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Reaction of 4-trans-(N,N-Dimethylamino)cinnamaldehyde with the Liver 
Alcohol Dehydrogenase-Oxidized Nicotinamide Adenine Dinucleotide 
Complex+ 

Knut H. Dahlt and Michael F. Dunn* 

ABSTRACT: Evidence that horse liver alcohol dehydrogenase 
forms a ternary complex with 4-trans-(N,N-dimethy1- 
amin0)cinnamaldehyde (DACA) and oxidized nicotinamide 
adenine dinucleotide (NAD+) is presented. Formation of the 
complex is characterized by a 97-nm red shift of the free 
chromophore to 495 nm - 6.0 X lo4 M-' cm-I). This 
shift is larger than the 66-nm red shift of the E(NADH,- 
DACA) complex (Arnx = 464 nm) previously reported by 
Dunn and Hutchison [Dunn, M. F., & Hutchison, J. S. (1973) 
Biochemistry 12, 4882-48921. The large red shift of the 
E(NAD+,DACA) complex is due to the combined effects of 
coordination of the carbonyl oxygen of DACA to the active-site 

I n  studies of the catalytic mechanism for horse liver alcohol 
dehydrogenase (EC 1 . 1 . 1 ,  l ) ,  the chromophoric substrate 4- 
trans-(N,N-dimethy1amino)cinnamaldehyde (DACA)' has 
been found to be a sensitive probe of individual steps in ca- 
talysis (Dunn & Hutchison, 1973; Dunn et al., 1975, 1982; 
Angelis et al., 1977; Dietrich et al., 1979; Morris et al., 1980). 
The reduction of this aldehyde is characterized by formation 
and decay of an intermediate E(NADH,DACA) complex 
where the T,P* electronic transition of the aldehyde chro- 
mophore (A, = 398 nm) is red shifted 66 nm upon complex 
formation. Studies have shown that the intermediate has a 
structure involving inner-sphere coordination of the carbonyl 
oxygen of DACA to the active-site zinc ion, an interaction 
which activates DACA for hydride attack. This mode of 
DACA binding has recently been confirmed by determination 
of the crystal structure of the complex where NADH is re- 
placed by the nonfunctional tetrahydro analogue HzNADH 
(Cedergren-Zepperzauer et al., 1982). The oxime of DACA 
(the 2 isomer) has recently been shown to be a sensitive probe 
for investigation of LADH(NAD+) complexes (Sigman et al., 
1982; Abdallah et al., 1984). 

DACA has also been used with success in mechanistic 
studies of the cytoplasmic aldehyde dehydrogenase from sheep 
liver (Buckley & Dunn, 1982). These studies showed the rapid 
formation and slower decay of a transient intermediate with 
A,, = 463 nrn in the NAD+-dependent oxidation. This in- 
termediate was found to be an acyl-enzyme species tentatively 
identified as the cysteine thio ester. 

It has long been known that liver alcohol dehydrogenase 
possesses aldehyde dehydrogenase activity (eq 1). This activity 
was first demonstrated as an aldehyde mutase reaction (eq 2). 
In the presence of catalytic amounts of NAD+, the overall 
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zinc ion and to the close proximity of the positively charged 
nicotinamide ring of NAD'. The stability of this complex is 
pH dependent and depends on a single apparent ionization with 
pK, = 7.6 f 0.3. The pH-independent dissociation constant 
for binding of DACA to E(NAD+) is 23 f 6 pM. The 
stoichiometry of DACA binding to the E(NAD') complex is 
shown to be one per active site (two per enzyme molecule). 
Liver alcohol dehydrogenase is also shown to catalyze the 
NAD+-mediated oxidation of DACA to the corresponding 
carboxylic acid with a very slow turnover rate. The possibility 
that the observed E(NAD+,DACA) complex is an interme- 
diate in the enzyme-catalyzed oxidation of DACA is discussed. 

stoichiometry corresponds to the formation of 1 mol each of 
acid and alcohol from 2 mol of aldehyde (Kendal & Rama- 
nathan, 1952; Abeles & Lee, 1960; Dalziel & Dickinson, 
1965). More recently, the aldehyde dehydrogenase reaction 
(eq 1 )  has been studied sperately by Hinson & Neal (1972) 
and by Tsai & Sher (1980). The recent proposal that oxi- 
dation of histidinol to histidine represents one of the physio- 
logical functions of this enzyme (Dutler & Ambar, 1983) has 
increased interest in the aldehyde dehydrogenase activity of 
LADH. 

In the original investigation of the reaction of DACA with 
binary LADH-coenzyme complexes, it was reported that no 
significant amount of E(NAD+,DACA) ternary complex was 
formed at pH 9.5 (Dunn & Hutchison, 1973). More recently, 
Andersson et al. (1983) have reported that DACA binds both 
to the enzyme-NAD' binary complex and to the coenzyme- 
free enzyme; however, they concluded that binding does not 
involve the direct coordination of DACA to the active-site zinc. 
In contradiction to these two studies, herein we report (1) 
evidence for the formation of an E(NAD+,DACA) complex 
in which the carbonyl oxygen of DACA is directly coordinated 
to the active-site zinc and (2) that LADH catalyzes the ox- 
idation of DACA by NAD' to the corresponding acid at a very 

Abbreviations: LADH, horse liver alcohol dehydrogenase; LDH, 
rabbit muscle lactate dehydrogenase; NAD+ and NADH, oxidized and 
reduced nicotinamide adenine dinucleotide, respectively; H,NADH, 
1,4,5,6-tetrahydronicotinamide adenine dinucleotide; ADPR, adenine 
diphosphoribosyl; E(NAD-pyrazole), enzyme-bound adduct of NAD* 

. and pyrazole; DACA, 4-trans-(N,N-dimethylamino)cinnamaldehyde; 
DACA acid, 4-trans-(N,N-dimethylamino)cinnamic acid; TES, N- 
[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; MES, 2-(N- 
morpho1ino)ethanesulfonic acid. 
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slow rate. We also investigate the relationship of the E- 
(NAD+,DACA) ternary complex to the LADH-catalyzed 
oxidation of DACA. 

