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Roles of Zinc Ion and Reduced Coenzyme in the Formation 
of a Transient Chemical Intermediate During the Equine 
Liver Alcohol Dehydrogenase Catalyzed Reduction of an 
Aromatic Aldehyde? 

Michael F. Dunn* and J. Scott Hutchison$ 

ABSTRACT: The chromophore trans-4-N,N-dimethylamino- 
cinnamaldehyde (I) (A,,, 398 nm, emax 3.10 X l o4  M-' cm-' 
OD) has been found to react rapidly with the enzyme-NADH 
complex to form a transient chemical intermediate (A,,, 
464 nm, emax 6.2 X l o4  M-' cm-l OD) which then decays 
in a much slower step to a final equilibrium mixture consist- 
ing primarily of intermediate, NAD+, and trans-4-N,N-di- 
methylaminocinnamyl alcohol. At pH values above pH 9, 
the intermediate can be observed as a relatively stable species 
in the presence of high enzyme concentrations. The rapid 
formation of the intermediate occurs only in the presence 
of the enzyme-NADH complex. NAD+ will not function 
in place of NADH in the process of intermediate formation. 
However, on the basis of the spectral properties of the inter- 
mediate, NADH is concluded to undergo no covalent change 
during the formation of the 464-nm transient. The rate of 
intermediate decay to the final equilibrium mixture, the stoi- 
chiometry of intermediate formation, and the apparent equi- 
librium constant for intermediate formation have been studied 
by both stopped-flow rapid-mixing spectrophotometry and 
conventional spectrophotometric techniques in the pH range 
6-9.5. The rate of decay to products is subject to a small deu- 
terium isotope effect (kH/kn = 1.2) when the reactive hydro- 

T he nicotinamide adenine dinucleotide requiring enzyme, 
horse liver alcohol dehydrogenase (EC 1.1.1.1), catalyzes the 
interconversion of aldehydes and primary alcohols (see Sund 
and Theorell, 1962, for a review). This thoroughly character- 
ized enzyme has been the subject of numerous steady-state 
kinetic studies (Theorell and Chance, 1951 ; Theorell and 
McKinley-McKee, 1961 ; Dalziel, 1963 ; Wratten and Cleland, 
1963, 1965) and binding studies (Theorell and Yonetani, 1963; 
Taniguchi et al., 1967; Sigman, 1967; Theorell and Tatemoto, 
1971 ; Sarma and Woronick, 1972; Everse, 1973). 

On the basis of these investigations, the sequential relation- 
ship between binding steps and the redox step(s) for the overall 
transformation can be summarized according to the pref- 
erentially ordered (Theorell-Chance) mechanism shown in 
eq 1-5. 

E + 2NADH + E(NADH), (1) 

E(NADH)? + 2s 4 E(NADH,S)? (2) 
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gen of NADH is replaced by deuterium. The apparent equi- 
librium constant for intermediate formation, ~4 X 10-7 M, 

varies only slightly as a function of pH, and is found to be 
numerically identical with the steady-state Michaelis constant 
for I reduction. Data for the stoichiometry of intermediate 
formation (two per 84,000 daltons) has been analyzed by 
both the method of Scatchard and the method of Job. Owing 
to the rapid rate of intermediate formation, the combined 
stopped-flow temperature perturbation of equilibrium method 
has been used to investigate the kinetic behavior of the system. 
The results show that intermediate formation is a simple, 
reversible pH-independent process with k, 'v 4 X 10; M-' 

sec-', k-l 'v 280 sec-l, AGa = -7.3 kcal/mol, AH" = 2.5 
kcal/mol, and ASo = 32 eu. It is proposed that the absolute 
requirement for NADH reflects a heretofore unsuspected 
(noncovalent) effector role for NADH in facilitating the 
chemical activation of the substrate for further reaction. The 
large spectral change, the pH independence, and the magnitudes 
of the rate constants which characterize the process of inter- 
mediate formation are consistent with a structure for the 
intermediate involving a coordination bond between the zinc 
ion at the enzyme active site and the carbonyl oxygen of I. 

H+ + E(NADH,S)Z + . . -A E(NAD+,P)* (3) 

E(NAD+,P), + E(NAD+)? + 2P ( 4) 

E(NAD+), + E + 2NAD+ ( 5 )  

The use of high enzyme concentrations (10-100 FN sites) 
and rapid kinetic techniques has made possible the kinetic 
characterization of individual steps in the overall transforma- 
tion of eq 1-5 (Shore, 1969; Bernhard et a[., 1970; Shore and 
Gutfreund, 1970; Dunn and Bernhard, 1971 ; McFarland 
and Bernhard, 1972; Luisi and Favilla, 1972). However, here- 
tofore it has not been possible to define the transient bonding 
forces which facilitate the chemical transformation. Indeed, 
the participation of various site functional groups and the 
involvement of zinc ion in the mechanism of catalysis has 
been the subject of much speculation (see Coleman, 1971, 
for a review of this topic). A number of detailed reaction path- 
ways which satisfy the stoichiometry requirement for a net 
transfer of two hydrogen nuclei and two electrons, uiz., the 
chemical step (eq 3), have been proposed (Theorell and MC- 
Kinley-McKee, 1961; Wallenfels and Sund, 1957; Ables et 
al., 1957; Hamilton, 1971 ; Kosower, 1962; Schellenberg, 
1970). 

This paper describes the reaction of the intense chromo- 
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phore, trans-4-N,N-dimethylaminocinnamaldehyde (I) with 
the enzyme-NADH complex. As will be shown, reduction of 
I involves the formation of a transient chemical intermediate 
in the neutral pH range. At pH values greater than 9, the in- 
termediate can be observed as a relatively stable species in the 
presence of high enzyme concentrations. Both stopped-flow 
and the combined stopped-flow temperature-jump rapid 
kinetic techniques (Erman and Hammes, 1966) and uv-visible 
spectrophotometry have been employed to investigate : (1) 
the spectral properties and the stability of the intermediate, 
(2) the stoichiometry of intermediate formation, and (3) the 
kinetics of .intermediate formation and decay to products for 
the pH range 6-9.5. 

On the basis of these studies, it is concluded that the es- 
sential horse liver alcohol dehydrogenase zinc ion plays a 
Lewis acid catalytic role in the facilitation of hydride transfer. 
This and other features of the horse liver alcohol dehydro- 
genase catalytic mechanism are discussed. 

Materials and Methods 

Materials. The coenzymes NAD+ and NADH (Sigma, 
grades V and 111, respectively, or Boehringer, grade I) were 
used without further purification in all experiments, except 
for those involving the investigation of deuterium isotope 
effects (see Methods). trans-N,N-Dimethylaminocinnamalde- 
hyde (Aldrich) was purified by vacuum sublimation prior to 
use. Reagent grade buffer salts (obtained from standard chemi- 
cal suppliers) were used without further purification. The 
buffer solutions (chloride ion free) were prepared with twice- 
distilled water. 

