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Evidence that the slow conformation change controlling NADH
release from the enzyme is rate-limiting during the oxidation of
propionaldehyde by aldehyde dehydrogenase
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and Paul D. BUCKLEY*
*Department of Chemistry and Biochemistry, Massey University, and tNew Zealand Dairy Research Institute,
Palmerston North, New Zealand

The displacement of NADH from the aldehyde dehydrogenase NADH complex by NAD+ was followed
at pH 7.0, and the data were fitted by a non-linear least-squares iterative procedure. At pH 7.0 the decay
constants for the dissociation of NADH from aldehyde dehydrogenase NADH complexes (1.62 +0.09 s-'
and 0.25 + 0.004 s-1) were similar to the values previously determined by MacGibbon, Buckley & Blackwell
[(1977) Biochem. J. 165, 455-462] at pH 7.6, and apparent differences between these values and those
reported by Dickinson [(1985) Biochem. J. 225, 159-165] are resolved. Experiments at low concentrations
of propionaldehyde show that isomerization of a binary *E-NADH complex is part of the normal
catalytic mechanism of the enzyme. Evidence is presented that the active-site concentration of aldehyde
dehydrogenase is halved when enzyme is pre-diluted to low concentrations before addition of NAD+ and
substrate. The consequences of this for the reported values of keat. are discussed. A general mechanism for
the aldehyde dehydrogenase-catalysed oxidation of propionaldehyde which accounts for the published
kinetic data, at concentrations of aldehyde which bind only at the active site, is presented.

INTRODUCTION

The cytoplasmic aldehyde dehydrogenase from sheep
liver has been shown to operate by a compulsory-ordered
mechanism with NAD+ as the leading substrate
(MacGibbon et al., 1977a; Bennett et al., 1982; Hart &
Dickinson, 1982). The mechanism shown in Scheme 1
was proposed by Bennett et al. (1982) for the oxidation
of propionaldehyde at pH 7.6, on the basis of detailed
pre-steady-state studies ofNADH formation (monitored
by absorbance, or by nucleotide and protein fluorescence)
and proton release. Scheme 1 is a slightly simplified
version of Scheme III of Bennett et al. (1982), omitting
an isomerization of the E-NAD+ complex.

In Scheme 1 an isomerization (k+3) of the ENAD+
propionaldehyde ternary complex (accompanied by the
loss of a single proton) controls the rates of the proton
and NADH bursts. Hydride transfer is a fast reversible
step, since an isotope effect is not observed for the burst in
NADH production (MacGibbon et al., 1977b) or proton
release (Bennett et al., 1982) and the reaction can be
easily reversed by acylating the enzyme NADH com-
plexes (MacGibbon et al., 1977b) with anhydrides such
as acetic anhydride (Hart & Dickinson, 1978). Displace-

ment of NADH from the enzyme is a two-step process,
involving an isomerization step before the NADH can be
released (MacGibbon et al., 1977c). It has been assumed
(Bennett et al., 1982) that this isomerization step lies on
the reaction pathway, mainly because at high concen-
trations of propionaldehyde (around 20 mM) the steady-
state rate apparently becomes equal to the rate constant
for isomerization of the *E.NADH complex. In order to
account for the keat value of 0.08 s-' per active site
reported at low propionaldehyde concentrations
(200 ,tM) by MacGibbon et al. (1977a), it had to be
assumed that some other step before this slow isomeri-
zation is also partly rate-limiting in the steady-state
phase of the reaction at low propionaldehyde concen-
trations. This step would presumably be acyl-enzyme
hydrolysis, which can be quite slow, particularly at acid
pH (Buckley & Dunn, 1982), and may be rate-limiting in
the steady state for propionaldehyde at pH values below
7 (Motion, 1986).
On the basis of the NADH-displacement experiments

and pre-steady-state studies carried out at pH 7.0,
Dickinson (1985) and Dickinson & Haywood (1986)
have questioned the correctness of the published decay
constants for the displacement of NADH from the
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Scheme 1.

Key: ALD, aldehyde; *E, enzyme conformer; ACYL, acyl.
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enzyme by NAD+ measured by pH 7.6 (MacGibbo
et al., 1977c) and the magnitudes of the kcat values tha
we have previously reported (MacGibbon et al., 1977a

In the present paper we examine the differenc
between our data and those of Dickinson (1985). Tb
results provide clear evidence not only that the slo'
conformational change of the enzyme-NADH comple
lies on the catalytic pathway for aldehyde dehydrogenas
at low propionaldehyde concentrations, but that unde
these conditions it is mainly rate-limiting in th
steady-state phase of the reaction.