Experimental Procedures 
Materials. Buffer solutions were prepared from the crys- 

talline, free acids with doubly glass-distilled water and NaOH. 
This kept the buffers free of anions which inhibit coenzyme 
binding (Dah1 & McKinley-McKee, 1980; OldEn & Petters- 
son, 1982; Dietrich et al., 1983). LADH was obtained from 
Boehringer Mannheim and was assayed as described previously 
(Dalziel, 1957). Prior to use, LADH was first dialyzed ex- 
tensively against phosphate buffer, pH 7.0, and then freed from 
phosphate by dialysis against two changes of 25 mM TES/ 
Na+ buffer, pH 7.0. LDH was also obtained from Boehringer 
Mannheim and used without further purification. The co- 
enzymes NAD+ and NADH were purchased from Sigma 
Chemical Co. as grade 111. DACA, pyrazole, and isobutyr- 
amide were obtained from Aldrich. DACA and pyrazole were 
-purified by vacuum sublimation while isobutyramide was re- 
crystallized from water. 

Methods. Static UV-visible spectra were obtained by using 
a Hewlett Packard 8450A spectrophotometer equipped with 
cuvette holders thermostated at 25 OC. Single-wavelength 
transient kinetic studies were performed with a Durrum Model 
D- 1 10 stopped-flow spectrophotometer interfaced for on-line 
computer data acquisition and analysis as described previously 
(Dunn et al., 1979). Rapid-scanning stopped-flow (RSSF) 
spectrophotometry was carried out on a hybrid instrument 
consisting of a Durrum Model D-1 10 Kel-F flow system and 
a Princeton Applied Research (PAR) OMA-2 multichannel 
analyzer as described elsewhere (Koerber & Dunn, 1981; 
Koerber et al., 1983). 

Results 
Spectral Properties of the E(NAD',DACA) Complex. 

When LADH, NAD+, and DACA are mixed at pH 7.0, the 
formation of an E(NAD+,DACA) complex is evidenced by 
the appearance of a new spectral band with a maximum at 
495 nm (Figure 1). The absorption of the free chromophore 
(A,,, = 398 nm, e398 = 3.10 X lo4 M-' cm-' ) is red shifted 
to 495 nm on binding of DACA to the E(NAD+) complex. 
The extinction coefficient for this complex is estimated to be 
e495 = 6.0 X lo4 M-' cm-'. This red shift (97 nm) is greater 
than the corresponding red shift which accompanies formation 
of the E(NADH,DACA) complex (66 nm) (Dunn & Hut- 
chison, 1973). From spectrum b in Figure 1, it is clear that 
under these experimental conditions, saturation is not achieved, 
indicating that DACA has a lower affinity for E(NAD+) than 
for E(NADH). 

The addition of pyrazole to the E(NAD+,DACA) complex 
(spectrum c, Figure 1) causes the disappearance of the 495-nm 
band and the reappearance of the spectrum of free DACA.2 
When the same experiment was repeated, but with the addition 
of pyrazole immediately following the addition of DACA, free 
DACA was quantitatively regained. This experiment shows 

* Under the conditions of Figure 1 ,  free DACA is not quantitatively 
regained for two reasons: ( 1 )  During the elapsed time between the 
mixing of DACA with the E(NAD+) complex and the addition of py- 
razole, significant amounts of E(NADH) form via the oxidation of 
contaminating alcohol (viz., Figure 2 and eq 3). The E(NADH) thus 
formed binds and slowly reduces DACA (eq 4). Hence, the LDH and 
pyruvate present compete with DACA for the NADH produced. (2) The 
DACA bound to the E(NAD+) complex slowly undergoes oxidation to 
the corresponding acid. 
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FIGURE 1: Spectra and the difference spectrum measured for the 
reaction of DACA with E(NAD+). (A) (a) Free DACA; (b) mixture 
of free DACA and E(NAD+,DACA); (c) spectrum after addition 
of pyrazole. (B) Difference spectrum of (b) - (a). The spectra were 
recorded as follows. The sample cuvette was a split cuvette with light 
path 2 X 0.438 CQ. It contained in both compartments 100 pN 
LADH, 0.1 mg/mL LDH, and 13 mM pyruvate in 0.05 M TES/Na+, 
pH 7.0. In addition, compartment 1 contained 2 mM NAD+. After 
the spectrophotometer was balanced against a cuvette with water and 
the base line was recorded (d), 2 pL of DACA (final concentration 
9.4 pM) was added to compartment 2, and spectrum a, which is the 
spectrum of free DACA, was recorded. Mixing compartments 1 and 
2 gave spectrum b after 20 min. Adding 10 pL of pyrazole (final 
concentration 3.3 mM) gave spectrum c. All concentrations correspond 
to those after mixing. 

that the addition of pyrazole quantitatively displaces DACA 
from the E(NAD+,DACA) complex, presumably via the rapid 
and reversible formation of an E(NAD+,pyrazole) complex 
which preceedes the quasi-irreversible formation of the E- 
(NAD-pyrazole) adduct (Theorell & Yonetani, 1963; Eklund 
et al., 1982). 