Horse liver alcohol dehydrogenase (Boehringer Mannheim 
Corp.) was further purified in a modification of the method of 
Bernhard et al. (1970). In this modification, the clear super- 
natant (aqueous Na2HP04-ethanol) is removed from 100 mg 
of the commercial preparation and discarded. The residual 
slurry containing the enzyme is then dissolved in 2-4 ml of 
0.1 M sodium pyrophosphate buffer (pH 8.75 or 9.48) and 
incubated with 200 pl of a 1 x 10-2 M stock solution of 1,4- 
dithioerythritol overnight. Elution of the resulting enzyme 
solution over a 3 X 60 cm P-2 Bio-Gel column equilibrated 
with pyrophosphate buffer gives a preparation virtually free 
of Na2HP04, 1,4-dithioeryth~itol, and ethanol (residual 
ethanol 5 site normality). 

The coenzyme binding titer of the resulting horse liver 
alcohol dehydrogenase solution was determined by the NAD+- 
pyrazole spectrophotometric horse liver alcohol dehydro- 
genase assay method (Theorell and Yonetani, 1963). These 
values are reported throughout as N. The normalities generally 
were found to range from 90 to  95% of the value predicted 
by the 280-nm extinction coefficient reported for enzyme, 
3.53 X 1 0 4 ~ - '  cm-1 OD (Dalziel, 1957). 

Methods. Specifically labeled a-4-deuterio-NADH (NADD) 
was prepared according to a modification of the procedure 
of Rafter and Colwick (1957). In this modification, ethanol-& 
is used in place of the isotopically normal material, and an 
alternative isolation and work-up procedure has been em- 
ployed to  yield an ethanol-free product. The modified isola- 
tion procedure is carried out as follows. On completion of 
the reaction according to the original procedure, the isolation 

of NADD is accomplished by the addition of 100 ml of aceto- 
nitrile/200 mg of NAD+ starting material. The resulting two- 
phase system is separated by carefully withdrawing the lower 
phase (-2 ml) which contains the NADD with a Pasteur 
pipet. The NADD is then precipitated by dispersing the con- 
centrated NADD solution into an additional 100 ml of aceto- 
nitrile. After decanting, the resulting light-yellow precipitate 
of NADD is washed with four 25-ml aliquots of anhydrous 
acetonitrile and finally with four 25-ml aliquots of anhydrous 
ether and then dried under high vacuum. The final product, 
obtained in yields of 50-60%, has a OD340/OD260 = 0.418, 
in good agreement with a previous report (McFarland and 
Bernhard, 1972). NADH prepared by the same procedure 
has been used in comparative experiments to determine kinetic 
isotope effects. 

The stopped-flow rapid-mixing experiments were carried 
out with a single-beam Durrum Model D-110 spectrophotom- 
eter equipped with a 2-cm Kel-F observation cuvette (mixing 
dead time, 2-3 msec). The time course of the transmittance 
changes occurring in the freshly mixed sample were recorded 
by storage of the digital equivalent of the analog signal uia 
the high-speed, 8 bit X1,000 word MOS shift register memory 
of the Biomation 802 transient recorder. Permanent traces 
of the stored signal were obtained through memory output 
in smoothed analog form to an X-Y recorder with time base. 
Optical density changes have been calculated from the follow- 
ing relationship: 

where ut l  and ut% refer to the photomultiplier tube (transmit- 
tance) voltages at times tl and tz, respectively. The experi- 
mentally determined (wavelength independent) correction 
factor (f = 1.26) corrects the observed D-110 OD values (e.g., 
log (u2 , /ut2)  to the OD of calibrated solutions. OD values rela- 
tive to the OD of the buffer solution employed (as reference) 
have been calculated from the relationship: 

(7) 

where Ubuf is the transmittance voltage of the reference buffer 
solution. 

The stopped-flow kinetic studies generally were carried out 
by mixing a solution of I with a solution containing prein- 
cubated enzyme and NADH. No difference in the observable 
reaction time course was found for the alternative preincuba- 
tion condition where a solution of enzyme is mixed with a 
solution containing I and NADH. However, note that an 
appreciable amount of the reaction to form the intermediate 
(see Results) occurs within the mixing dead time. 

All steady-state kinetic studies were carried out on a Beck- 
man DB-GT spectrophotometer equipped with thermostatted 
cell compartments at 25 i 0.2". 

The experiments involving perturbation of equilibrium 
after the rapid mixing of enzyme and substrates were per- 
formed with a combined Durrum stopped-flow (D-110) and 
Durrum temperature-jump (D-150) apparatus. This instru- 
ment is similar to the apparatus previously described by Erman 
and Hammes (1 966). 

In a typical experiment, the high-voltage capacitor, initially 
charged to 5 kV, is discharged over a 100-psec interval follow- 
ing a delay of 200 msec from the time of mixing. The 200- 
msec delay time is sufficient to allow the maximum formation 
of intermediate (see Results). Note that the amounts of NAD+ 
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FIGURE 1 : A comparison of the spectrum of I (-) with the spec- 
trum of the corresponding alcohol, rro"~4-N,N-dimethylamino- 
cinnamyl alcohol (. . . . .) in 0.1 M sodium phosphate buffer (pH 
6.83)andZ.O f 0.2". 

and trans-4-N,N-dimethylaminocinnamyl alcohol formed 
during this time span are negligible. The width of the heating 
pulse and the relaxation of the cuvette to the original tem- 
perature limited the time interval accessible to investigation 
to between 50rsecand200msec. 

Since the system under investigation is relatively insensitive 
to ionic strength effects (Sund and Theorell, 1962), the buffer 
solutions employed (0.1 M sodium phosphate below pH 8, 
and 0.1 M sodium pyrophosphate above pH 8) were not ad- 
justed to a constant ionic strength. The different ionicstrengths 
of these buffers result in negligible differences in temperature 
rise since the 100-rsec discharge time is sufficient to  allow a 
nearly complete discharge (>90Z) of the 5-kV capacitor 
through the cuvette. 

The temperature rise generated by the 5-kV discharge was 
estimated by comparing the equilibrium concentrations of the 
intermediate obtained at T, and T? with a calibration curve 
relating the amount of intermediate formed as a function 
of the cuvette temperature. The calibration curve was pre- 
pared by varying the temperature of the thermostatted cuvette 
and recording the change in the amount of intermediate 
formed as a function of cuvette temperature at a pH (pH 9.48) 
where the reaction does not proceed significantly beyond 
intermediate formation. Both the discharge time and the 
electronic noise-filter time wnstant were maintained _< (0.1)~ 
throughout. 

Values of the reciprocal relaxation time 117 have been cal- 
culated from the traces hy assuming that only a single relaxa- 
tion occurs and that the relaxation adheres to an apparent 
first-order rate law (Eigen and de Maeyer, 1963). The rela- 
tionship, AOD = AD, for OD changes smaller than 0.1 OD 
has heen used throughout in the calculation of l / r  values. 

