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Reaction of the 2 Isomer of 4-trans-( N,N-Dimethy1amino)cinnamaldoxime 
with the Liver Alcohol Dehydrogenase-Oxidized Nicotinamide Adenine 
Dinucleotide Complex? 

Mohamed A. Abdallah, Jean-Franpis Biellmann,* Eila Cedergren-Zeppezauer, Martin Gerber, Helmut Dietrich,t 
Michael Zeppezauer,* Steven C. Koerber,l Alastair K. H. MacGibbon," and Michael F. Dunn* 

ABSTRACT: The Z isomer of 4-truns-(N,N-dimethylamino)- 
cinnamaldoxime, (Z)-DMOX (hmxHzo 354 nm), forms a 
ternary complex with NAD' and equine liver alcohol de- 
hydrogenase. The 3-acetyl (3-acetyl-PdAD+), 3-thiocarbox- 
amide (3-thio-NAD'), 3-iodo (io3PdAD+) and nicotinamide 
mononucleotide (NMN') analogues of NAD' also form 
ternary complexes with enzyme and (Z)-DMOX. These 
complexes are characterized by large red-shifts in the UV- 
visible spectrum of bound (Z)-DMOX (Amm 428 nm for the 
NAD' complex) and new spectral bands in the 280-340-nm 
region associated with the pyridine moieties of NAD+ and the 
NAD' analogues. The ternary enzymeNAD+-(Z)-DMOX 
complex is weakly fluorescent (Aex 430 nm; AemmaX 505 nm) 
and strongly quenches the residual tryptophan fluorescence 
of the enzyme-NAD' binary complex. (Z)-DMOX binds 
with high affinity to the enzyme-NAD' complex (Kd 5 4 X 
lo4 M at pH 8.75 and 25 "C), and similarly high affinities 
were found for the 3-acetyl-PdAD', 3-thio-NAD+, and 
io3PdAD' complexes. Binding is much weaker to the en- 
zymeNMN' complex. The active site specifically substituted 
Co(II), Ni(II), Cu(II), and Cd(I1) enzyme derivatives and the 
enzyme species lacking any metal ion at the active site (apo- 
enzyme) also form ternary complexes with (Z)-DMOX in 
which the DMOX UV-visible spectrum is red-shifted (ranging 

T e  zinc-requiring alcohol dehydrogenases from liver exhibit 
the unusual property of forming tightly bound ternary com- 
plexes with NAD' and a wide variety of small molecules and 
anions, for example, cyanide ion, thiolate anions, hydroxyl- 
amine, hydrazine, aliphatic oximes, and pyrazole (Shifrin & 
Kaplan, 1960; Kaplan & Ciotti, 1954; Kaplan, 1960; Theorell 
& Yonetani, 1963; Sund & Theorell, 1963; Sigman et al., 
1982). The nucleophilic properties and/or ability to coordinate 
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from 43 to 83.5 nm). The complexes formed with the Zn(I1) 
and Co(I1) enzymes are characterized by relatively high af- 
finities for (2)-DMOX and by spectra that are independent 
of pH over the range 6-10. The affinity of the apoenzyme- 
NAD' complex for (Z)-DMOX is much lower, and the 
spectrum of the complex is pH dependent with A- = 430 nm 
at pH 7 and A- = 397 nm at pH 10. The rate of (Z)-DMOX 
dissociation from the apoenzyme complex was found to be - 103-fold greater than the rates observed for the metal ion 
substituted enzymes. The 280-340-nm spectral bands appear 
to result from the dihydropyridine moieties of covalent adducts 
formed between (Z)-DMOX and NAD' and the NAD' 
analogues. The large red-shifts of the (Z)-DMOX spectrum 
result from the bonding of the oxime nitrogen to a strong 
electrophilic center (either the active site zinc ion or the nic- 
otinamide ring of NAD'). Attempts to fit these structures 
into the three-dimensional structure of the E(NADH,Me2SO) 
complex via model building indicate coordination of the oxime 
nitrogen to zinc and covalent bond formation between the 
oxime oxygen and C-4 of the nicotinamide ring. The high 
affinities and slow rates of dissociation of the metal-substituted 
enzyme complexes are due in part to the coordination of 
( a -DMOX to the active site metal, an interaction that is not 
possible for the apoenzyme complex. 

metal ions are the only obvious features common to these 
inhibitors. The kinetics of complex formation are more com- 
plicated than a simple binding reaction. The formation rates 
are slower than diffusion-limited rates by several orders of 
magnitude (McFarland & Bernhard, 1972; Andersson et al., 
1981; Shore & Gilleland, 1970; Sigman et al., 1982; M. F. 
Dunn, unpublished results). The dissociation rates are gen- 
erally very slow. Complex formation is accompanied by the 
appearance of a new UV spectral band located in the 280- 
360-nm region. The band widths, energies, and extinction 
coefficients of these spectral bands are similar to the long- 
wavelength electronic transition of enzyme-bound NADH.' 