Attempts to follow the formation of the 495-nm species in 
the rapid-scanning stopped-flow system showed that the for- 
mation of this species is complete during the - 10-ms interval 
prior to acquisition of the first spectrum (Figure 2, spectrum 
1). However, these time-resolved spectra and difference 
spectra show that in the 460-470-nm region the absorbance 
undergoes a slow increase followed by a slower decrease 
(Figure 2A, traces 1-18). The difference spectra (Figure 2B) 
with A,,, = 470 nm and Xmin = 390 nm are very similar to 
the difference between the spectrum of DACA bound as the 
E(NADH,DACA) complex and the spectrum of free DACA, 
indicating that the increase in absorbance is due to the for- 
mation of small amounts of the E(NADH,DACA) complex 
(A,,, = 464 nm). The origin of this bound NADH is con- 
sidered to be due to traces of an alcohol impurity which; in 
the presence of excess NAD', is oxidized (eq 3), and the 
resulting E(NADH) complex then binds DACA (eq 4). On 

E(NAD+) + RCH,OH(contaminant) + 
E(NADH) + H+ (3) 

E(NADH) + DACA * E(NADH,DACA) (4) 

a longer time scale, the NAD+-regenerating system, consisting 
of the LDH and pyruvate present in the reaction mixture, 
reoxidizes the NADH thus formed, thereby accounting for the 
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FIGURE 2: Rapid-scanning stopped-flow spectra (A), difference spectra 
(B), and the single-wavelength time course at 464 nm (inset to panel 
A) for the reaction of the E(NAD+) complex with DACA. (A) The 
scan acquisition time was 8.605 ms/scan with delays introduced 
between scam to give the pattern of scam indicated in the inset. (Note 
that two time scales are shown, 0-28 s and 0-282 s.) Collection of 
the first scan was initiated approximately 10 ms after flow stopped. 
The conditions after mixing were the following: syringe A, 30 pN 
LADH and 1.0 mM NAD+; syringe B, 20 pM DACA. Both syringes 
contained 0.05 M TFS/Na+, pH 7.0,O.l mg/mL LDH, and 1 .O mM 
pyruvate. (B) The family of time-resolved difference spectra were 
calculated from the data in (A) by subtracting spectra 1-4 and 6-18 
from spectrum 4 and are numbered in chronological order. 

slower decrease in absorption in the 460-470-nm region (viz., 
the inset to Figure 2A). 

The identification of this transient -470-nm band as the 
E(NADH-,DACA) complex was verified by two additional 
experiments: (a) The,mixing of E(NAD+) vs. DACA (Figure 
2) was repeated in the rapid-scanning stopped-flow instrument 
in the presence of 10 mM isobutyramide (data not shown). 
Here the rapid formation of the 495-nm species was observed, 
but no changes in the 460-nm region (such as those seen in 
Figure 2) were detected. Under the conditions used (10 mM 
isobutyramide), formation of the E(NADH,isobutyramide) 
complex would be rapid and thermodynamically favored; 
hence, any E(NADH) formed would immediately be trapped 
as E(NADH,isobutyramide), thus preventing the appearance 
of the 464-nm-absorbing E(NADH,DACA) species. (b) 
When 50 pM E, 2 mM NAD', and 10 pM DACA are mixed 
with 10 mM pyrazole, in either the rapid-scanning or the 
single-wavelength stopped-flow instrument (data not shown), 
the rapid disappearance of the E(NAD+,DACA) spectral band 
around 500 nm was followed by the slower decay of a spectral 
band absorbing in the 460-nm region. These observations 
confirm the presence of trace amounts of the E(NADH,- 
DACA) complex (A,,, = 464 nm) formed upon incubation 
of the enzyme with NAD' and DACA. Pyrazole displaces 
DACA from the E(NAD+,DACA) complex within the mixing 
dead time, while DACA bound to E(NADH,DACA) is re- 
duced and the resulting.E(NAD+) is trapped as the E(NAD- 
pyrazole) adduct (Morris et al., 1980; Dunn et al., 1982). The 
observed decay rate for this 460-nm species of 1.5 at pH 

' 
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FIGURE 3: (A) Formation of the E(NAD+,DACA) complex as a 
function of the DACA concentration at different pH values. The 
measurements were made 100 ms after the components were rapidly 
mixed in a stopped-flow instrument. Conditions were the following: 
syringe A, 5 pN LADH in 0.05 M buffer; syringe B, varied con- 
centration of DACA and 2.0 mM NAD+. The absorbance was read 
at 500 nm after the flow stopped, and the absorbance values have 
been correct4 for the absorption of free DACA. Buffers were the 
following: pH 5.05 and 5.95, MES/Na+; pH 7.00 and 7.90, TES/Na+; 
pH 8.54 and 8.78, pyrophosphate/Na*. At the different pH values, 
an apparent dissociation constant for the binding of DACA to E- 
(NAD'), KIa&ACA, was calculted by using nonlinear regression. (B) 
pH dependence of Pa,DACA. The solid line is the theoretical curve 
obtained by fitting the data to a single ionization (pK, = 7.6 & 0.3). 

7.0 is in good agreement with the rate expected for the re- 
duction of DACA (Morris et al., 1980). 