Results 

Stopped-Flow Rapid-Mixing Kinetic Studies. Kinetic ex- 
periments were carried out to investigate the transient kinetic 
behavior of the horse liver alcohol dehydrogenase catalyzed 
reduction of I by NADH at pH 8.75 by using the stopped- 
flow, rapid-mixing technique. Since the long-wavelength elec- 
tronic transition of I (Amsx 398 nm) is completely bleached 
on reduction (Figure 1) the progress of the reaction initially 
was monitored at 400 nm. 

Under the conditions INADHI > [El > [I] (Figure 2, upper 
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FIGURE 2: Stopped-flow rapidmixing traces of the time course for 
the reaction of I with the LADH-NADH binary complex. The 
upper trace and lower trace compare the first 50 msec of the pro- 
gress curves for the reaction monitored at 400 and 460 nm, respec- 
tively. The initial portion of each trace records the OD changes in 
the observation cuvette as the freshly mixed sample displaces the 
old solution from the cuvette before flow stops. The vertical arrows 
indicate the point in each trace where cessation of flow occurs. 
Conditions were as follows: [Elo = 7.3 J", [NADH]. = 78.0 
!AM, [Ilo = 2.50 IIM, 0.1 M sodium pyrophosphate buffer (pH 8.75). 
and 25 + 0.2". 

trace), the OD time course at this wavelength is characterized 
by a very rapid OD decrease (tL,* N 3 msec for the particular 
conditions of Figure 2). Note that a significant portion of the 
total change in OD (>5OZ) occurs during the instrument 
mixing dead time (2-3 msec). Also note that the residual OD 
value 50 msec after mixing (0.09 OD) does not correspond 
to  the expected OD (0.00 OD) for the quantitative conversion 
of I to the corresponding alcohol. Furthermore, this apparent 
end point does not correspond to completion of reaction since 
a further decrease in OD occurs (not shown in the figure), 
hut at a rate which is orders of magnitude slower than the 
initial rapid step shown in Figure 2. This slow apparent first- 
order reaction proceeds to a stable end point, which, however, 
still does not correspond to the quantitative reduction of I. 

The visible spectrum of this final reaction mixture contains 
a new (unexpected) long-wavelength absorption with a A,, 
of ca. 460 nm. Figure 2 (lower trace) compares the time course 
for the appearance of this new species with the time course 
in the upper trace. It is evident from this comparison that 
the rapid OD increase occurs on the same time scale with 
approximately the same half-life as the rapid OD decrease 
at 400 nm. 

Following the initial rapid rise in OD at 460 nm (Figure 2, 
lower trace), the OD decreases to a final (stable end point) 
value in a single exponential process identical in rate with 
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TABLE I: Effect of Coenzyme Oxidation State on Intermediate 
FormationatpH9,5,and25". 

Extent and App Rate of Intermediate 
Formation 

Fast Step Slow Step 

f L/1 f Y Z b  
Coenzyme" (msec) AOD4soc (sec) AOD,,oc 

NADH 6 0.096 
NAD+ 30 0.004 20 0.08 

'The concentrations used were: [Elo = 4.68 PN, PI0 = 
4.58 pM, and [NADHIs = 96.8 p M  01 [NAD+]o = 1.0 mM. 
* Reaction half-lives have k e n  calculated assuming the 
progress curves obey a pseudo-first-order rate expression. 

The OD values have been calculated as the total change in 
OD at 464 nm. 

the above noted slow process observed at 400 nm. This final 
equilibrium mixture consists principally of the 460-nm species 
(hereafter referred to  as the intermediate) and the products, 
NAD+ and 4-N,N-dimethylaminonnamyl alcohol. The 
identity of these products has been established by demon- 
strating that the coenzyme product functions quantitatively 
in the horse liver alcohol dehydrogenase catalyzed oxidation 
of ethanol, and that the isolated product derived from I, as 
judged by the comparison of mass spectra and uv  spectra, 
is identical with that of an authentic sample prepared by re- 
duction of I with NaBH,. 

Above pH 9, and in the presence of a large excess of the 
enzyme-NADH complex, I reacts to form the intermediate 
in nearly quantitative amounts. Figure 3 summarizes the 
spectral properties of the stable system at pH 9.36. This figure 
compares the spectrum of a solution containing I and con- 
centrated horse liver alcohol dehydrogenase to  the spectrum 
obtained after the addition of NADH (in an amount slightly 
in excess of the enzyme site concentration). It is clear from 
the comparison of these spectra that the absorption hand 
of the intermediate is nearly twice as intense as the 398-nm 
transition of I. Indeed, the OD464/OD400 ratio for these species 
is approximately 1.9 and, therefore, the intermediate must 
have an of emax 26.0 X 104 M-' cm-I OD. Solutions stored 
for more than a month at 4" retain the characteristic spectrum 
of the intermediate with little or no loss in intensity. In fact, 
the spectrum of the intermediate is lost only as rapidly as the 
enzyme denatures and/or as rapidly as the coenzyme decom- 
poses under these conditions. 

The dependence of intermediate formation on the coenzyme 
oxidation state is summarized in Table I. 

In these experiments the effects of NADH us. NAD+ on 
the time course of the appearance of the 464-nm absorption 
have been compared hy mixing the same enzyme solution 
with solutions containing respectively I and NADH, and 
I and NAD+. The rapid appearance of the intermediate, as 
per Figure 2, occurs only in the presence of the enzyme-NADH 
complex. NAD+ elicits only a small increase in OD on a 
rapid time scale. This increase (Table I) is approximately 475 
of the change obtained with the reduced coenzyme. Further- 
more, the rapid process obtained with NAD+ has an apparent 
rate which is fivefold slower than the NADH-mediated pro- 
cess. Significant amounts of the chromophore are formed 
(XOZ of the NADH change) on a much slower time scale 

FIGURE 3: Comparison of the spectrum of I in a concentrated solu- 
tion of horse liver alcohol dehydrogenase (trace a)  with the spec- 
trum of the intermediate formed on the addition of NADH to the 
cuvette (trace b) in 0.1 M sodium pyrophosphate buffer (pH 9.36) 
and 25.0 + 0.2". Trace a is the spectrum of a solution containing: 
[I]. = 7.10 FM and [Elo = 98.0 PN. Trace h is the spectrum of 
the reaction mixture obtained on the addition of NADH, final con- 
centration 131 PM, to this solution: The absorption at a h ,  of 325 
nm, is primarily the absorption contributed by the spectrum ofen- 
zyme-bound NADH. (Note that at this pH the chromophore (Amx 
464 nm) persists for more than a month time at 4". see text.) The 
trace appearing in the lower left-hand corner of the figure is the tail 
of the enzyme 280-nm absorption band. 

( I , / >  N 20 sec). However, control experiments, in which the 
OD at 330 nm was monitored, demonstrate that NADH in 
appreciable amounts is produced at the same apparent rate 
when enzyme and NAD+ are mixed under these conditions 
in the absence of 1. 