Abbreviations: NAD' and NADH, oxidized and reduced nicotin- 
amide adenine dinucleotide; (E)- and (2)-DMOX, the E and Z isomers 
of 4-trans-(N,N-dimethylamino)cinnamaldoxime; LADH or enzyme, 
horse liver alcohol dehydrogenase; apoenzyme or apo-E, livef alcohol 
dehydrogenase lacking the two active site zinc ions but retaining the two 
structural zinc ions; Zn(I1)-, Co(11)-, Ni(I1)-, Cu(II)-, and Cd(II)E, the 
active site specific metal ion substituted enzyme derivatives; pyr, pyrazole; 
DACA, 4-trans-(N,N-dimethylamino)cinnamaldehyde; 3-acetyl-PdAD', 
3-thio-NAD', and io'PdAD', the 3-acety1, 3-thiocarboxamide, and 3- 
iodopyridine analogues of NAD'; NMN', nicotinamide adenine mono- 
nucleotide; H,NADH, 1,4,5,6-tetrahydronicotinamide adenine di- 
nucleotide; IBA, isobutyramide; CDI, 1 ,l'-carbonyldiimidazole; LDH, 
porcine lactate dehydrogenase; TES, 2- [ [tris(hydroxymethyl)methyl] - 
aminolethanesulfonic acid; TAPS, 3-[ [tris(hydroxymethyl]methyl]- 
amino]propanesulfonic acid; NMR, nuclear magnetic resonance. 
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This absorption band arises from the T,T* transition of the 
1,4-dihydronicotinamide moiety. Consequently, it generally 
has been assumed that these inhibitors form complexes at the 
catalytic site via nucleophilic attack of the inhibitor (R-X-H) 
on the nicotinamide ring of NAD+ to give a covalent adduct 
(eq 1). Those inhibitors with bidentate character may form 

0 
,R-X H II \ 

A B D A L L A H  E T  A L .  

muscle lactate dehydrogenase and sodium pyruvate (Boeh- 
ringer Mannheim) were used without further purification. The 
io3PdAD+ was prepared according to Abdallah et al. (1976). 
15NH20H HCI was purchased from C.E.A. (Saclay, France). 
4-trans-(N,N-Dimethylamino)cinnamaldoxime, the Z and 

E Isomers. DACA (1 .O g) was dissolved in methanol (10 mL). 
Water ( 5  mL) was added and then sodium acetate (0.60 g) 
and finally hydroxylamine hydrochloride (1 .O g). The solution 
was refluxed 10 min and cooled, and the crystals were filtered 
to yield 0.95 g of a mixture of the Z and E isomers of the 
oxime. This was dissolved in a mixture of methylene chlo- 
ride-diethyl ether (8:2), both freshly distilled, applied on a 
fine silica gel column (2.2 X 50 cm Kieselgel 60, 230-400 
mesh, Merck), and chromatographed under pressure ( 5  atm), 
elution being with the same solvent mixture to yield 450 mg 
each of the Z and E isomers. (See Table I and Results for 
the assignment of stereochemistry.) For the Z isomer: mp 
159 "C; A,, (H20-0. 1 M sodium pyrophosphate buffer, pH 
8.75) 354 nm; E,, 2.48 X lo4 Me' cm-'; TLC (silica gel) Rf 
0.2 (pentane-ether, 1:l); 'H NMR, see Table I. For the E 
isomer: mp 142 "C; l- (H20-0.1 M sodium pyrophosphate 
buffer, pH 8.75) 333 nm; t, 2.31 X lo4 M-' cm-'; TLC 
(silica gel) Rf0.35 (pentane-ether, 1:l); 'H NMR, see Table 
I. 

4-trans-(N,N-Dimethyl[ ' 5N] amino)cinnamaldoxime, the 
Z and E Isomer Mixture. This mixture was prepared by 
dissolving DACA (23 mg) in 1 mL of a CH3C02H-CHC13 
9: 1 mixture and adding successively 15NH20H HCI (1 3 mg), 
sodium acetate (10 mg), and sodium (tri[2H3]methylsilyl)- 
propanesulfonate (2 mg); see Table I for the "N NMR of this 
mixture. 

N-Phenyl-a- [ 2- [ 4-(Dimethylamino)phenyll ethenyll nitrone. 
This compound was prepared according to Boyland & Nery 
(1963) from DACA and N-phenylhydroxylamine. The nitrone 
had the following: mp 196 "C (lit. mp 203 "C); A- (ethanol) 
436 nm; c, 3.80 X lo4 M-' cm-'. The 'H NMR showed the 
presence of both the Z and E isomers. 

Reactions of (Z)- and (E)-DMOX with 1 ,l'-Carbonyldi- 
imidazole (CDI). The reactions of the Z and E isomers of 
DMOX were studied by observing the time courses of the 
reactions with a rapid-scanning (1 s/scan) HP8450A UV- 
visible spectrophotometer. Reaction was initiated by the ad- 
dition of a 50-pL aliquot of a 5 mM oxime stock solution 
(CH,CN) to a glass-stoppered cuvette containing a concen- 
trated solution of CDI (-0.15 M) in 3 mL of dry CH3CN 
(25 "C). The reaction of the Z isomer (see Results) was 
characterized by the rapid formation (tlI2 E 10 s) of a species 
with a AmaxCH~CN of 370 nm (presumed to be the 0-acyl in- 
termediate). This species then underwent a relatively rapid 
(till N 1 min) conversion to a product (AmaxCH3CN 360 nm) 
identified as 4-trans-(N,N-dimethylamino)cinnanonitrile by 
comparison of UV-visible spectra with an authentic sample. 

The reaction of the E isomer was characterized by the rapid 
formation (tl/2 1 min) of a species with a AmaxCH3CN of 365 
nm (presumed to be the 0-acyl species). This species then 
underwent a relatively slow (tl N 20 min) transformation 
to a final product with a h m a x C L 3 C ~ ~ f  365 nm (presumed to 
be the Oacyl species). This species then underwent a relatively 
slow ( t l  N 20 min) transformation to a final product with 
a Am,cfr3CG of 342 nm. This product was not identified. 