Using a single-wavelength instrument (dead time - 3 ms), 
attempts were made to follow the kinetic time course for 
formation of the E(NAD+,DACA) complex; however, this 
process was found to be too fast to measure with rapid-mixing 
stopped-flow methods. The rate of DACA dissociation from 
the ternary complex also was found to be too fast to measure 
in the stopped-flow apparatus. Upon mixing of the E- 
(NAD+,DACA) complex with 5 mM pyrazole, displacement 
of DACA (as measured by the apperance of the 398-nm 
spectral band) was essentially complete in the mixing dead 
time. 

When 5 pN E(NAD+,DACA) complex and excitation 
wavelengths of either 330 or 500 nm were used, no significant 
fluorescence was detected at wavelengths 1700 nm. 

Stability of the E(NAD+,DACA) Complex. Due to the 
complications resulting from formation of the E(NADH,- 
DACA) complex via traces of oxidizable contaminants, the 
single-wavelength rapid-mixing stopped-flow technique was 
used to follow the appearance of the E(NAD+,DACA) com- 
plex. By varying the concentration of DACA and by working 
on a time scale where E(NADH,DACA) complex formation 
is negligible (i.e., 100 ms), we determined the binding iso- 
therms from the amplitude of the absorbance changes at 500 
nm. The isotherms (Figure 3A) were found to be adequately 
fit with the assumption of a single class of noninteracting sites. 
Using this approach, the dependence of the apparent disso- 
ciation constant, K82J,DACA, on the pH was investigated. Figure 
3A shows that the binding of DACA to E(NAD+) is subject 
to a noncooperative saturation effect and that the affinity 
depends on the pH. In Figure 3B, the apparent dissociation 
constants calculated from the data in Figure 3A are plotted 
against pH. Assuming a single ionization of the E(NAD+) 
complex, and assuming that DACA binds only to the pro- 
tonated form, the data have been fitted by nonlinear regression 
to 

K%,DACA = KEO,DACA(~ + K J [ H + I )  (5) 
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FIGURE 4: Stoichiometry of DACA binding to the E(NAD+) complex 
determined by the method of continuous variation (Job, 1928). The 
measurements were carried out by rapid mixing in a stopped-flow 
spectrophotometer. The conditions were the following: syrin e A, 

DACA. The concentrations of DACA and LADH were such that 
throughout the experiment, the sum [LADH] + [DACA] was always 
30 pM, with the concentration of enzyme expressed as active sites. 
All concentrations given correspond to those after mixing. The ab- 
sorbance at 500 nm was read immediately after the flow stopped. 
According to theory (Job, 1928), the curve should be symmetrical 
and the tangents should intersect at an abscissa value of 0.5 in order 
to confirm a binding stoichiometry ratio of 1:l (i.e., one per enzyme 
active site). 

LADH in 0.05 M TES/Na+, pH 7.0; syringe B, 2.0 mM NAD 0 and 

KBZJ,pAcA and KEO,DACA are the pH-dependent and pH-inde- 
pendent dissociation constants, respectively, for DACA binding 
to E(NAD+), and K, is the apparent ionization constant of 
the ionizing group within the E(NAD+) complex. This gave 
Km,DACA = 23 f 6 p M  and pK, = 7.6 f 0.3. In RSSF studies 
(data not shown), it was found that the spectrum of the E- 
(NAD+,DACA) complex is independent of pH over the pH 
range amenable to study (pH 6-8.5).  

Stoichiometry of DACA Binding to E(NAD+). The stoi- 
chiometry of DACA binding to E(NAD+) was determined 
according to the method of continuous variation (Job, 1928). 
The data plotted in Figure 4 show that one molecule of DACA 
is bound per active site (Le., two per enzyme molecule). 

Catalytic Conversion of DACA to DACA Acid. Figure 5 
provides evidence that LADH catalyzes the oxidation of 
DACA by NAD+ to the corresponding acid at a very slow rate. 
When DACA is added to E(NAD+), the absorbance of the 
rapidly formed E(NAD+,DACA) complex (A,,, = 495 nm) 
and the absorbance due to free DACA slowly disappear, and 
a new species with A,,, = 323 nm slowly appears. When the 
final spectrum in Figure 5 ( t  = 120 h) is compared with that 
of free DACA acid, it is clear that LADH has converted all 
of the DACA initially present to the DACA acid. That the 
conversion is essentially quantitative is clear from the absor- 
bance changes in the reaction (Le., DACA €398 = 3.10 X lo4 
M-' cm-' and DACA acid €323 = 1.9 X lo4 M-' cm-'; Buckley 
& Dunn, 1982). Since the reaction mixture also contains an 
NAD+-regenerating system (LDH and pyruvate), the NADH 
formed in the oxidation of DACA does not accumulate. 
Consequently, NADH makes no detectable contribution to the 
absorbance changes in the 300-350-nm region. The spectrum 
of the final product in Figure 5 is also very different from the 
alcohol formed by reduction of DACA (with A,,, = 280 nm; 
Dunn & Hutchison, 1973). When the same experiment was 
performed with other enzyme concentrations (10 and 40 pN, 
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FIGURE 5 :  Time-resolved spectra for the LADH-catalyzed oxidation 
of DACA by NAD'. The sample cuvette contained 20 rN  LADH, 
2.0 pM NAD', 0.025 mg/mL LDH, and 2.0 mM pyruvate in 0.05 
M TES/Na+, pH 7.0. The sample cuvette was balanced against a 
reference cuvette containing water. The reaction was then started 
by adding 5 pL of DACA, giving a concentration of 30 pM in a total 
volume of 2 mL. Spectra were then measured with the following time 
intervals (hours): 0.1 (a), 0.5 (b), 3.2 (c), 5.8 (d), 9.3 (e), 21.8 ( f ) ,  
27.3 (g), and 120 (h). The spectrum of 30 pM 4-trans-(N,N-di- 
methy1amino)cinnamic acid (- - -) is shown for comparison. 

data not shown), the rate of DACA oxidation was found to 
be proportional to the concentration of enzyme sites. Nev- 
ertheless, the oxidation of DACA is very slow, and from the 
time course in Figure 5, VIE, is estimated to be 1.7 X 
m i d . .  