Therefore, the slow rate of intermediate formation with 
NAD+ appears to be an artifact resulting from the presence 
of NADH formed oia the horse liver alcohol dehydrogenase 
catalyzed oxidation of the residual ethanol present in the 
preparation. The small amount of intermediate which rapidly 
forms in the presence of NAD+ may he due to the presence 
of a trace impurity of trans-4-N,N-dimethylaminocinnamyl 
alcohol in the I preparation, or alternatively, to the presence 
of trace amounts of NADH. 

Together these observations indicate that the 464-nm 
chromophore is formed in a rapid, reversible process involv- 
ing enzyme, NADH and I, and that the stability of thechromo- 
phore to further reaction is dependent on the pH of the reac- 
tion mixture. Therefore, a reaction scheme of at least the 
complexity of eq 8 must he considered 

Xi 
E(NADH)s + nI e MI). + Hf + . . . + 

E + NAD+ + alcohol (8) 

The apparent dissociation constant, K,, the stoichiometry 
coefficient, n, and the apparent molar extinction coefficient, 
e, are reported in Table I1 for different pH values. These pa- 
rameters are based on measurements at 480 om, a wavelength 
where the spectrum of I makes a negligible contribution to 
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TABLE 11: A Summary of K,, n,  and Apparent e Values for the I Intermediate as a Function of pH at 25 f 0.2'." 

App Extinction Coef, csPp 

App Equil Constant Stoich Coef, n [SIO/OD,,O (M-I [S],/OD,,, (M-' [Elo/OD,sn (M-I 

PH K, (M) X 10' (Sites/84,000 Daltons) cm-' OD) X cm-I OD) x IO-' cm-I OD) x IO-' 

9.50  4 . 3  =t 0 .6  1 . 9  =t 0.2 6 .2  i 0.2 4 . 1  & 1 
6.75 2.51 =t 1 2 .0  =t 0 . 1  5 . 3  i 0.2 
6.04 4 . 1  f 0.5 2 . 0  =t 0 . 1  6 . 5  f 0.2 

9 . 5 0  4.8 =t 1 . 3  2 .0  0 . 2  4.8 f 2 

"The parameters K, and n have been determined according to the method of Scatchard (Edsell and Wyman, 1959) from plots 
of o/(E)t us. u and from plots of u/[S]t us . u. For those experiments where [E] is the independent variable, ti is given by the moles 
of intermediate formed per mole of [SIt. When [SI is the independent variable, u is given by the moles of intermediate formed per 
mole of enzyme (mol wt 84,000). The concentration of intermediate formed was calculated from the relationship [Intermed] = 
OD/r,,, where caDD is the apparent extinction coefficient for the intermediate at  A,,, of 460 nm. 

the OD changes which accompany intermediate formation 
(see Figure 3). A representative plot for determining n (ac- 
cording to Job's method (1928) of continuous variations) 
is given in Figure 4. These data conclusively show that the 
intermediate is formed with a stoichiometry of fwo per enzyme 
molecule (;.e., one per coenzyme binding site). The concentra- 
tion dependence of the process adheres to a hyperbolic ex- 
pression and can be fit adequately by a single hyperbolic con- 

0 

FIGURE 4: The determination of the combining stoichiometry for the 
formation of the intermediate according to the method of continu- 
ous variation (Job, 1928) in 0.1 M sodium pyrophosphate buffer (pH 
9.36) at 25.0 zt 0.2". The sum, ([E] + [SI) = 30.7 p ~ ,  was main- 
tained throughout (with [E] expressed as the normality of the en- 
zyme-coenzyme binding capacity of horse liver alcohol dehydro- 
genase, see Methods). The solid line is the best fit (by eye) of the 
experimental points. The dotted lines have been drawn as the tan- 
gents to the solid line at the limiting values (0 and 1.0) of the ratio 
[EIKIEI + [SI). The vertical dashed line indicates the abscissa inter- 
cept corresponding to a theoretical stoichiometry ratio of 1 : 1 (i.e., 
one per enzyme site). The stoichiometry estimated from the point of 
intersection of the (extended) dotted lines is -1lsite (e.& 2/84,000 
daltons, see text). Optical density measurements were made at 500 
nm to eliminate any contribution from the spectrum of I (see Figure 
3). 
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Stant of Kt li 4.0 X IO-* M, independent of pH. The inde- 
pendence of the apparent extinction coeficient when deter- 
mined by extrapolation to infinite enzyme or by extrapolation 
to infinite substrate, respectively, provides further conforma- 
tion of these results. 

As mentioned above, the stability of the intermediate to 
further reaction is dependent on pH. An investigation of the 
concentration and pH dependence of the decay process in- 
dicates that in the pH range 6-7, the reaction time course 
(Figure 5 )  exhibits an apparent first-order dependence on the 
concentration of the intermediate, and (apparent) zero-order 
dependencies on the concentrations of NADH, E, and I when 
[NADH] > [E] > [I]. Above pH 7.5, the decay process also 
depends on the enzyme site concentration. Under these con- 
ditions, the apparent first-order rate constant for decay initially 
increases with increasing [E] and then approaches a saturated 
value when [El >> [I]. As previously discussed, above pH 9 
the reaction of I with the enzyme-NADH complex does not 
proceed appreciably beyond intermediate formation when 
[El >>[I]. 

The decay process is subject to a small kinetic isotope effect, 
kH/kD = 1.2 (see Figure 5),  when deuterium is substituted for 

ao I 
t- ." .". 

FIGURE 5:  Comparison o f  the effects o f  deutrriurn substitution for 
thea4hydrogenaf NADHon the timecourseoftheODchangefor 
intermediate decay. Conditions were as follows: [E], = 4.72 
~ N , [ I ] ~  = 2.30p~,[NADHl, = 155p~,[NADDlo = 1.66pM,0.1 M 
sodium phosphate buffer (pH 6.48). and 25.0 f 0.2' (see Table 
111). Note that intermediate formation, ciz., Figure 2, is complete 
during the first 50 msec after mixing. Thus, on the time-scale moni- 
tored in these traces, the time course for the formation of the inter- 
mediate is compressed against the ordinate axis. 
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TABLE 111: A Comparison of the Effects of Deuterium Substitution for the a-4-Hydrogen of NADH on the Decay Process. 

ODH d :  
Final 460-nm OD 

PH k H  (SeC-') k D  (SeC-') k H / k D  NADH NADD ODD4eo 

8 .  48a 4 .14  f 0 . 2  x 10-2 3.41 f 0 . 2  x 10-2 1.21 0.0483 0.0396 1.22 
6.48b 0.385 f 0.01 0.326 f 0.02 1.18 OC 0' 

~ ~~~~~ 

a Conditions: [El0 = 15 7 MN, [SI0 = 2 30 p ~ ,  [NADH10 = 145 PM, and [NADDIo = 153 PM. * Conditions: [E],, = 4.72 PN, 
[SI0 = 1.38 PM, [NADH10 = 155 PM, and [NADDIo = 166 PM. ' The reaction at pH 6.48 goes to completion. The ratio of the 
final 460-nm OD values gives a measure of the isotope effect on the composition of the system at equilibrium. (Note that this 
ratio gives the ratio of final concentrations of the intermediate.) 