EXPERIMENTAL

NADH (grade III) and NAD+ (grade III) were fror
Sigma Chemical Co. (St. Louis, MO, U.S.A.), propior
aldehyde solutions were prepared as described pre
viously (MacGibbon et al., 1977b) and cytoplasmi
aldehyde dehydrogenase was prepared as described b
MacGibbon et al. (1979). The active-site concentratio
was determined by NADH titration (MacGibbon et al
1979) or from Vmax measured by using 20 mm
propionaldehyde and 1 mM-NAD+ at pH 7.6 and 25 °C
as described previously (Bennett et al., 1982). Unde
these conditions kcat. has been reported (MacGibbo
et al., 1977a) as 0.25 s-I per active site. The rapid kineti
experiments monitoring nucleotide fluorescence wer
performed on a Durrum-Gibson DI 10 stopped-floi
spectrophotometer essentially as described by Mac
Gibbon et al. (1977b,c). The photomultiplier on th
spectrophotometer was calibrated with NADH solution
of known concentration.
The spectrophotometer was interfaced to a Dat

Laboratories (Mitcham, Surrey, U.K.) DL905 transier
recorder. The voltage output from the stopped-floi
spectrophotometer was stored as 1024 8-bit points in th
transient recorder and displayed on an oscilloscope. Th
data were then transferred to the memory of
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Fig. 1. Biphasic nucleotide-fluorescence
displacement

15

decay during NAD]

Aldehyde dehydrogenase (9.0 /tM in active sites) and
NADH (40 /SM) in pH 7.0 phosphate buffer (I = 0.1 M)
from one syringe was rapidly mixed with NAD+ (2 mM) in
a second syringe in the same buffer at 25 'C. The sweep
time was 20 s and the voltage setting was 5 V full scale;
52 1uM-NADH gave a fluorescence of 6.25 V. The first 100
points represent the pre-trigger level from the previous
experiment. The data were fitted as described in the
Experimental section, and the reconstructed decay curve is
superimposed on the experimental data.
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Cromemco CS-2 microcomputer for processing and
storage under the control of a FORTRAN program
described previously (Hardman et al., 1985).

Non-linear least-squares fitting of the data from the
single-turnover experiments and the displacement ex-
periments was carried out with a FORTRAN program
(Daniel & Wood, 1971; Hardman, 1983) based on the
Marquardt (1963) method. Data were fitted to the
equation for two exponentials:

Y = Yf+Ale-Alt+A2e-A2t (1)
where A1 and A2 represent the amplitudes of the two
phases and A1 and A2 represent the corresponding
first-order rate constants. In addition, the first-order
decay constant for the slower phase of the biphasic
nucleotide fluorescence decrease in the displacement
experiments was also determined by linear least-squares
analysis of log(Y- Yf) against time, where Y and Yf
respectively represent the voltage at a given time and the
voltage when reaction is complete. The decay constant
for the faster phase was then obtained by logarithmic
extrapolation and a logarithmic plot of the resulting
differences (Gutfreund, 1972, p. 126; MacGibbon et al.,
1977c).

RESULTS AND DISCUSSION
Determination of decay constants for NADH
displacement at pH 7.0

ie Since our published values for the decay constants
is for NADH-displacement experiments at pH 7.6 (Mac-

Gibbon et al., 1977c) have been questioned (Dickinson,
na 1985; Dickinson & Haywood, 1986) on the basis of
nt similar experiments at pH 7.0, we began by re-

iW determining the values at pH 7.0. The decrease in
he fluorescence observed when a solution of aldehyde
e dehydrogenase in pH 7.0 phosphate buffer (I = 0.1 M) at
a 25 °C was mixed with a solution of NAD+ in the same

buffer is shown in Fig. 1. The data were clearly biphasic
and were fitted to two exponentials by the iterative
non-linear least-squares procedure described above. The
amplitude ofthe fast process constituted 43% ofthe total
fluorescence change, and the values for the decay
constants were 1.64 + 0.06 s-I and 0.25 + 0.004 s-1. These
values differ from those reported previously (2.3 s-I and
0.4 s-1, at pH 7.0) by Dickinson (1985).