Since the DACA oxidating activity of LADH is so low, the 
possibility that this activity is due to some other enzyme present 
in trace amounts was tested as follows: (1) LADH treated 
with iodoacetic acid (which is known to specifically alkylate 
Cys-46 and to greatly reduce the alcohol dehydrogenase ac- 
tivity) was found to be unable to catalyze the oxidation of 
DACA. (2) Formation of the E(NAD-pyrazole) adduct, a 
reaction which is highly specific for liver alcohol de- 
hydrogenase, was found to strongly inhibit the oxiddation of 
DACA. Consequently, it is likely that this activity is an 
intrinsic property of native LADH. 

Discussion 

Nature and Identity of the E(NAD+,DACA) Complex. The 
data presented in Figures 1 and 2 demonstrate that an E- 
(NAD+,DACA) complex is formed. Our objective has been 
to study the nature of this complex and its possible role in the 
catalytic oxidation of DACA. The complex (Figures 1 and 
2) is characterized by a large (97 nm) red shift in the spectrum 
of the DACA chromophore which is independent of pH. This 
red shift is quite characteristic and much larger than the red 
shift observed upon formation of the E(NADH,DACA) com- 
plex (66 nm). The identity of this complex is also proved by 
the addition of pyrazole which immediately bleaches the 
complex spectrum, while that of DACA is regained (eq 6 and 
7). Pyrazole is known to form a tight abortive E(NAD- 

E(NAD+,DACA) + E(NAD+) + DACA (6) 

E(NADf) + pyrazole - E(NAD-pyrazole) + H+ (7) 

pyrazole) adduct, and the addition of pyrazole has been used 
to limit the LADH-catalyzed reduction of aldehydes to a single 
turnover by trapping E(NAD+) as the pyrazole adduct 
(Theorell & Yonetani, 1963; McFarland & Bernard, 1972; 
Dunn et al., 1982). The very rapid bleaching effect of pyrazole 
agrees with the identification of the 495-nm species as the 
E(NAD+,DACA) complex. In contrast, the effect of pyrazole 
on the E(NADH,DACA) complex is to restrict the reduction 
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showing that the regulation of enzyme affinity for ligands has 
its origins in a binding specificity which is determined by the 
coenzyme oxidation state (Theorell & Bonnichsen, 1951; Dunn 
& Hutchison, 1973). Since KEO,DACA is strongly dependent 
on pH while KEkDACA is not, this specificity is pH dependent. 
At lower pH values where the difference between the disso- 
ciation constants is only about a factor of 4, the coenzyme 
oxidation state is not very selective for DACA, whereas at high 
pH DACA binds much more tightly to E(NADH) than to 
E(NAD+). 

In contrast to the behavior of the E(NADH,DACA) com- 
plex, the stability of the E(NAD+,DACA) complex is strongly 
pH dependent in the pH range 6-10. The affinity for DACA 
decreases with increasing pH according to the relationship 
given in eq 5 ,  implicating a group with a pK, = 7.6 f 0.3. The 
data presented in Figure 5 indicate that DACA binds only to 
the protonated form. Since the same pKa value has been 
observed for the combination of such substrate analogues as 
decanoate, trifluoroethanol, and pyrazole (Kvassman & 
Pettersson, 1980a,b; Andersson et al., 1981a,b), this pH de- 
pendence was expected. These substrate analogues also were 
found to combine mainly with the form of the E(NAD+) 
complex where the group with apparent pKa = 7.6 is proton- 
ated. This group has been proposed to be the zinobound HzO, 
and a pKa = 9.2 has been postulated for this group in the free 
enzyme, while pKa values of 7.6 and 11.2 have been postulated 
respectively for the E(NAD+) and the E(NADH) complexes 
(Shore et al., 1974; Andersson et al., 1981b). Since a group 
(or groups) with similar pKa properties is observed also in the 
enzyme species lacking the active-site metal (Dietrich et al., 
1983), the identification of the group (or groups) responsible 
for these apparent pKa values as the metal-bound water has 
been questioned. 

The pH dependence for the stability of the E(NAD+,- 
DACA) complex reported herein (Figure 3) contradicts the 
results recently reported by Andersson et al. (1983). They 
claim that the binding of both DACA and benzaldehyde to 
the E(NAD+) complex is unaffected by pH changes over the 
pH range 6-10. The reasons for these conflicting results 
appear to be due to a combination of factors. (1) It is clear 
that in their UV-visible absorbance studies, Andersson et al. 
either overlooked or were unable to detect the 495-nm-ab- 
sorbing E(NAD+,DACA) complex. (2) Their methods for 
measuring aldehyde binding, by displacement of Auramine 
0 or 2,2'-bipyridyl, are incapable of distinguishing between 
inner-sphere and outer-sphere coordinated complexes. (3) No 
special precautions were taken either to remove alcohol con- 
taminants or to recycle the NADH formed in the oxidation 
of such contaminants. Thus, it is possible that their equilibrium 
measurements are skewed, and perhaps even dominated, by 
the presence of enzyme-bound NADH. Indeed, the (pH-in- 
dependent) dissociation constants which they report for the 
E(NAD+,DACA) complex only differ from the values reported 
for the E(NADH,DACA) complex (Dunn & Hutchison, 
1973) by a factor of 2 or 3. The pH independence which they 
report is more consistent with the behavior of ternary com- 
plexes involving NADH. 