UV-Visible and Fluorescence Spectral and Kinetic Mea- 
surements. The UV-visible spectra were measured on either 
a Varian 635 UV-visible recording spectrophotometer with 
tandem cuvettes (total path length 0.876 cm) or a Hewlett- 
Packard 8450A rapid-scanning spectrophotometer. The visible 

an additional stabilizing interaction via coordination to the 
active site zinc ion (Sund & Theorell, 1963), and X-ray 
structure studies (Eklund et al., 1982) show this to be the case 
for the E(NAD+,pyr) adduct. Formation of such adducts is 
consistent with the chemical properties of NAD+ (Kosower, 
1962; Sund & Theorell, 1963; Siege1 et al., 1959). 

In this work, we present detailed UV-visible spectroscopic 
studies of the ternary complexes formed in the reaction of the 
Z isomer of 4-trans-(N,N-dimethylamino)cinnamaldoxime, 
(Z)-DMOX, with the Zn(II)E(NAD+) complex and with 
Zn(I1)E-bound NAD+ analogues. We also present experi- 
ments with LADH species lacking the active site zinc ions and 
with various active site specific metal ion substituted deriva- 
tives. As will be shown, the spectroscopic properties and 
thermodynamic/kinetic behavior of these complexes provide 
evidence for (a) a strong bonding interaction between an 
electrophilic center a t  the site and the oxime nitrogen of 
(Z)-DMOX and (b) the formation of a covalent bond between 
(Z)-DMOX and the nicotinamide ring of NAD+. 

Materials and Methods 

Materials. The 3-acetyl and 3-thiocarboxamide analogues 
of NAD+ (3-acetyl-PdAD+ and 3-thio-NAD+) and nicotin- 
amide adenine mononucleotide (NMN') (Sigma) and NAD+ 
(grade I) and NADH (grade I) (Boehinger, Mannheim) were 
used without further purification. Native Zn(I1)-substituted 
LADH (Boehringer, Mannheim) was prepared as previously 
described (Bernhard et al., 1970) except that the enzyme was 
extensively dialyzed against either 0.1 M pyrophosphate buffer, 
pH 8.75, or 0.1 M phosphate buffer, pH 7.5, to remove as 
much ethanol as possible. The metal ion substituted LADH 
species and apo-E were prepared as described by Maret et al. 
(1979), Andersson (1980), and Dietrich et al. (1983). Assays 
were carried out as previously described (Maret et al., 1979; 
Dunn et al., 1982). Most of the work reported with the Co- 
(11)-, Ni(I1)-, and Cd(I1)-substituted enzyme derivatives used 
in these studies involved the same stock solutions used in the 
work reported by Dunn et al. (1982). On the basis of total 
protein concentration, the metal ion substituted enzymes had 
the following percentages of the active sites substituted: 
Co(II)E, 270%; Ni(II)E, 127%; Cu(II)E, 285%;  Cd(II)E, 
150%. The remainder of the protein consisted of apoenzyme 
with traces of denatured enzyme (m0.5%) and trace amounts 
of Zn(I1)-substituted enzyme. The Cu(1I)E was prepared 
essentially as described by Maret et al. (1980): a p E  crystals 
in 0.033 M potassium-TES buffer, pH 6.9, were incubated 
for 48 h with a 5-fold excess of CuSO, and a 10-fold excess 
of ethylenediamine. After incubation, the excess Cu(I1) was 
removed by dialysis. The yield of Cu(1I)E sites was deter- 
mined by using 6632 = 4800 M-' cm-'. The a p E  preparations 
used in these studies gave residual activities between 0.1 and 
0.3% when compared with the native zinc enzyme. Porcine 
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Table I: 
4-frans-(N,N-Dime thy1amino)cinnamaldoxime 

' H  NMR Data for the Z and E Isomers of 

chemical shifts from tetramethylsilane (ppm)O 

H, H, H, o,o' m,m' N(CH,), 

Z ( m p  159°C) 7.17 7.22 6.80 7.438 6.70 2.96 
E ( m p  142°C) 7.80 6.55 6.79 7.30 6.70 2.96 

coupling constants (Hz) 

Z ( m p  159°C) 15 9.3 9 -14.5 -2.0 
E ( m p  142°C) 16 9.5 9 3 -2.0 

a Spectra were measured at 20 "C in CH,CO,H-CHCl, (9: 1 
mixture) with a 250-MHz Cameca instrument. 

absorption spectra of the Co(II)E(NAD'-(2)-DMOX) com- 
plex (Figure 3A) were obtained with a rapid-scanning UV- 
visible spectrophotometer consisting of a Princeton Applied 
Research Model 1412 silicon photodiode array detector (1024 
elements), the PAR OMA-2 LSI- 1 1 microprocessor-based 
data acquisition system, and a modified Durrum D-110 
stopped-flow rapid-mixing spectrophotometer (Koerber & 
Dunn, 1981; Koerber et al., 1983). The sample was illumi- 
nated with "white light" from a tungsten lamp. The kinetics 
of the dissociation of (Z)-DMOX from the ternary complexes 
with the metal-substituted enzyme derivatives and the native 
zinc enzyme were determined with Varian Techtron Model 
635 or Hitachi 100-10 UV-visible spectrophotometers. The 
15-25 data points were fitted to a single exponential function 
by nonlinear regression analysis with a Hewlett-Packard 
9825A calculator. Stopped-flow, rapid-mixing techniques were 
used to measure the dissociation of (Z)-DMOX from the 
apo-E(NAD+-(2)-DMOX) complex by displacement with 
pyrazole via single-wavelength, stopped-flow methods (Dunn 
et al., 1979). 

Fluorescence measurements were made with a double- 
monochromator Farrand MK-I1 recording fluorometer ther- 
mostated at 25.0 f 0.2 "C. In all experiments (except those 
involving NMN'), porcine muscle lactate dehydrogenase and 
sodium pyruvate were added to convert any reduced di- 
nucleotide (formed via oxidation of trace contaminants of 
alcohol) back to the oxidized form. Absorbance and fluor- 
escent titrations were carried out by adding small aliquots (10 
pL) from a calibrated micrometer syringe assembly. Mixing 
was accomplished by bubbling air or nitrogen through the 
solution after each addition. Model-building experiments were 
carried out with a Vector General 3404 interactive graphics 
display by using the Alwyn Jones FRODO program (Jones, 
1982). 