In order to demonstrate the correctness of our values,
the decay constants and the amplitudes obtained from
our fit of the data to eqn. (1) by the non-linear
least-squares method were used to reconstruct the
biphasic fluorescence-decay curve on the computer by

J using eqn. (1). The reconstructed curve, when super-
20 imposed on the experimental data, gave an excellent fit

over more than 90% of the total displacement reaction
(Fig. 1). As a second check on the internal consistency of
the fitting procedure, the non-linear least-squares
curve-fitting program was then used to fit this same
computer-generated fluorescence-decay curve after
random noise had been added to simulate the experi-
mental data. The values obtained for the decay
constants by this procedure (AF = 1.62 + 0.06 s-;
AS = 0.25+0.005 s-1) were identical with the decay
constants calculated from the experimental data.

If the fluorescence at infinite time (Yf) is known, as was
the case for the computer-simulated fluorescence-decay
curve, the same values of the decay constants can be
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Rate-limiting steps for aldehyde dehydrogenase

k+6 k+7
*E*NADH --' E*NADH---' EE+NADH

k S6 ke 7

Scheme 2.

<X>,,3-4 \ | >;~<half-lives. This is particularly important for biphasic
processes, such as observed in the NADH-displacement

S z \\experiments, where sufficient data must be collected for
2 \0v o 2 4 6 8 10 the slow phase. If this is not done, then invalid rate

LL Time (s) constants will be obtained. When data from such
experiments are fitted by non-linear least squares, this

1 problem does not arise.
We proposed (MacGibbon et al., 1977c) that the

biphasic nature of the NADH displacement is due to an
c obligatory conformational change before NADH can be0 2 4 6 8 10 released from the enzyme (Scheme 2).

Fig. 2. NADH-displacement data collected over 10 s Alternatively a two-site model, involving displacement
ofNADH from two different types of binding sites on the

Aldehyde dehydrogenase (9.0 #M in active sites) and enzyme, with different dissociation constants and
NADH (40 ,SM) from one syringe were rapidly mixed with different rate constants, could also explain the biphasic
NAD+ (2 mM) from the second syringe in pH 7.0 displacement of NADH. Both models predict that the
phosphate buffer (I = 0.1 M) at 25 'C. The sweep time was same decay constants should be observed whether excess
10 s and the voltage setting was 5 V full scale. A solution enzyme is present or not. However, if there were in factofNADH (52 /SM) gave a fluorescence of 6.25 V. The data two different high-affinity NADH sites on the enzymefwere fitted by using the logarithm difference procedure two difer shigh-affint ND si tes nt wenzdescribed in the Experimental section. The infinity line and these sites should be occupied to dlfferent extents when
regenerated curve for the slow exponential are shown. The excess enzyme iS present; the amplitudes of the two
insert clearly shows the biphasic nature of the logarithm processes should be significantly different from those
of the fluorescence difference as a function of time. when NADH iS in excess. We carried out a displacementexperiment at pH 7.6 using an excess of enzyme (7.0 /tM)

over NADH (2.6 tM), and observed a biphasic decrease
obtained by using the logarithm difference procedure in NADH fluorescence with decay constants and relative
described in the Experimental section. For the experi- amplitudes similar to those reported previously (Mac-
mental data (Fig. 1), the pre-trigger fluorescence value Gibbon et al., 1977c). This observation confirms that the
(which corresponds to the final fluorescence of the displacement of NADH from aldehyde dehydrogenase
previous reaction, which is still present in the light-path must occur in two steps, as shown in Scheme 2.
o0 the stopped-nlow spectrophotometer) can be used as
the infinity value. The derived decay constants
(1.62 + 0.04 s-I and 0.25 + 0.004 s-1) were indeed identical
with the values obtained by the non-linear curve-fitting
procedure, validating this choice of infinity value.
The choice of infinity value is, however, crucial.