Bonding Implications of the 97-nm Red Shift. Spectro- 
scopic studies of DACA have shown that the absorption 
spectrum of this chromophoric molecule is critically dependent 
upon both the polarity of the solvent and the chemical nature 
of groups attached to the carbonyl oxygen (Angelis et al., 
1977). These studies established that DACA is a sensitive 
probe of the microenvironment and provided strong evidence 
in support of the previous conclusion (Dunn & Hutchison, 

of DACA to one turnover (eq 8-10); consequently, bleaching 

E(NADH,DACA) + E(NAD+,P) (8) 

(9) E(NAD+,P) + H+ + E(NAD',P)(H+) 
pyrawle 

E(NAD+,P)(H+) + E(NAD+) + PH - 
E(NAD-pyrazole) (1 0) 

is a much slower process and DACA is not regained (Morris 
et al., 1980; Dunn et al., 1982). (In eq 8-10, PH represents 
the alcohol formed by reduction of DACA.) 

In previous studies (Dunn & Hutchison, 1973; Dunn et al., 
1975, 1982; Morris et al., 1980), the formation of an E- 
(NAD+,DACA) complex has been overlooked. In the original 
work (Dunn & Hutchison, 1973), evidence for this complex 
was sought at pH 9.5 where, due to the weak binding of 
DACA, the complex is difficult to detect (viz., Figure 3). 
Nevertheless, the small change in Adrn reported on mixing 
DACA with E(NAD+) (Dunn & Hutchison, 1973) very likely 
was due to in part to E(NAD+,DACA) formation. 

In the recent work by Andersson et al. (1983), evidence was 
sought for the existence of E(NAD+,aldehyde) complexes 
involving DACA and other aldehydes. Although they conclude 
that E(NAD,aldehyde) complexes form, they failed to detect 
any red shift in the DACA spectrum. Since their studies 
spanned the pH range 6-10, it is not entirely clear to us why 
they failed to detect the 495-nm E(NAD+,DACA) complex. 
If significant levels of contaminating alcohol were present in 
their enzyme preparations, then their static UV-visible spectra 
very likely were dominated by the E(NADH,DACA) complex. 
Our discovery of the 495-nm-absorbing E(NAD+,DACA) 
complex was facilitated by investigation of the system via 
rapid-scanning UV-visible spectroscopy (viz., Figure 2). 

Using a rapid-mixing stopped-flow spectrophotometer, the 
formation of E(NAD+,DACA) at pH 7.0 is too fast to be 
measured. The process appears to be at least as fast as the 
formation of the E(NADH,DACA) complex, which by T- 
jump studies has been measured to be about 4 X lo7 M-' s-l 
(Dunn & Hutchison, 1973). 

The above observations agree with a mechanism for sub- 
strate binding to the LADH-coenzyme complex which involves 
displacement of a water molecule from the fourth ligand 
position of the active-site zinc ion, in the case of both the 
reduced and the oxidized coenzymes. Since the rate of for- 
mation of the E(NADH,DACA) complex is unaffected by 
substitution ofCoZ+, NiZ+, or Cd2+ for Zn2+ at the active site, 
it appears that the rate of complex formation is limited either 
by diffusion or by the formation of a pentacoordinate inter- 
mediate. The second-order rate constant is similar in mag- 
nitude to the apparent second-order rate constants determined 
for the substitution of ligands for inner-sphere-coordinated 
water in the aquated zinc ion (Wilkens & Eigen, 1964). Since 
koff = KEO,DACAkon and with the assumption of an association 
rate constant of -4 X lo7 M-' s-*, the rate of dissociation of 
DACA from the E(NAD+,DACA) complex (koff) can then 
be estimated to be - lo00 s-l. This value is in agreement with 
the finding that DACA dissociation is too fast to be measured 
by stopped-flow methods. 

DACA is seen to bind to the E(NAD+) complex with a 
stoichiometry of 1 per subunit (Figure 4) to a single class of 
sites which appear to be identical and independent. The pH- 
independent dissociation constant KE0,DACA was found to be 
23 f 6 pM (Figure 3). Previously, KER,DACA was found to be 
4.0 pM (using a similar method) or 7.0 pM (calculated from 
kinetic measurements) (Dunn & Hutchison, 1973). The 
relative magnitudes of these constants confirm previous studies 
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1973) that DACA in the E(NADH,DACA) complex is bound 
to the active-site zinc ion via inner-sphere coordination of the 
carbonyl oxygen. Later it was found that the magnitude of 
the red shift upon formation of the E(NADH,DACA) complex 
depends upon the Lewis acid strength of the metal ion sub- 
stituted in the active site (Dunn et al., 1982). When Zn2+ was 
substituted with other metals, the following A, values were 
observed: 478 nm (Cd+), 475 nm (Ni2+), and 457 nm (Cd2+). 