Results 
UV-Visible Spectral Properties of the Zn(Il)E(Di- 

nucleotide-(2)-DMOX) Complexes. In agreement with the 
findings of Frolich (1977) and Sigman et al. (1982), the un- 
resolved mixture of the 2 and E isomers of 4-trans-(N,N- 
dimethylamino)cinnamaldoxime, (2)- and (E)-DMOX, when 
mixed with the Zn(II)E(NAD+) complex yields a species 
exhibiting a long-wavelength absorption band with a A,,, of 
430 nm. Since the Z and E isomers might be expected a priori 
to behave differently within the confines of the LADH active 
site, the purified isomers (see Materials and Methods) were 
separated over silica gel under 5-atm pressure. 

On the basis of 'H NMR data alone (Table I), it was not 
possible to make an unambiguous assignment of the stereo- 
chemistry of these oximes. The coupling constant of the al- 
dehydic proton with the 15N of 15N-enriched oximes has been 

shown to be a valuable tool for the determination of the 
stereochemistry of oximes (Kintzinger & Lehn, 1967; 
Crcpeaux & Lehn, 1975). Therefore, a mixture of the 15N- 
enriched oximes was prepared with [ 15N] hydroxylamine, and 
the I5N-'H coupling constants were determined (Table I). The 
compound (mp 159 "C) with the H1 resonance at 7.17 ppm 
showed a large negative coupling constant and thus is the 2 
isomer; the compound (mp 142 "C) with the H1 resonance at 
7.80 ppm showed a small positive coupling constant and thus 
is the E isomer (Crcpeaux & Lehn, 1975). 

Reaction of the two isomers with 1 ,l'-carbonyldiimidazole 
(CDI) provided an independent verification of these structural 
assignments. As expected, reaction of the 2 isomer with CDI 
in dry acetonitrile resulted in the rapid (tllZ N 1 min), 
quantitative conversion of the oxime to the corresponding 
nitrile (Am,xCH3CN 360 nm) (Foley & Dalton, 1973). Under 
identical experimental conditions, the E isomer underwent a 
slow ( t l I 2  N 20 min) quantitative conversion to some other 
product (&CH3CN 342 nm). The identity of this product has 
not been established. The rapid conversion of (2)-DMOX to 
the nitrile and the inability of (E)-DMOX to undergo this 
transformation are consistent with the well-known propensity 
exhibited by 0-acyl derivatives of (Z)-aldoximes [but not 
(E)-aldoximes] to undergo facile elimination to the nitrile 
(Foley & Dalton, 1973; Chakrabarti & Hotten, 1972; Clive, 
1970; Hill & Schomookler, 1967). 

Our results agree in broad outline with the findings of 
Sigman et al. (1982) but not in every detail. For example, 
they report a synthesis involving slightly different conditions 
(i-e., heating DACA, hydroxylamine hydrochloride, and so- 
dium acetate in aqueous ethanol) which, after recrystallization, 
apparently gave only (2)-DMOX. The 'H NMR of this 
compound is similar to that of our sample of (Z)-DMOX, but 
their product sintered at 164-166 "C and melted at 171-173 
"C, whereas our (2)-DMOX sample melts sharply at 159 "C. 
They report a h H z 0  of 350 nm, in good agreement with our 
value of 354 nm, but they show a spectrum (their Figure 7) 
with A,,, near 335 nm, similar to that of our E isomer. We 
conclude that these minor differences arise primarily from the 
slow (probably light-catalyzed) interconversion of the Z isomer 
to the E isomer (see Discussion). 

When the purified isomers were mixed in separate exper- 

/ (E)-DMOX 
HO 

(Z)-DMOX 

iments with the LADH(NAD+) complex, only the Z isomer 
gave the red-shifted complex. With (2)-DMOX concentra- 
tions in the 10-100 pM range, reaction is complete within 10 
s. The E isomer (as judged by the absence of spectral changes) 
does not appear to interact in any way with the LADH- 
(NAD') complex. For example, no spectral changes were 
observed over a time period of 2 h. Further studies showed 
that a variety of NAD+ analogues could substitute for NAD+ 
in the reaction with (Z)-DMOX but that neither the LADH- 
(NADH) complex nor coenzyme-free enzyme gives chromo- 
phoric complexes. 

The results of UV-visible spectral investigations of the 
NAD' complex and the complexes involving Zn(I1)E and 
3-acetyl-PdAD+, 3-thio-NAD+, and io3PdAD+ are shown in 
Figure 1. (Z)-DMOX was found to bind to the NAD', 
3-thio-NAD+, and 3-acetyl-PdAD+ Zn(I1)E complexes with 
relatively high affinity and with a stoichiometry of one complex 
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Table 11: UV-Visible Spectral Properties of the Ternary Complexes Formed between (Z)-DMOX, LADH, NAD+, and 
Various NAD+ Analoguesa 

absorption bandsb difference spectra 

NAD'analogue A,,, emaX Amax emax hmax Aemax *,in Aemin Amax *emax ___- 
NAD' 290 1.37 X lo4 428 4.21 X lo4 287 7.76 X lo3 347 -2.13X lo4 429 3.97 X lo4 
3-acetyl-PdAD' 305 1.93 x lo4 432 4.07 x lo4 293 5.52 x lo3 348 -1.72 X lo4 432 3.96 X lo4 

~ O ~ P ~ A D + ~  427 3.57 X lo4 <300 348 -1.63 x lo4 430 3.23 X lo4 
NMN' 430 345 428 

3-thio-NAD' 335 1.60 x lo4 428 4.15 X lo4 363 -1.21 x 104 430 3.94 x io4 

a Determined in pH 8.75 sodium pyrophosphate buffer, 10 mM, at 25.0 f 0.2 "C (see Figures 1 and 2 for experimental details). Due to 
the number and intensity of chromophores present, meaningful spectral measurements could not be made in the region below -280 nm. 
hmax and Amin values are in nanometers. emax and emin values are in M-' cm-'. Due to the absorbancies of enzyme, io3PdAD', and 
(Z)-DMOX, meaningful measurements could not be made in the region below 300 nm. 