Dickinson (1985) collected data for the same displace-
ment reaction over only 8 s and, as can be seen from our
experimental displacement data collected for only 9 s
(Fig. 2), the fluorescence is still decreasing at these times.
We used the log difference procedure by fitting an
(incorrect) infinity line through the last 100 data points
(8.1-9.0 s) ofthe decay curve (Fig. 2) and obtained values
for the decay constants (1.92+0.07 s-i and
0.36+ 0.004 s-1) similar to those reported by Dickinson
(1985). Fitting of the simulated data (obtained as
described above with AF = 1.64 S-1 and As = 0.25 S-1) by
using an infinity line between 8.1 and 9 s also gave high
(2.17 +0.05 s-i and 0.38 +0.008 s-1) values. The mag-
nitude of the slow decay constant so obtained (which
corresponds to a half-life of 1.8 s) is clearly inconsistent
with the fact that the fluorescence was still decaying
markedly after 9 s (Fig. 2).
The differences between our results and those of

Dickinson (1985) appear therefore to arise from his
choice of an infinity value from data collected over too
short a time interval. A warning is given that, when
fitting exponential processes by logarithmic plots, it is
essential to obtain a valid and reproducible final value
(Yf) by collecting the data over a sufficient number of

Evidence that the *E NADH complex lies on the
catalytic pathway for aldehyde dehydrogenase at pH 7.6
Although the displacement experiments provide evi-

dence for an isomerization of binary E-NADH com-
plexes, they do not show that this isomerization lies on
the catalytic pathway in the steady state. However, the
second step in Scheme 2, which involves the release of the
NADH from the enzyme, must lie on the catalytic
pathway, since it has been shown that the NADH is
released after the acid product (MacGibbon et al., 1977a).
We carried out a single-turnover experiment, in which

an excess of enzyme and NAD+ were mixed in the
stopped-flow spectrophotometer with only sufficient
propionaldehyde for one passage through the catalytic
pathway. The results are shown in Fig. 3. There was an
initial fast increase in NADH fluorescence as NADH was
formed rapidly, but, in the presence of the remaining
NAD+, the NADH was subsequently displaced from the
enzyme. A decrease in fluorescence was observed
because free NADH has 5.6-fold lower fluorescence than
NADH bound to the enzyme (MacGibbon et al., 1977c).
The data were fitted to two exponentials by using the
non-linear least-squares fitting program. The curve of
best fit is shown through the data in Fig. 3 and gave a
rate constant for the initial fast increase in fluorescence
of 1.23+0.04 s-1, and a decay constant for the slow
decrease in fluorescence of 0.305 + 0.008 s-1.
The rate ofNADH formation is partially limited at the

low concentrations of propionaldehyde used in the
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Fig. 3. Single-turnover experiment for the ox
pionaldehyde at pH 7.6

Aldehyde dehydrogenase (18 pLM) and NA
were mixed with propionaldehyde (4.9,uN
phosphate buffer, pH 7.6, at 25 'C. The sw
20.6 s and the voltage setting was 0.5 V (9.7
gave 1 V). The data were fitted by the iterati
described in the Experimental section, an
structed curve is superimposed on the experi

single-turnover experiment by the rate i

propionaldehyde to the enzyme. The rat(
the burst at this concentration of propi
similar to that obtained by MacGibbon et
their studies of the dependence of the burs
on propionaldehyde concentration. The
the slow decay constant is similar to ti
constant observed in the NADH-displac
ments. This suggests that the two-step
reaction shown in Scheme 2 does lie or
pathway.

Further evidence was obtained from sin
single-turnover experiment by using Sche
Continuous System Modelling package
computer. The following rate constants ai
same values as those used by Bennett
k+1 = 0.2 /M1 - S-1, k+2 = 1 0 /M_1 . S-1,
k+3 = 12.0 s-1, k3 = 0.1 s-1. Since the h5
step is fast, k+4 and k4 were chosen as 100
respectively. Although the decay constan
are complex functions of all of the rate
Scheme 2, it is possible to extract the i
constants from the data (MacGibbon et 4
pH 7.6 the values of the rate constants M
best fit of Scheme 2 to the kinetic
k+6 + 0.2 s-1, k_, = 0.05 s-1, k+7 =
k7 = 0.5 M-1 s-1 (MacGibbon et al.,
values were used in the computer simulatic
concentrations of enzyme, NAD+ and pr(
used in the simulations were the same as th
single-turnover experiment (Fig. 3), and }
to attempt to fit this model to the experin
The experimental data could only be rep

was at least 5 s-', as for smaller values o:
the slow decay constant for the single-tu
ment was always significantly less than
value of 0.305 s-1. Furthermore, simulal
experiments using this model with values c
about 5 s-1 showed pronounced lags afte
NADH production before the steady-state
NADH was established. As shown in Fig.

