 
the r-bonding framelcork of the ligand suggests a quinoidal 
structure. The x-ray structure establishes that the spectral shift 
observed when zinc ion binds to I V  is due to inner sphere 
coordination of the imine nitrogen. These studies support a 
structure for the enzyme-bound intermediate (111) involving 
the direct coordination of the carbonyl oxygen of I 1  to the ac- 
tive site zinc ion. 

hard. 1967; Bernhard and Lau, 197 1 ; Hinkle and Kirsch, 1970) 

H 

I 

and dehydrogenases (Malhotra and Bernhard, 1968, 1973; 
Dunn and Hutchison, 1973; Dunn et al., 1975). The spectra 
of these chromophores are highly sensitive to: ( I )  the chemical 
nature of the group X attached to the carbonyl carbon; (2) the 
electronic nature of substituents on the aryl group ortho and 
para to the acryloyl residue; and (3) to the polarity of the mi- 
croenvironment (Dolter and Curran, 1960; Charney and 
Bernard, 1967; Bernhard and Lau, 197 1 ; Dunn and Hutchison, 
1973). Hence the spectral properties of the arylacryloyl 
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