I 

-0.1 c 
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WAVELENGTH, n n  
-0.1- -0.11 

WAVELENGTH, nm 

FIGURE 1: Spectra and difference spectra of the ternary complexes 
formed in the reactions of (Z)-DMOX with NAD' and NAD' 
analogues bound to LADH. The coenzymes used are as follows: (A) 
NAD', (B) 3-acetyl-PdAD+, (C) 3-thio-NAD+, and (D) io3PdAD+. 
Each set of spectra contains, respectively, (a) the spectrum of free 
(Z)-DMOX, (b) the spectrum of the ternary complex minus the 
spectra of LADH and coenzyme, and (c) the difference spectrum 
consisting of the ternary complex minus the spectrum of free (Z)- 
DMOX. All the spectra were measured by using tandem cuvettes 
(total path length 0.872 cm) according to the following procedures: 
1 .OO-mL aliquots containing the desired amounts of LADH, NAD+, 
or NAD+ analogue, 1 mM sodium pyruvate, and a trace of LDH were 
added to the first compartment each of the reference and sample 
cuvettes, and 1.00 mL of buffer was added to the second compartment 
of each cuvette; then, the base line was measured. To measure the 
spectrum of (Z)-DMOX (spectrum a), 10 pL of buffer was withdrawn 
from the second compartment of the sample cuvette and replaced by 
a 10-pL aliquot of concentrated (Z)-DMOX (in CH,CN), and the 
resulting spectrum was recorded. The spectrum of the ternary complex 
(spectrum b) was obtained after mixing the contents of the two 
compartments of the sample cuvette. The difference spectrum 
(spectrum c) was measured after adding 10 pL of (Z)-DMOX to the 
buffer compartment of the reference cuvette (after first withdrawing 
10 pL of buffer). To check the precision of the pipetting, the reference 
cuvette was then mixed and a final base line recorded. In all of the 
experiments reported, the final base line was found to be identical 
with the initial base line (within the limits of instrument reproduc- 
ibility). Conditions after mixing were as follows: (A) [LADH] = 
18.1 pN, [NAD+] = 0.5 mM, and [(Z)-DMOX] = 10.5 pM; (B) 
[LADH] = 10.2 pN, [3-acetyl-PdAD+] = 0.42 mM, and [(Z)- 
DMOX] = 4.3 pM; (C) [NADH] = 14.7 pN, [3-thio-NAD+] = 0.5 
mM, and [(Z)-DMOX] = 11.3 pM; (D) [LADH] = 14.0 pN, 
[io3PdAD+] = 2.8 mM, and [(a-DMOX] = 12.5 pM. All spectra 
were measured in 0.1 M sodium pyrophosphate buffer, pH 8.75 at 
25.0 i 0.2 "C. (AX)  Measured in the presence of 0.5 mM sodium 
pyruvate and a trace of porcine lactate dehydrogenase (60 pg/mL) 
to ensure that the net conversion of oxidized coenzyme to reduced 
coenzyme via any 'blank" reaction was negligible. 

per subunit (see below). Virtually stoichiometric amounts of 
the NAD', 3-thio-NAD+, and 3-acetyl-PdAD+ complexes are 
formed under the conditions employed in parts A-C of Figure 

FIGURE 2: Spectra and difference spectra of the ternary complex 
formed between (Z)-DMOX and the LADH(NMN+) complex. The 
spectra were measured as described in Figure 1. Conditions after 
mixing were as follows: [LADH] = 24.2 pN; [NMN+] = 3.32 mM; 
[(Z)DMOX] = 25.3 pM; 0.1 M sodium pyrophosphate buffer, pH 
8.75; 25.0 f 0.2 OC. 

1, respectively. The enzyme-io3PdAP+ complex binds (Z)- 
DMOX with a somewhat lower affinity, and under the con- 
ditions of Figure 1 D, ternary complex formation is incomplete. 
Assuming identical and independent sites, analysis of binding 
titrations via Scatchard plots for the binding of (Z)-DMOX 
to the LADH (io3PdAP+) complex gave an extrapolated 
stoichiometry of one complex per subunit and an apparent 
dissociation constant KD N 6 pM. Each ternary complex is 
characterized by a red-shifted spectrum with an intense, 
long-wavelength, T,T* absorption band (emsx N 4 X lo4 M-' 
cm-') derived from the (Z)-DMOX chromophore (Figure 1 
and Table 11). The position of this spectral band is only 
slightly dependent on the structure of the coenzyme (Figure 
1, Table 11). The NAD+, 3-acetyl-PdAD+, and 3-thio-NAD+ 
complexes also give absorption bands in the 280-340-nm re- 
gion. The position and intensity of these bands are markedly 
dependent on the structure of the NAD' analogue (Table 11). 