TABLE IV: A Comparison of Steady-State Kinetic Parameters for I and for Selected Horse Liver Alcohol Dehydrogenase Sub- 
strates at 25.0 i 0.2". 

Benzaldehydee 
Azoaldehyde' 
p-Naphthaldehyde' 
Acetaldehyde* 

I 
I 
I 
I 
I 

8.75 
8.75 
8.75 
8.75 

8.75 
8.19 
7.71 
6.83 
6.13 

20 
4 
1 .5  

210 

8 . 7  f 1 . 5  
6 .1  f 1 .5  
4 . 9  f 1 . 5  
4 . 5  f 1 . 5  
3 .9  f 1 . 5  

2 . 1  i 0 . 1  4 . 0  i. 0 . 3  40 
N 2  2 . 0  f 0.2 2 
-2 0 . 4  f 0 . 2  10 

2 .1  10 i 1 9.72 

0 . 4  i. 0.01 
0.078 i. 0.02 50,000 
0.193 i. 0.05 
0.80 i 0 . 1  

-2 1.78 f 0 . 2  

The Michaelis-Menten constant for substrate measured under the conditions [NADH] >> KmNADH. The Michaelis- 
Menten constant for NADH measured under the conditions [SI > Kms. ' The specific catalytic constant for substrate turnover 
calculated on the basis of the enzyme normality (as determined by the pyrazole assay, see Methods). Defined as: K,, = [NADH] - 
[RCHO][H+]/[NAD+][RCHzOH]. e Values taken from Wratten and Cleland (1965). 'Values taken from Bernhard et ai. (1970). 

Values taken from Sund and Theorell (1 962). 

the reactive hydrogen of NADH. The data provided in Table 
I11 demonstrate that this kinetic isotope effect is pH inde- 
pendent, and that deuterium substitution influences both the 
rate of approach to the final equilibrium mixture and the 
final composition of the system at equilibrium. 

The steady-state kinetic parameters, Kms, KmNADH, kcat,  

and the redox equilibrium constant, Keq, for the I system as a 
function of pH are presented in Table IV along with the cor- 
responding values taken from literature sources for acetalde- 
hyde, benzaldehyde, /3-naphthaldehyde, and azoaldehyde. 
Note that Kms and Kl (Table 11) are identical within experi- 
mental error. 

Furthermore, it is noteworthy that the specific rate of I 
turnover (kcat) is orders of magnitude slower than the turn- 
over rates observed for the other substrates listed in Table IV. 

Combined Stopped-Flow Temperature-Jump Kinetic Studies. 
The relaxations shown in Figures 6 and 7 are typical examples 
of the records obtained when the combined stopped-flow 
temperature-jump (SF-TJ) technique is used to investigate 
the relaxation spectrum for the process of intermediate forma- 
tion. In all SF-TJ experiments, the heating pulse has been 
delayed 200 msec from the time of mixing to allow the process 
of intermediate formation to reach a quasi-equilibrium con- 
dition. Therefore, the traces shown in Figures 6 and 7 have 
time zero defined to coincide with the initiation of the heating 
pulse. 

Within the limitations of the time interval accessible to 
study (-50 psec to -200 msec) and OD resolution of the 

instrument (-10-2-10-3 AOD), the relaxation spectrum 
for intermediate formation contains only a single relaxation. 
There is no evidence for a rapid, unresolved relaxation in this 
system, since there is no appreciable OD change during the 
heating pulse. 

Figure 6 compares the relaxation observed at the Xmax for 
I (400 nm) with the relaxation observed at the Amax for the 
intermediate (460 nm) for the same experiment. The increase 
in the concentration of I quantitatively accounts for the de- 
crease in the concentration of intermediate. Both progress 
curves adhere to a fist-order (single-exponential) rate ex- 
pression, and the rate constants (1/7 values) are identical 
within experimental error (i 15 z). 

'The simplicity of the observed relaxation spectrum is in part a 
consequence of the experimental conditions. The NADH concentra- 
tion employed (70-80 PM) is sufficiently in excess of the binary horse 
liver alcohol dehydrogenase-NADH dissociation constant to ensure 
saturation of the available enzyme sites at all pH values investigated. 
Since an overwhelming excess of coenzyme is present, the 13"  tempera- 
ture change causes a negligible perturbation of the concentration of 
occupied sites. For this reason, NADH dissociation will not contribute 
to the observed relaxation spectrum because the amplitude of this re- 
laxation is negligible. The relaxations which conceivably could result 
from subsequent steps in the overall transformation have not been ob- 
served because either these relaxations are too slow, or the amplitude 
of these relaxations are near zero. Note that the heating pulse is timed 
to occur when the concentrations of the final products (NAD+ and 
alcohol) are near zero, and hence, any relaxation involving these species 
will have a negligible amplitude. 
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FIOURE 6: Temperature-jump traces of the time course for the change 
in OD of the I-enzyme-NADH system. The two traces compare the 
progress curves obtained at 400 nm (upper trace) and at 460 nm 
(lower trace) for the relaxation of the perturbed system to the new 
quasi-equilibrium (see text). The heating pulse in this combined 
stopped-flow temperature-jump experiment has been delayed 200 
msec from the time of mixing to allow the freshly mixed reactants to 
reach an initial, quasi-equilibrium condition with respect to inter- 
mediate formation (see Methods). Conditions were as follows: 
[Elo = 1.82 p ~ ,  [NADHl0 = 78.2 p ~ ,  [ll0 = 4.54 FM, and 0.1 M 
sodium pyrophosphate buffer (pH 8.75). Instrument settings: delay 
time, 200 msec after mixing; heating pulse width, 100 psec; capa- 
citor charge, 4 kV; electronic time constant, 50 psec; initial tempera- 
ture 18.0 i 0.5"; AT, -10". Note that the trace zero timecoincides 
with the initiation of the heating pulse (200 msec after mixing). 

Figure 7 documents the concentration dependence of the 
460-nm relaxation. It is apparent in Figure 7 that I/r increases 
with increasing I concentration, whereas the amplitude of the 
relaxation (the total O D  change) decreases with increasing 
I concentration. At I concentrations significantly greater 
than 30 WM, the maximum I concentration employed in Figure 
1, the amplitude of the relaxation becomes indistinguishable 
from the background electronic noise. This qualitative be- 
havior characterizes the system for the entire pH range in- 

TABLE v: A Summary of Slope ( k l )  and Intercept (k-,)  Values 
Derived from the Dependence of l/r on ([Erl + [&I) (See 
Figure 3) for the Reaction of I with the Horse Liver Alcohol 
Dehydrogenase-NADH Complex as a Function of pH.' 