It is unlikely that the 97-nm (pH-indendent) red shift could 
be brought about without coordination of the carbonyl oxygen 
of DACA to a Lewis acid. Therefore, it seems certain that 
in the E(NAD+,DACA) complex the carbonyl oxygen of 
DACA also is bound to the active-site metal via inner-sphere 
coordination. The finding that the A,,, for DACA is more 
red shifted (by 3 1 nm) in the E(NAD+,DACA) complex than 
in the E(NADH,DACA) complex has important implications. 
The greater red shift must be due primarily to the additional 
positive charge within the site which resides on the nicotin- 
amide ring of NAD'. The long-wavelength spectral band of 
the DACA chromophore arises from a U,T* transition where 
(relative to the ground state) the excited state carries a lower 
electron density on the amino group and a higher electron 
density on the carbonyl oxygen (Scheme I). Accordingly, this 
spectral band will be red shifted by interaction with charges 
and dipoles which stabilize the electron distribution of the 
excited state (relative to the ground state). In the E- 
(NAD+,DACA) complex, the excited form thus is stabilized 
not only by coordination to the active-site metal but also by 
the close proximity of the positively charged nicotinamide ring 
of NAD'. 

Catalytic Conversion of DACA to the Corresponding Acid. 
The experiments described in Figure 5 provide direct spec- 
trophotometric evidence for the LADH-catalyzed oxidation 
of DACA by NAD'. When the final spectrum is compared 
with that of the free DACA acid, the identity of the final 
product as the DACA acid is clear. 

The rate of DACA oxidation is very slow. It is much slower 
than the rate reported for oxidation of octanal and even slower 
than that reported for acetaldehyde (Hinson & Neal, 1972). 
The rapid rate of formation of the E(NAD+,DACA) complex 

relative to the rate of DACA oxidation ensures that the com- 
plex is kinetically competent to be an intermediate in the 
catalytic oxidation of DACA but does not demand that the 
complex is on the reaction path. 

Catalytic Mechanism. In previous studies of aldehyde ox- 
idation with LADH, several catalytic mechanisms for the 
oxidation of alcohol or aldehyde to the corresponding acid have 
been put forward. Kendal & Ramanathan (1952) and later 
Abeles & Lee (1960) proposed that the true substrate for 
LADH in the dismutase reaction is the hydrated form of the 
aldehyde. The hydrate has a structural resemblance to the 
alcohol, and oxidation of the hydrate would be a chemically 
reasonable pathway, whereas the direct oxidation of an al- 
dehyde carbonyl is energetically difficult. However, Tsai & 
Sher (1980) concluded that hydrate structures are not essential 
intermediates for the oxidation of higher homologous aldeh- 
ydes. 

Recently, Dutler & Ambar (1983) proposed a mechanism 
for the LADH-catalyzed oxidation of histidinol fo histidine. 
According to their scheme, histidinol is oxidized to histidinal 
which then forms a thiohemiacetal with one of the active-site 
cysteines involved in the ligation of zinc. The resulting thio- 
hemiacetal is oxidized further to a cysteine thio ester which 
then is hydrolyzed in the final step. The present study provides 
no evidence for the involvement of a thiohemiacetal or a thio 
ester in the oxidation of DACA. Since conversion of the 
carbonyl carbon to an sp3 center is expected to blue shift the 
spectrum of the chromophore as much as 100 nm in com- 
parison to that of the free aldehyde, the 495-nm species could 
hardly be a thiohemiacetal. In the aldehyde dehydrogenase 
catalyzed oxidation of DACA by NAD', the putative thio 
ester intermediate absorbs at 463 nm (Buckley & Dunn, 1982); 
hence, a thio ester acyl-enzyme precursor of the DACA acid 
could possibly absorb at 495 nm. However, it is highly unlikely 
that the hydride transfer which. would precede thio ester 
formation could occur as fast as the observed rate of formation 
of the 495-nm species. It is even more unlikely that the ad- 
dition of pyrazole (viz., Figure 2) would cause a rapid reversal 
of thio ester formation. 

On the basis of the spectral data presented in Figures 1 and 
2, there is no doubt that the carbonyl of DACA is unhydrated 
in the E(NAD+,DACA) complex and that the spectral 
properties of the complex show the aldehyde carbonyl to be 
intact and coordinated directly to the active-site zinc. Due 
to the highly conjugated structure of DACA, only a very small 
fraction is hydrated in aqueous solution. Clearly, it is the 
unhydrated aldehyde which actually binds to the LADH- 
coenzyme complex. However, this by no means implies that 
the intact aldehyde carbonyl is directly oxidized. 

Indeed, the only chemically plausible mechanisms for al- 
dehyde oxidation involve the following steps (eq l l and 12): 
(1) An electron-rich tetrahedral species is formed (eq 11) via 
attack of a nucleophile (R'-X-). (2) Hydride transfer (i.e., 
transfer of the equivalent of H+ + 2e-) occurs from the tet- 
rahedral species to NAD+ (eq 12). (3) If the nucleophile 
(R'-X-) is a species other than H,O/OH-, then the resulting 
acyl intermediate must undergo hydrolysis to yield the acid 
product (eq 13). In this scheme, the carbocation-like tran- 
sition state for the hydride transfer step (eq 12) is stabilized 
by the electron-rich substituents (X and 0). The chemical 
and enzymological literature is replete with precedents for the 
mechanism outlined in eq 11-13. Therefore, we consider it 
likely that the LADH-catalyzed oxidation of DACA occurs 
via a similar pathway. If the E(NAD+,DACA) complex is 
on the reaction path, then it must be a species which precedes 
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the formation of the reactive tetrahedral adduct; coordination 
of the DACA carboxyl oxygen to zinc then functions to ac- 
tivate the carbonyl carbon for attack by the nucleophilic group 
X-. Consequently, the active-site zinc ion plays a Lewis acid 
catalytic role in this process, a role which is analogous to that 
played by zinc during aldehyde reduction (Dum & Hutchison, 
1973; Dunn et al., 1982). 