Spectral Evidence for a Zn(IZ)E(NMfl-(Z)-DMOX) 
Complex. @-Nicotinamide mononucleotide (NMN+) also 
substitutes for NAD+ in the formation of a red-shifted chro- 
mophore (Figure 2). However, the interaction between the 
Zn(II)E(NMN+) complex and (Z)-DMOX is substantially 
weaker, and under the conditions used in Figure 2, ternary 
complex formation is incomplete. Consequently, the spectrum 
in Figure 2 has a large contribution from free DMOX (A,,, 
354 nm) and a smaller contribution from the ternary complex 
(as evidenced by the 430-nm shoulder). The difference 
spectrum presented in Figure 2 indicates that the complex has 
a spectrum nearly identical in shape with the spectrum of the 
Zn(II)E(NAD'-(Z)-DMOX) complex (Figure 1A). It was 
conceivable that the spectral band at -430 nm actually arises 
from an NAD+ impurity present in the NMN+ sample. 
Therefore, a sensitive kinetic assay (Rasmussen et al., 1972) 
was employed to estimate an upper limit for the amount of 
NAD+ present. The assay demonstrated that the NMN+ 
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Table 111: Comparison of the Visible Spectral Properties of Selected 4-truns-(N,N-Dimethylamino)cinnamaldehyde Derivatives in LADH and 
Small Molecule Complexes 

M(II)E(NAD'-(Z)-DMOX) 
e,,,(app) M(II)E(NADH-DACA) M(I1)-VI11 

metal ion hmax (ahmax) (nm)a,b (x  1 0 - ~  M-' cm" hmax (Ah,,,) (r"a,c hmax (Ahmax) - -.______ 

Co(I1) 437 (83) 4.0 478 (80) 430d (56) 
Ni(I1) 437.5 (83.5) 4.4 475 (77) 415d (39) 
Zn(I1) 430 (76) 4.4 464 (66) 428d (54) 
Cd(I1) 428 (74) 3.8 457 (59) 416e (42) 
Cu(I1) 418 (64) 1.6 
nonef 430 (76) >2.5 

_ _ ~ . ~  

a Ah,,, = h,,,(complex) - h,,,(free), where h,,,(complex) is the A,,, of the (dimethy1amino)cinnamyl chromophore in the complex 
and h,,,(free) is the A,,, of the free chromophore; h,,,(Z-DMOX) = 354 nm (aqueous solution, pH 4-10); h,,,(DACA) = 398 nm 
(aqueous solution, pH 4-10); hmax(IV) = 374 nm (acetonitrile). 
large excess of NADt (typically 1 mM) and with the concentration of metal ion substituted enzyme sites in slight excess of the total concen- 
tration of (Z)-DMOX. 

Determined in 4.5 mM TES buffer, pH 7.15, in solutions containing a 

Data taken from Angelis et al. (1977). e M. F. Dum, unpublished data. Data taken from Dunn et al. (1982). 
The apo-E(NAD'-(Z)-DMOX) complex measured at pH 7.5,  see text and Figure 4. 

sample contains no more than one molecule of NAD' per 7.28 
X lo6 molecules of NMN'. Therefore, the NMN' solution 
in Figure 2 could have contained no more than -1.75 nM 
NAD'. This concentration of NAD' could not account for 
the amount of 430-nm chromophore observed. In other UV- 
visible spectral studies (data not shown), attempts to demon- 
strate a ternary complex with enzyme, AMP, and (2)-DMOX 
failed to give any indication of ternary complex formation. 

W-Visible Spectral Properties of the Ternary Complexes 
Formed with Metal Ion Substituted LADH Derivatives. The 
spectral properties of the complexes formed between (2)- 
DMOX, NAD+, and the Co(11)-, Ni(I1)-, Cu(I1)- and Cd(I1) 
enzymes are given in Table I11 and Figure 3. The Co(1I)E- 
(NAD+-(2)-DMOX) ternary complex exhibits a red-shifted 
spectrum [relative to free (2)-DMOX] with a & of 437 nm 
and apparent E,,, N 4.0 X lo4 M-I cm-I (Table 111). The 
spectral changes associated with ternary complex formation 
for the Co(II)E, as measured by the d-d bands in the 500- 
700-nm region, are shown in Figure 3A. The Cd(I1)E gives 
a ternary complex with (Z)-DMOX exhibiting a A,, of 428 
nm (Table 111) and apparent E, N 3.8 X lo4 M-' cm-' , while 
the Ni(I1)E gives a ternary complex with a A,, of 437.5 nm 
and apparent emax N 4.4 X lo4 M-I cm-'. As has been pre- 
viously documented (Maret et al., 1979; Dietrich et al., 1979; 
Maret, 1980; Dunn et al., 1982; Koerber et al., 1983), the d-d 
absorption bands of the Co(1I)E are sensitive both to direct 
interactions between ligands and metal ion and to indirect 
interactions resulting from coenzyme binding [compare the 
spectra of Co(1I)E and the ternary complex, Figure 3A]. 

The conditions employed in Table I11 and Figure 3 were 
found to give the ternary complexes in amounts that corre- 
spond to a 1:l stoichiometry with the substituting metal ion. 
In the absence of NAD', the spectrum of (Z)-DMOX in 
solutions containing Ni(I1)E is red-shifted by 5 nm (data not 
shown), indicating that a binary complex is formed with this 
enzyme species. Note that since ternary complex formation 
with the apo-E(NAD') complex is much weaker (KD > 10 
pM vs. KD I 10 nM), the spectra are unaffected by the 
presence of apo-E. 