Slopeb (k , )  
(M-I sec-I) Interceptb k,-/k,  = K, 

PH X lo-' (k-I )  (sec-') (M) X 106 

6.13 3.6 268 7 .4  
7.21 4 . 4  221 5 .2  
7.65 5 . 3  280 5 . 3  
8.19 3 . 8  345 9 . 1  
9.48 5 . 3  222 4 . 2  

'Relaxation measurements were carried out in 0.1 M 

sodium phosphate buffer below pH 8, and in 0.1 M sodium 
pyrophosphate buffers above pH 8. The system, initially at  
quasi-equilibiium at 18" (see text), was perturbed (by a 5-kV 
discharge through the sample during a 100-psec interval) to a 
final temperature of 31.2". The relaxation to the new equilib- 
rium condition was monitored by following the change in 
OD at 460 nm. The accuracy of the rate constants, as deter- 
mined by the maximum deviation from the mean value, is 
estimatedto be betterthan +18Z, 

FIOURE 7: The effects of concentration on the relaxation prwes 
observed for the I-enzyme-NADH system. The traces record the 
time course of the OD change at 460 nm for the fallowing I con- 
centrations (from top to bottom): 5.78, 9.55, 18.2, and 27.8 p ~ .  
[NADH], (76.2 PM) and [El. (2.58 WN) were employed through- 
out. Instrument settings: delay time, 200 msec after mixing; 
heating pulse width, 100 psec; capacitor charge, 5 kV; elec- 
tronic time constant, 50 mec; initial temperature, 18.0 f 0.5'; 
AT, -13.2". Note that the trace zero time coincides with the in- 
itiation of the heating pulse (200 msec after mixing). 

vestigated (pH 6.13-9.48). The concentration dependence of 
the relaxation has been quantitated graphically by construct- 
ing plots of l / r  us. the sum [SI] + [Er], where [Srl and [Ed 
are respectively the quasi-equilibrium concentrations of I 
and the enzymecoenzyme complex (Eigen and de Maeyer, 
1963). These results, for all pH values investigated, are sum- 
marized in Figure 8. It is  apparent from Figure 3 that aN of 
the data can be fit by the solid straight line within the limits 
+25% (as indicated by the error brackets) irrespecliue of p H .  
The data for each pH investigated are represented by a dotted 
line. For each such line, the spread of the observed ljr values 
at  any particular concentration was found to be no greater 
than +18% of the mean value. (The error limits for the in- 
dividual pH values have been omitted from the figure for 
clarity.) 

The individual slope and intercept values for each pH are 
summarized in Table V. Note that the variation in these values 
does not display a regular dependence on pH. In fact, the 
variations are well within the limitations of experimental 
reproducibility. 

The kinetic consequence of substituting specifically labeled 
ar-4-deuterio-NADH (NADD) for the isotopically normal 
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TABLE VI: A Comparison of the Effect of Deuterium Substitu- 
tion for the a-4-Hydrogen of NADH on l/r. 

1/r (sec-’)’ 

9. 48a 690 * 75 650 60 1.06 
6.48b 453 i 45 447 f 50 1 .oo 

a Concentrations: [El0 = 2.1 p ~ ,  [IlO = 7.50 p ~ ,  [NADH],, 
= 107 p ~ ,  or [NADDIo = 113 p ~ .  Concentrations: [Elo = 

2.7 pN, [I10 = 2.38 p ~ ,  [NADH10 = 156 p ~ ,  or [NADDIo = 
165 PM. Discharge, 5 kV; electronic time constant, 50 psec; 
heating pulse, 100 psec; pulse delay, 200 msec; and wave- 
length; 460 nm. 

coenzyme has been investigated for pH 9.48 and 6.48. The 
results of these experiments are summarized in Table VI 

The thermodynamic parameters for intermediate forma- 
tion at 31 ’, estimated from the van’t Hoff relationship (3 In 
KeqfbT = AH”/RT2) and the expression for AGO (AGO = 
-RTln K,,), are: AGO ‘v -7.3 kcal/mol, AHo 2.5 kcal/mol, 
AS” N 32 eu. Note that the small value of AH” imparts only 
a small temperature dependence to Keq, and thus negates the 
high sensitivity imparted to the system by the large value of the 
extinction coefficient for the intermediate. 

Discussion and Conclusions 

Role of NADH. The results of the experiments given above 
offer a description of the reactions between I and the enzyme- 
NADH complex that is fully consistent with the designation 
of the 464-nm transient species as an obligatory chemical 
intermediate for the aldehyde-alcohol transformation. The 
observations in support of this conclusion are as follows. 
(1) The reaction is a very rapid, reversible process. The reac- 
tion to form the 464-nm-absorbing species (the intermediate) 
occurs to a significant extent only in the presence of the re- 
duced coenzyme-horse liver alcohol dehydrogenase complex. 
(2) Relative to the spectral properties of I (see Figure 3), the 
spectrum of the intermediate is characterized by a large (66 
nm) spectral shift to longer wavelength, and by a large (ca. 
twofold increase in eman. (3) The stoichiometry of intermediate 
formation (two per enzyme molecule, see Table 11) is identical 
with the stoichiometry of coenzyme binding. (4) The apparent 
numerical identity of Kms to Kl (u’z., Tables I1 and IV) in- 
dicates that the parameter Kms is determined by the same, 
preequilibrium process described by Kl. 

It is equally clear that since the decay rate measures the 
rate at which the chromophore is bleached, the chemical 
(redox) step follows the appearance of the intermediate, and 
that the decay process very likely is rate limiting for turnover 
in the steady state. 

It is unlikely that the remarkable specificity requirement 
which the reaction displays for the reduced coenzyme is the 
result of a covalent-bonding interaction between I and NADH 
at the site. The large (66 nm) spectral red shift which char- 
acterizes the intermediate can only be the result of bonding 
interactions which do not qualitatively affect the bond hy- 
bridization of the carbonyl carbon of I. This constraint 
eliminates the possibility that the reaction involves covalent- 
bond formation between NADH and I (e.g., hydride transfer, 
or nucleophilic attack of the reduced nicotinamide “enamine” 
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FIGURE 8: A summary of the dependence of lir on concentrat m as 
a function of pH. The experiments were carried out with a tem- 
perature-jump cuvette system fitted to a rapid-mixing stopped-flow 
spectrometer (see Methods). Observations were made at 460 nm 
in solutions buffered with 0.1 M sodium phosphate below pH 8, 
and with 0.1 M sodium pyrophosphate above pH 8. The system of 
I-enzyme-NADH, in quasi-equilibrium with the intermediate, was 
perturbed by a 5-kV discharge over a 100-psec interval from an 
initial temperature of 18.0 =t 0.5” to a final temperature of 31.2 i 
0.5”. See Figure 7 for a representative set of progress curves and 
see the caption to Figure 7 for a description of the general condi- 
tions of concentration and the instrument settings employed in 
these experiments. See  Table V for a summary of the slope (k,) 
and intercept (k-,) values calculated from these data for each pH. 

system on the carbonyl), since all such processes would result 
in a sp3 (tetrahedral) hybridization state for C-1, and thereby 
result in a bleaching of the chromophore spectrum rather 
than an enhancement. Therefore, specificity must be con- 
veyed by the more subtle, weak-bonding interactions between 
substrate and site. Since NAD+ will not function in place of 
NADH, the bonding topography between site and substrate 
must dependon the oxidation state of the boundcoenzyme. 