Registry No. DACA, 20432-35-3. 

References 

Abdallah, M. A., Biellmann, J.-F., Samama, J.-P., & Wrixon, 
A. D. (1976) Eur. J .  Biochem. 64, 351. 

Abdallah, M. A., Biellmann, J.-F., Cdergren-Zeppezauer, E., 
Gerber, M., Dietrich, H., Zeppezauer, M., Koerber, S. C., 
MacGibbon, A. K. H., & Dum, M. F. (1984) Biochemistry 

Abeles, R. H., & Lee, H. A. (1960) J .  Biol. Chem. 235, 

Andersson, P., Kvassman, J., Lindstrom, A., Oldbn, B., & 
Pettersson, G. (1981a) Eur. J .  Biochem. 113, 425-433. 

Andersson, P., Kvassman, J., Lindstrom, A., Oldbn, B., & 
Pettersson, G. (1981b) Eur. J .  Biochem. 114, 549-5.54. 

Andersson, P., Kvassman, J., Oldbn, B., & Petterson, G. 
(1983) Eur. J .  Biochem. 133, 651-655. 

Angelis, C. T., Dunn, M. F., Muchmore, D. C., & Wing, R. 
M. (1977) Biochemistry 16, 2922-2931. 

23, 1003-1015. 

1499-1 503. 

Buckley, P. D., & Dum, M. F. (1982) in Enzymology of 
Carbonyl Metabolism: Aldehyde Dehydrogenase and 
AldolKeto Reductase (Weiner, H., Ed.) pp 23-25, Alan 
R. Liss, Inc., New York. 

Cedergren-Zeppezauer, E., Samama, J.-P., & Eklund, H. 
(1982) Biochemistry 21, 4895-4908. 

Dahl, K. H., & McKinley-McKee, J. S .  (1980) Eur. J .  Bio- 
chem. 103, 47-51. 

Dalziel, K. (1957) Acta Chem. Scand. 11, 397-398. 
Dalziel, K., & Dickinson, F. M. (1965) Nature (London) 206, 

Dietrich, H., Maret, W., Wallh, L., & Zeppezauer, M. (1979) 

Dietrich, H., MacGibbon, A. K. H., Dum, M. F., & Zep- 

Dum, M. F., & Hutchison, J. S .  (1973) Biochemistry 12, 

Dum, M. F., Biellmann, J.-F., & Branlant, G. (1975) Bio- 
chemistry 14, 3176-3188. 

Dum, M. F., Bernhard, S .  A., Anderson, D., Copeland, A,, 
Morris, R. G., & Rogue, J.-P. (1979) Biochemistry 18, 

Dum, M. F., Dietrich, H., MacGibbon, A. K. H., Koerber, 
S. C., & Zeppezauer, M. (1982) Biochemistry 21,354-363. 

Dutler, H., & Ambar, A. (1983) in The Coordination Chem- 
istry of Metalloenzymes, pp 135-145, Reidel Publishing 
Co., Dordrecht, The Netherlands. 

Eklund, H., Samama, J.-P., & Wallh, L. (1982) BiochemistTy 

Hinson, J. A., & Neal, R. A. (1972) J .  Biol. Chem. 247, 

Job, P. (1928) Ann. Chim. (Paris) 9, 113. 
Kendal, L. P., & Ramanathan, A. N. (1952) Biochem. J .  52, 

Koerber, S .  C., & Dunn, M. F. (1981) Biochimie 63,97-102. 
Koerber, S .  C . ,  MacGibbon, A. K. K., Dietrich, H., Zeppe- 

zauer, M., & Dum, M. F. (1983) Biochemistry 22, 

Kvassmann, J., & Pettersson, G. (1980a) Eur. J .  Biochem. 

Kvassmann, J., & Pettersson, G. (1980b) Eur. J .  Biochem. 

McFarland, J. T., & Bernhard, S .  A. (1972) Biochemistry 11, 

Morris, R. G., Saliman, G., & Dum, M. F. (1980) Bio- 

Oldbn, B., & Pettersson, G. (1982) Eur. J .  Biochem. 125, 

Shore, J. D., Gutfreund, H., Brooks, R. L., Santiago, D., & 

Sigman, D. S., Frolich, M., & Anderson, R. E. (1982) Eur. 

Theorell, H., & Bonnichsen, R. (1951) Acta Chem. Scand. 

Theorell, H., & McKinley-McKee, J .  S .  (1961) Acta Chem. 

Theorell, H., & Yonetani, T. (1963) Biochem. Z .  338, 

Tsai, C. S., & Sher, D. S. (1980) Arch. Biochem. Biophys. 

Wilkens, R. G., & Eigen, M. (1964) Adu. Chem. Ser. No. 49, 

25 5-25 7. 

Eur. J .  Biochem. 100, 267-270. 

pezauer, M. (1983) Biochemistry 22, 3432-3438. 

48 82-4892. 

2346-2354. 

21, 4858-4866. 

7 106-7 107. 

430-43 8. 

3424-343 1. 

103, 557-564. 

103, 565-575. 

1486-1493. 

chemistry 19, 725-73 1. 

3 1 1-3 15. 

Santiago, P. (1974) Biochemistry 13, 4185-4191. 

J .  Biochem. 126, 523-529. 

5 ,  1105-1 126. 

Scand. 15, 1797-1810. 

5 3 7-5 53. 

199, 626-634. 

55-80. 