were observed in the burst experiments at pH 7.6 and at
a concentration of propionaldehyde which is saturating
for the burst (higher concentrations are needed for
saturation in the burst than in the steady state). The data
could be fitted to an exponential burst followed by a
linear steady state.
Although the single-turnover and burst experiments

could be accurately simulated by using Scheme 1 and
values of k+5 of at least 5 s-', the possibility still remains
that the *E-NADH complex is an inactive form of the
enzyme which lies as a shunt to the normal catalytic
pathway. The rate of the slow decrease in fluorescence
which follows the burst in the single-turnover experiment

15 20 would be controlled by some step other than isomeri-
udation of pro- zation, presumably deacylation (k+5). This possibility

was modelled by suitably modifying Scheme 1 so that the
*E.NADH complex lay off the catalytic pathway and

4D (2.7 mM) was in equilibrium (by the step with rate constants k+,
in 25mew- and k_6) with ENADH, which does lie on the catalytic

8ee time was pathway. The value for k+5 was again varied, keeping all

ive procNAdHr the other rate constants at their previous values. The
id the recon- changes in fluorescence observed during the single-
imental data. turnover experiment could be reproduced by this model

if k+5 was decreased to around 0.3 s-1.
When the burst experiments were simulated by using

of binding of this model with k+5 = 0.3 s-1, the burst in NADH was
e constant for followed by a slow decrease in the steady-state rate of
onaldehyde is production ofNADH, rather than the linear steady state

t al. (1977b) in observed experimentally (Fig. 4). This model is therefore
t rate constant inconsistent with the observed behaviour in the burst
magnitude of experiment, and the two-step release ofNADH from the
he slow decay enzyme must lie on the catalytic pathway shown in
,ement experi- Scheme 1.
displacement kc,t. for the oxidation of propionaldehyde at pH 7.6

At concentrations of propionaldehyde that are
aulation of the sufficient to saturate only the active site, the kcat
,me 1 with the calculated from Scheme 1 by using the rate constants
on the Prime specified above is about 0.18 s-1 per active site, which is
re assigned the greater than the value of 0.082 s-I per active site which
et al. (1982):
k1, = 50.0 s-1,
ydride transfer
s-1 and 50 s-1
tS, AF and AS,
e constants in
ndividual rate
al., 1977c). At
vhich gave the
.,data were:
0.8 s-' and
1977c); these
ins. The initial
opionaldehyde
lose used in the
k+5 was varied
nental data.
)roduced if k+5
f this constant
rnover experi-
the measured
tions of burst
f k+5 less than
-r the burst in
production of
4, no such lags

1.5r
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Fig. 4. Burst in NADH fluorescence at saturating concentrations
of propionaldehyde at pH 7.6

Enzyme (2.4,M) and NAD+ (2.7 mM) were mixed with
propionaldehyde (820 /LM) in 25 mM-phosphate buffer,
pH 7.6, at 25 'C. The concentration of propionaldehyde
was sufficient to saturate the active site, but not high
enough to cause activation of the steady-state rate. The
data were fitted as described in the Experimental section,
and the regenerated fluorescence curve is superimposed on
the experimental data. Ihe sweep time was 10 s and the
voltage setting was 2 V (9.78 4tM-NADH gave 1 V).
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we reported previously (MacGibbon et al., 1977a). The
kcat. value of 0.082 s-' per active site would, for Scheme
1 and the rate-constant values given above, require a k+5
value of about 0.15 s-1; this value is inconsistent with the
fact that no lag phase is seen after the burst in NADH
production, as discussed above.

In order to resolve this conflict, and to address the
questions raised by Dickinson (1985) about the correct
value of kcat, we repeated our measurements of kcat at
pH 7.6. A stock solution ofaldehyde dehydrogenase with
a tetramer concentration of 1 ,UM was prepared by
pre-dilution of a 50 gm solution in 25 mM-phosphate
buffer, pH 7.6. Dehydrogenase assays were carried out at
a low concentration of propionaldehyde (171 ,UM), with
different amounts of enzyme added to the cuvette. The
buffer, NAD+ and enzyme were thermally equilibrated at
25 °C before addition of the appropriate propionalde-
hyde solution. Similar assays were carried out at higher
enzyme concentrations by omitting pre-dilution of the
enzyme.