Since NADH is concluded to undergo no covalent change 
during the formation of the intermediate, the (absolute) re- 
quirement for NADH reveals an effector role played by NADH 
in facilitating site-substrate chemical-bonding interactions. 
It is of interest to point out that a similar, noncovalent effector 
role has been reported for the NAD+-mediated activation 
of substrate for the glyceraldehyde-3-phosphate dehydro- 
genase system (Racker and Krimsky, 1952; Malhotra and 
Bernhard, 1968; Trentham, 1971). Coenzyme-mediated spec- 
tral changes which are similar to those described here for the 
I-horse liver alcohol dehydrogenase system have been re- 
ported for a chromophoric substrate analog (fl-2-furylacryloyl- 
phosphate) when covalently linked to the active sulfhydryl 
of sturgeon muscle glyceraldehyde-3-phosphate dehydro- 
genase (Malhotra and Bernhard, 1973). 

The selective advantage of providing for both binding and/or 
bonding specificity on the basis of substrate oxidation state 
and for the chemical activation of the substrate for further 
reaction, illustrated by those two systems, suggests that the 
phenomenon of “noncovalent activation of substrate chemical 
bonds by effector molecules” (Malhotra and Bernhard, 1973) 
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SCHEME I 

LADH = horse liver alcohol dehydrogenase. 

may be a general characteristic of NAD+-requiring dehydro- 
genases. 

Role of Zinc Zon. The combined SF-TJ kinetic experiments 
identify the process of intermediate formation as a reversible 
reaction which proceeds with the stoichiometry of eq 9 

ki/ki = K1 

Over the pH range 6-9.5, the kinetic behavior of this reaction 
is pH independent. Furthermore, the substitution of deute- 
rium for the reactive hydrogen of NADH has a negligible 
effect on the kinetics of this process. 

The pH independence of the process, the magnitude of the 
red shift in the chromophore spectrum, the rapid formation 
rate, k l ,  and the absence of a deuterium isotope rate effect, 
together place severe restrictions on the possible chemical 
identity of the intermediate. Indeed, these findings are con- 
sistent on6  with a structure for the intermediate inaolaing a 
coordination bond between the essential zinc ion at the enzyme 
actice site and the carbonyl oxygen of I ,  as depicted in Schemel. 

The arguments in favor of this bonding scheme and the 
considerations which eliminate other alternative possibilities 
are presented in the following discussion. 

The (66-nm) perturbation of the chromophore spectrum 
to longer wavelengths can be explained only if the carbonyl 
carbon retains a degree of saturation corresponding to sp* 
hybridization. Hydride transfer to give sp hybridization at 
this carbon can not have occurred since such a transformation 
would result in complete bleaching of the visible spectrum 
(ciz. ,  the spectrum of the alcohol). The absence of a deuterium 
isotope effect is consistent with this conclusion. 

A cis-trans isomerization about the a,P-acryloyl double 
bond cannot account for the large red shift. The spectrum 
of the cis isomer of I has not been reported. However, the 
comparison of cis and trans isomers for structurally related 
compounds (Dolter and Curran, 1960; Charney and Bern- 
hard, 1967) shows that cis-trans isomerization causes only a 
slight variation in the intensity and the position (1-2 nm) 

(3420 cm-I) shift on intermediate formation is considerably 
larger than that predicted for the s-cis-s-trans isomerization 
of other arylacryloyl derivatives, e.g., cinnamaldehyde (1400 
cm-l) and furylacrolein (1 140 cm-') (Charney and Bernhard, 
1967). 

Since the spectrum of the intermediate and kinetics of inter- 
mediate formation do not depend on pH (for the pH range 
investigated), any explanation based on the formation of a 
protonated derivative of I (e.g., protonation of the carbonyl 
oxygen) must be discarded. This is true because the transfer 
of a proton from a (hypothetical) enzyme-site residue (E- 
X-H) to a bound-substrate species within the ternary com- 
plex, according to eq 11, can only be significant if the proton 

[E-X-H(S)] + [E-X- (S+-H)] (11) 

affinity of the bound substrate species is comparable to, or 
greater than, the proton affinity of the site residue. 

The relative proton affinities of the substrate and of the 
site residue in the complex can be estimated if it is assumed 
that the pK, of I and the apparent pKa of the site residue re- 
flect relative proton affinities in the ternary complex. Com- 
pound I has a pK, cx 3 in aqueous solution. 2 Since the kinetics 
of intermediate formation are pH independent over the pH 
range 6-9.5, the hypothetical group, -X-H. would have to 
have a pK, > 9.5. Therefore, if the above assumptions are 
valid, then the transfer of a proton from -X-H to I cannot 
be a stoichiometrically significant process. Thus, only if the 
relative proton affinities of I andjor the site residue were per- 
turbed by several orders of magnitude relative to their proton 
affinities in aqueous solution could the proton transfer de- 
picted by eq l l become stoichiometrically significant. With 
the possible exception of the chymotrypsin Asp(102)-His(57)- 
Ser(195) hydrogen-bonding system (Blow et al., 1969; Robil- 
lard and Shulman, 1972) there are no precedents in the liter- 
ature for enzyme-mediated alterations in apparent proton 
affinities of the magnitude necessary to accomodate the re- 
quirements of the intermediate. 

Schiff's base formation between I and an enzyme €-amino- 
lysyl (or a-amino-terminal) residue, where the Schiff's base 
exists in a protonated state, can be eliminated for similar 
reasons. The neutral Schiff's base can also be rejected as a 
possibility, since model compounds, e.g., the oxime of I (Amax 

338 nm) or the hydrazone of I (A,,,,, 336 nm) exhibit spectra 
with the long-wavelength transition blue shifted with respect 
to the spectrum of I (A,,, 398 nm). 