The UV-visible spectra of the Cu(II)E and the ternary 
Cu(II)E(NAD'-(2)-DMOX) complex are described in Table 
I11 and Figure 3B. The spectrum of the (Z)-DMOX chro- 
mophore with X,,, = 418 nm (apparent E 1.6 X lo4 M-I 
cm-') is not as red-shifted. The broad envelope of absorption 
bands located between 500 and 800 nm (Figure 3B) consists 
of LMCT bands (Maret, 1980). The energies and intensities 
of these transitions are perturbed by the binding and reaction 
of NAD' and (Z)-DMOX. Upon formation of the complex 
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FIGURE 3: (A) Comparison of the d-d spectral bands of the Co- 
(II)E(NAD+-(Z)-DMOX) ternary complex (a) with the Co(1I)E 
(b) and with the Co(II)E(NAD+) binary complex (c) in 0.1 M sodium 
pyrophosphate buffer, pH 8.75, at 25 "C. The spectra were measured 
with a rapid-scanning stopped-flow spectrophotometer (see Materials 
and Methods). Trace a is the "infinite time" spectrum for the reaction 
of (Z)-DMOX with the Co(II)E(NAD+) complex. Trace c is the 
spectrum collected 8 ms after mixing Co(1I)E with the solution of 
NAD+ and (Z)-DMOX, a time during which formation of the Co- 
(II)E(NAD+) binary complex is complete but the amount of 437-nm 
absorbing species formed is negligible. Trace b was measured in a 
separate experiment. Conditions were [Co(II)E], = 20 pN throughout, 
[NAD'], = 1 mM, and [(Z)-DMOX], = 50 pM. (B) UV-visible 
spectra of the Cu(II)E(NAD+) complex (a) and the Cu(I1)E- 
(NAD+-(2)-DMOX) complex at pH 7.0 (b) and 9.0 (c) at 25.0 f 
0.2 OC. (a) [Cu(II)E], = 13.9 fiN; [NAD+Io = 137 pM; 0.1 M 
potassium-TES buffer, pH 7.0, [KClIo = 6 mM. (b) Addition of 
17.5 pM (Z)-DMOX to (a). (c) Same conditions as (b) but 0.1 M 
potassium glycinate buffer, pH 9.0. 

at pH 7.0, the 640-nm envelope of the Cu(1I)E shifts to 670 
nm, and the intensity increases. At pH 9.0, the magnitude 
of the red-shift is smaller (- 10 nm) but with a larger increase 
in intensity. 
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FIGURE 4: pH dependence of the spectra of the apo-E(NAD+- 
(Z)-DMOX) complex at 25.0 0.2 OC. (a) (-) Addition of 888 
pM NAD+, all in metal ion free 0.3 M TES-0.2 M TAPS buffer, 
pH 7.5, containing 10 pM EDTA. (b) (-.) Same concentrations as 
(a) but 0.1 M sodium pyrophosphate buffer, pH 8.5. (c) (--) Po- 
tassium glycinate buffer (0.1 M) pH 10.0. (d) (----) Sodium acetate 
buffer (0.1 M), pH 5.0. (e) (---) [Apo-Elo = 35.5 pN; [(a- 

In Table I11 where the concentrations of metal ion substi- 
tuted sites are in slight excess over the concentration of 
(Z)-DMOX, formation of the ternary complexes appears to 
be essentially complete for all the derivatives with a stoi- 
chiometry of approximately 1: 1 with the concentration of 
(Z)-DMOX. In no instance did the addition of more NAD' 
increase the amounts of ternary complex formed. The spectra 
of the complexes with the Zn(I1)- and Co(I1)-substituted 
enzymes are independent of pH over the pH range 6-10, 
whereas there appears to be a pH dependence to the spectrum 
of the Cu(1I)E ternary complex (Figure 3B). 

Evidence for an Apo-E(NAD+-(Z)-DMOX) Ternary 
Complex. Efforts were made to evaluate the usefulness of the 
LADH-NAD'-DMOX reaction as an analytical tool for 
detecting residual amounts of Zn(I1) and/or other divalent 
metal ions at  the enzyme active site in preparations of apo-E. 
These experiments resulted in the discovery that apo-E also 
forms a weakly bound ternary complex with (Z)-DMOX and 
NAD' (KD > 10 pM). The spectrum of (Z)-DMOX in the 
apo-E(NAD+-(Z)-DMOX) complex also is red-shifted 
(Figure 4, Table 111). The spectrum of the complex undergoes 
reversible changes as a function of pH (Figure 4), and shifts 
from 430 nm at pH 7.5 to 397 nm at pH 10.0. (Z)-DMOX 
binds only weakly at  pH 5 .  Under the conditions of Figure 
4, binding is too weak to allow detection of the ternary complex 
by UV-visible spectroscopy below pH 5 .  Note that the pH 
7.5 spectrum (& = 430 nm) is very similar to that observed 
for the Zn(I1)-, Co(11)-, Cd(I1)-, and Ni(II)-enzyme systems, 
while the pH 10 spectrum (A,,, = 397 nm) shows a closer 
similarity to the spectrum of the Cu(1I)E complex (A, = 418 
nm). Because the apo-E is a relatively labile species, it was 
not possible to accurately determine either the (Z)-DMOX 
dissociation constant or the molar extinction coefficient for 
the complex. However, the spectrum presented in Figure 4 
and titration studies (data not shown) indicate e430 > 2.5 X 
lo4 M-' cm-I and KD > 10 pM. To determine whether or not 
the 430-nm spectral band actually is derived from (2)-DMOX 
bound to apo-E(NAD+) rather than to a metal ion contam- 
inated apoenzyme preparation, some of the spectra (see Figure 
4) were measured in the presence of 10 pM EDTA in a 
TES-TAPS buffer system as nearly completely free of all 
metal ions as we could achieve. 