300 r-

0

01> -- 10 °
E a/
E
x 0

O 0.1

200 -

c

8

E
'CE
x

100t-

x
0

0 1.0 2.0
[ALDH] (Mm active sites)

Fig. 5. Plot of V.... versus [EI at low concentrations of
propionaldehyde at pH 7.6

Buffer (pH 7.6, 25 mM-phosphate), NAD+ (1 mM) and
various amounts of enzyme (0) prediluted 1: 50 in
25 mM-phosphate buffer, pH 7.6, were thermally equili-
brated at 25 °C before addition of propionaldehyde
(171 uM). The steady-state production of NADH was
monitored by absorbance on an Aminco DW-2A
sr,ectrophotometer. For undiluted enzyme (0) the pro-
pionaldehyde was added within 30 s of the enzyme sample.
The point X was obtained by pre-diluting the enzyme 1: 50
with an NAD+ (1 mM)/buffer solution. The 'enzyme
concentration ([ALDH], in /M active sites) was calculated
by assuming keat. = 0.082 s-I per active site (MacGibbon
et al., 1977a) for the pre-diluted samples from the insert,
which shows the data points corresponding to dilutions
originally used by MacGibbon et al. (1977a).

The Vmax values for lower enzyme concentrations
(with pre-dilution) did not show the same dependence on
enzyme concentration as those at higher enzyme
concentrations (Fig. 5). Although a linear plot was
obtained in each case, the pre-diluted samples gave a
slope (corresponding to the kcat. value) approximately
half that obtained for the higher concentrations. The
lower concentrations correspond to the enzyme concen-
trations used by MacGibbon et al. (1977a) in their
original determination of kcat. (0.082 s-I per active site)
by fluorescence measurements. From the slope of
the plot at low concentrations of enzyme (Fig. 5), an
active-site concentration of 160 /M was obtained for
this enzyme sample. This corresponds to three active
sites per tetramer, which ranks among the most active
preparations obtained. A change of slope was also
observed at 17 mM-propionaldehyde, where substrate
activation occurs, and a similar active-site concentra-
tion was obtained by using the appropriate value of
kcat.,
The keat value for the enzyme samples which were not

prediluted was 0.16 s-1 per active site at low propion-
aldehyde concentrations (171 /SM). This is in good
agreement with the value determined above by simulating
Scheme 1 under these conditions.
The reason for the difference between pre-diluted and

stock enzyme samples is not known, but it is clearly
related to time. When rates were measured for assays
which contained the same total amount of enzyme
delivered from the pre-diluted enzyme (which had stood
for some time) on the one hand and the stock enzyme
on the other, higher rates (Fig. 5, 0.5/,M) were obtained
for the stock enzyme sample. When the enzyme sample
was pre-diluted in a solution of NAD+ (1 mM) in 25 mm
buffer, pH 7.6, the rate obtained was consistent with
those for samples pre-diluted in buffer alone (Fig. 5).
Thus NAD+ did not protect against the dilution-time
effect. There was no significant decline in the steady-state
rate over 100 s for the assays carried out with stock
enzyme for either low or high concentrations of
propionaldehyde. This indicates that either the time scale
for the dilution effect is much longer than 100 s, or
propionaldehyde, in the presence ofNAD+, stabilizes the
enzyme against the effects of dilution.
The most obvious explanation for the values obtained

on prediluted enzyme samples is that the enzyme is
inactivated by approx. 50% by this treatment. Since this
dilution/time phenomenon was not previously recog-
nized, the reported keat. values obtained by dividing the
maximum velocities determined on pre-diluted enzyme
samples by the active-site concentration determined at
higher enzyme concentrations (1-2 gM active sites) by
using NADH titration (MacGibbon et al., 1979) are too
low. If enzyme concentrations are determined by
fluorescence (or sensitive absorbance) measurements by
using the keat. values reported by MacGibbon et al.
(1977a) for prediluted enzyme samples, the correct
active-site concentration will be obtained. However, use
of these values in assays employing more concentrated
enzyme samples which are not extensively prediluted
(Bennett et al., 1982; Motion, 1986, for example) will give
active-site concentrations which are twice their correct
values. Further work is clearly required to understand
this phenomenon completely, but it is important to
recognize its existence and use the kcat value appropriate
to the experiment under consideration.
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Mechanism for the oxidation of propionaldehyde at
pH 7.6
The near-identity of the experimental and simulated