The absorption spectrum of I, as expected from its extended 
r-bonding framework and its high dipole moment (p = 6.4 
D, Dolter and Curran, 1960), is highly sensitive to the polarity 
of the medium. For example, the position of the long-wave- 
length electronic transition shifts from 398 nm in water to 
360 nm in dioxane. Since the spectrum of the intermediate 
is shifted to longer wavelength, the site environment must be 
considerably more polar than aqueous milieu. 

of the long-wavelength electronic transition. 
An s-trans-s-cis isomerization (Charney and Bernhard, 

1967; Bernhard and L a u r  1971) (eq lo) can account for a 
shift to longer wavelength. However, such an explanation 
for this system appears inadequate since the observed 66-nm 
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2 Protonation of I in aqueous solution, as indicated by the large 
spectralshift to shorter wavelength, occurs at the(CH3)Z amino nitrogen. 
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bonyl oxygen of 1 must have an  even lower pKa value. 
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The highly polarized character of the chromophore in the 
charge-dipole force field resulting from the coordination of 
the carbonyl oxygen of I to the essential zinc ion at the site 
can account for the large spectral shift observed for the inter- 
mediate. The conclusion that I binds to a highly polar site is 
consistent with the existence of the well-characterized non- 
polar (hydrophobic) pocket presumed to be adjacent to the 
site. (This hydrophobic pocket has been proposed to be the 
region responsible for binding the aliphatic or aromatic moi- 
eties of substrates and/or inhibitors (Sund and Theorell, 1962; 
Sigman, 1967; Sarma and Woronick, 1972; Hansch et al., 
1 9 72). ) 

The coordination bond between the carbonyl oxygen of the 
aldehyde and zinc ion is envisaged to assist hydride transfer 
via activation of the carbonyl group of the substrate for reduc- 
tion by NADH by increasing the electrophilicity of the car- 
bonyl carbon, as illustrated in Scheme 11. 

The requirement of zinc ion for horse liver alcohol dehydro- 
genase activity has been well documented (Kagi and Vallee, 
1960; Akeson, 1964; Oppenheimer et al., 1967; Drum et al., 
1969; Drum and Vallee, 1970; Iweibo and Weiner, 1972; Cole- 
man et al., 1972). The involvement of zinc ion as a Lewis acid 
catalyst in the catalytic mechanism has been suggested by 
many investigators (Ables et al., 1957; Wallenfels and Sund, 
1957; Theorell and McKinley-McKee, 1961 ; Creighton and 
Sigman, 1971). Nevertheless, the results presented here offer 
the first direct chemical evidence documenting a Lewis acid 
catalytic role for the essential horse liver alcohol dehydro- 
genase ZnZ+. If zinc ion has a Lewis acid function in facilitating 
the chemical reaction, then the most reasonable mechanism 
for the redox step is a direct transfer of hydride ion from NADH 
to the acticated carbonyl according to the mechanism of Scheme 
11. 

If it is assumed that the chemical mechanism of Scheme I1 
applies to all aldehyde substrates, then the detection of the 
coordination complex will depend on the stability of the com- 
plex and on the velocity of the hydride-transfer step. Thus, 
if the reaction to form the intermediate has a favorable equi- 
librium constant (i.e., if k-l /kl  <_ [E]) and if the hydride-trans- 
fer step is relatively slow (i.e., if [S]kl > k2),  then during 
the early stage of the reaction the coordination complex will 
be formed in appreciable amounts as a metastable intermedi- 
ate. However, if kz  > [S]kl,  or if complex formation is not 
favorable (i.e., if k-l /kl  > [El), the complex will not be 
formed in appreciable amounts, and hence will not be de- 
tectable by direct observation. The latter seems to hold for 
most aldehydes whether or not they are aliphatic or arorrtatic. 
The reason the reaction with I proceeds to yield detectable 
amounts of the coordination complex undoubtedly has its 
origins in the unusual stability of the resultant complex. The 
dimethylamino nitrogen of I (as indicated by the previously 
noted large dipole moment of the molecule) is conjugated 
through the ring and the acryloyl double bond with the car- 
bonyl group (Ingold, 1969). Within the I complex, the partial 
positive charge induced by coordination of the carbonyl oxy- 
gen to zinc ion is extensively delocalized over the n-bonding 
system. Accordingly, the dipolar quinodial resonance struc- 
ture, cf .  Scheme I, largely describes the electron density dis- 
tribution for the chromophore T system. Since for most alde- 
hydes extensive resonance stabilization of the positive charge 
is energetically unfavorable, the analogous coordination 
complexes must be significantly elevated in energy relative 
to the I complex. Indeed, the activated character of these 
complexes is a prerequisite for the facile transfer of hydride 
ion from NADH to the carbonyl carbon. Thus, the relatively 

SCHEME I1 
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slow rate of reduction exhibited by I likely is attributable 
to the stability of the coordination complex. 

Both the kinetic behavior and the stoichiometry of the reac- 
tion (eq 9) demonstrate that the two enzyme sites function as 
identical and independent units in the formation of the inter- 
mediate. This result is in contrast to our previous findings 
which strongly suggest that the two sites become catalytically 
nonequivalent during a single turnover of sites (Bernhard 
et al., 1970; Dunn and Bernhard, 1971). The initial experi- 
mental observations which led us to this conclusion have been 
further amplified by the work of BrandCn et al. (1973), Mc- 
Farland and Bernhard (1972), Luisi et al. (1972), Everse 
(1973), and Czeisler and Hollis (1973). 

While the differences between the behavior of I and other 
aromatic aldehydes (e.g., benzaldehyde, 0-naphthaldehyde, 
and the azoaldehyde) is not apparent in full detail, it is ap- 
parent that the horse liver alcohol dehydrogenase catalyzed 
reduction of I has a free-energy profile quite different from 
the previously investigated systems. The intermediate formed 
from the reaction of I with the enzyme-NADH complex, as 
evidenced by the large spectral shift and the absence of an 
isotope effect, is concluded to be an event which is not ki- 
netically discernible for the above-mentioned aldehydes. These 
aldehydes undergo a rapid (burst) reaction when mixed with 
the enzyme-NADH complex. This burst reaction has been 
shown to result in the oxidation of NADH and the formation 
of alcohol (Bernhard e f  al., 1970), and the burst has been 
shown to be subject to a primary deuterium isotope effect when 
NADD is used in place of NADH (McFarland and Bernhard, 
1972). According to these phenomonological differences, 
the two processes (intermediate formation, and burst reac- 
tion) must reflect different steps in the chemical transforma- 
tion. With reference to the mechanism proposed in Scheme 
11, these steps would appear to be, respectively, the formation 
of the coordination bond to Zn2+, and the transfer of hydride 
from NADH to the substrate. 

Since the kinetic evidence for site nonequivalence is as- 
sociated only with the hydride-transfer step, it can be argued 
that nonequivalence is manifest catalytically during the chemi- 
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cal transformation, and, therefore, issued from a chemically 
triggered event. If this is the case, then the conversion of 
NADH to NAD+ is the chemical event most likely to function 
as the “trigger.” The production of the positively charged 
nicotinamide ring, and the accompanying subunit structural 
changes necessary for the accommodation of the charge could 
result in conformational changes which propagate to the sec- 
ond site and render it inactive. 

Alternatively, it may be argued that the unique properties 
of I so alter the mechanism that site nonequivalence is not 
expressed. Or, it may be that the original conclusion that the 
horse liver alcohol dehydrogenase sites become catalytically 
nonequivalent is incorrect. If this were true, reasonable alter- 
native arguments would need be developed to rationalize 
the experimental observations on which the hypothesis of 
horse liver alcohol dehydrogenase site nonequivalence is 
based. This point will need further experimental testing, and 
a continuing effort to do so is underway in this laboratory. 
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