kcat values (based on Scheme 1 and the rate constants
given above) strongly supports the suggestion that the
rate of the E NADH isomerization step completely
controls the steady-state rate of oxidation at pH 7.6.
According to Scheme 1, k,at must always be less than As
because of the reversibility of the slow isomerization step.
This is clearly the situation for the present data at pH 7.6,
since As (0.25 s-1) is significantly greater than the kcat.
value (0.16 s-' per active site) at low (100 pM) concen-
trations of propionaldehyde.
The analysis of the displacement and steady-state data

given by Dickinson (1985) must be questioned, even
though he reached conclusions about the mechanism of
this reaction similar to those reported in the present
paper. The slow decay constant for NADH dissociation
from the enzyme at pH 7.0 has been shown in the present
work to be 0.25 s-I (as at pH 7.6), rather than 0.4 s-1 as
reported by Dickinson (1985), and hence is less than the
kcat value inadvertently referred to by Dickinson (1985)
as Vmax., with a value of 0.4 s-1. Such a high value for
kcat is clearly inconsistent with Scheme 1, and most
likely arises because the kcat value is reported on the
basis of the tetramer (or protein) concentration. (If the
number of active sites were two per tetramer, kcat. would
become 0.2 s-I and the inconsistency would disappear.)
The rate of isomerization of the binary E*NADH
complexes is therefore probably the rate-limiting step in
the steady-state phase of the reaction at both pH values.

It has been argued that the rate-limiting step in the
pre-steady-state phase of the reaction (Bennett et al.,
1982) is a conformational change in the ternary
enzyme NAD+ *aldehyde complex at saturating concen-
trations of aldehyde. This conclusion is based on a large
number of experimental results, which must all be taken
into consideration when the overall reaction mechanism
is being discussed. In particular, any mechanism
describing the pre-steady-state phase ofthe reaction must
account for: the hyperbolic concentration-dependence of
the burst rate constants on aldehyde concentration
(MacGibbon et al., 1977b; Eckfeldt & Yonetani, 1976;
Bennett et al., 1982); the lack of an isotope effect on the
burst rate constant for the production of NADH
monitored by absorbance (Eckfeldt & Yonetani, 1976)
and fluorescence (MacGibbon et al., 1977b) at saturating
aldehyde concentrations; the lack of an isotope effect on
the proton burst (Bennett et al., 1982); the uncoupling of
the proton and NADH-fluorescence bursts for 4-
nitrobenzaldehyde (Bennett et al., 1982), for which
hydride transfer is probably rate-limiting (MacGibbon
et al., 1977b); and the identity of the rate constants for the
NADH burst in absorbance, protein fluorescence and
nucleotide fluorescence for propionaldehyde (MacGib-
bon et al., 1977b) and the absorbance and nucleotide-
fluorescence bursts for acetaldehyde (Eckfeldt &
Yonetani, 1976; MacGibbon et al., 1977b), all at
saturating aldehyde concentrations. The mechanism
shown in Scheme 1 successfully accommodates all of
these results. However, Dickinson & Haywood (1986)
have suggested that the observable transient in NADH
fluorescence represents acyl-enzyme hydrolysis for pro-
pionaldehyde, even though such a suggestion is untenable

in the light of the data reported above. Furthermore the
results of a pH study of the burst (Motion, 1986) at
saturating concentrations of propionaldehyde are quite
inconsistent with the proposal, since at pH 5.0, when
acyl-enzyme hydrolysis is slow and rate-limiting in the
steady state, a fluorescence burst is still observed. The
processes controlling the burst must theretore occur
before acyl-enzyme hydrolysis, as indicated by the data
leading to Scheme 1.
The reasons for the differences in the absorbance and

fluorescence bursts and the order of mixing effects
reported by Hart & Dickinson (1982) and Dickinson &
Haywood (1986) are not clear, but they cannot easily be
accounted for by Scheme 1. It is noteworthy, however,
that these data were all obtained under non-saturating
conditions with respect to propionaldehyde. The pro-
pionaldehyde concentration required for half-saturation
of the burst is 50/uM (MacGibbon et al., 1977b);
therefore burst data reported at 40-50 4uM concentrations
of propionaldehyde (Dickinson, 1985; Dickinson &
Haywood, 1986) cannot be considered maximum burst
rate constants.

Thus, in summary this model (Scheme 1) explains a
wide range of kinetic data for a variety of experiments at
concentrations of propionaldehyde which bind only at
the active site, and can be regarded as a valid
representation of the reaction mechanism for the
catalytic pathway of aldehyde dehydrogenase.

We thank Dr. T. M. Kitson for a helpful suggestion.
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