In control experiments, the apo-E preparation was found 
to retain only 2 mol of Zn(I1) of the 4 mol of Zn(II)/80000 
daltons present in native LADH. These two remaining zinc 
ions have been shown to be bound almost exclusively to the 

DMOXIo = 28.2 pM. 
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FIGURE 5: Titration of LADH sites as measured by the optical density 
charges at 430 nm (A) (4) or by the quenching of enzyme fluorescence 
(B) (0) accompanying the formation of the LADH(NAD-(Z)- 
DMOX) ternary complex. Aliquots of a concentrated (Z)-DMOX 
solution (in buffer) were titrated into a cuvette containing LADH, 
NAD' sodium pyruvate, and LDH (at the desired concentrations) 
in 0.1 M sodium pyrophosphate buffer, pH 8.75, at 25.0 f 0.2 OC. 
(A) Conditions were as follows: [LADH] = 2.7 pN (determined via 
the NAD+-pyrazole assay; Theorell & Yonetani, 1963); [NAD+] = 
0.164 mM; [(Z)-DMOX stock solution] = 0.10 mM; [sodium py- 
ruvate] = 1.7 mM; [LDH] = 50 pg/mL. The sodium pyruvate and 
LDH were added to render negligible the net conversion of NAD+ 
to NADH via the "blank" reaction. The titration end point, 82 pL 
of (Z)-DMOX (end-point volume = 3.132 mL), yields a site con- 
centration of 2.8 f 0.3 pN. (B) The titration of LADH sites as 
measured by the quenching of the intrinsic protein fluorescence was 
carried out as in (A). Conditions after mixing were as follows: 
[LADH] = 0.3 pN (via the NAD+-pyrazole assay; Theorell & 
Yonetani, 1963); [NAD'] = 0.32 mM; [(a-DMOX stock solution] 
= 16.5 pM; [sodium pyruvate] = 0.78 mM; [LDH] N 4 pg/mL; 0.1 
M sodium pyrophosphate buffer, pH 8.75, at 25.0 & 0.2 'C. The 
titration end point, 46 pL of (Z)-DMOX, yields an active site con- 
centration of 0.24 f 0.03 rM. The curved line running through the 
data points is the computer-simulated theoretical fit under the as- 
sumptions (a) (Z)-DMOX binds to two identical and independent 
sites and (b) a titration end point of 46 pL (end-point volume = 3.206 
mL) and with [LADH] = 0.236 pN and a KD = 4 nM. Instrument 
settings were A, 280 nm, A, 340 nm, and excitation and emission 
slits 10-nm band-pass. 

structural sites (Maret et al., 1979). The apo-E used in these 
studies had less than 0.3% of the catalytic activity of native 
enzyme. Careful addition of 2 mol of Zn2+/80 000 daltons 
to the apo-E gives an essentially quantitative restoration of 
catalytic activity (Maret et al., 1979). Similarly high yields 
of the Co(1I)E are obtained upon addition of Coz+ (Dietrich 
et al., 1979; Maret et al., 1979). 

Stoichiometry, Thermodynamics, and Fluorescence Prop- 
erties of the LADH(NAD+-(Z)-DMOX) Complex. Titration 
of the Zn(I1)E either by varying NAD' with [(Z)-DMOX] 
>> [LADH] (data not shown) or by varying (2)-DMOX with 
[NAD'] >> [Zn(II)E] (Figure 5 )  yielded plots indicating that 
both NAD' and (Z)-DMOX are bound with rather high 
affinities (Le., with apparent KD values <10 nM). The titration 
end points (the abscissa values at the intersection of the ex- 
trapolated linear portions of the plots) correspond to a stoi- 
chiometry of one complex per active site. The titration end 
points gave active site concentrations identical (within the 
limits of experimental error) with the values obtained via either 
the pyrazole-NAD' titration (Theorell & Yonetani, 1963) 
or the isobutyramide-NADH titration (Sund & Theorell, 
1963). 

The binding of NAD+ to Zn(I1)E partially quenches the 
intrinsic fluorescence of the native protein. Reaction of 
(2)-DMOX with the Zn(II)E(NAD+) complex brings about 
nearly complete quenching of the residual protein fluorescence, 
thereby providing a sensitive signal for titrating dilute enzyme 
samples (Figure 5). The LADH(NAD'-(2)-DMOX) com- 
plex (data not shown) is weakly fluorescent (Xexmax 430 nm; 
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FIGURE 6: pH dependencies of apparent first-order rate constants of 
(2)-DMOX dissociation from the Zn(I1)-, Co(I1)-, Ni(I1)-, Cd(I1)-, 
and Cu(II)E(NAD+-(2)-DMOX) ternary complexes (A) and from 
the apo-E(NAD+-(2)-DMOX) complex (B) at 25.0 f 0.2 OC. (A) 
Zn(I1)E (0) (--); Co(1I)E (+) (-.-); Ni(I1)E (0) (-); Cd(I1)E 
(H); Cu(1I)E (0). Buffers were (pH 4-6.6) 0.1 M potassium-MES, 
(pH 6.7-8.1) 0.1 M potassium-TES, (pH 8.2-8.8) 0.1 M solution 
pyrophosphate, and (pH 8.9-10.5) 0.2 M potassium glycinate, all at 
25.0 OC. Apparent first-order rate constants were determined from 
time courses measured at 460 nm (see Materials and Methods). (B) 
Apparent first-order rate constants (k) for the dissociation of (2)- 
DMOX from the apo-E(NAD+-(a-DMOX) complex were deter- 
mined from time courses measured at 412 nm with a rapid-mixing 
stopped-flow spectrophotometer by mixing apo-E, NAD', and 
(2)-DMOX premixed in one syringe with a pyrazole solution in the 
other syringe. Conditions after mixing were as follows: [apo-E], = 
17.5 pN; [(Z)-DMOX], = 13.9 pM; [NAD+Io = 1.14 mM; [pyra- 
z ~ l e ] ~  = 0.208 M. Buffers were (pH 5.0-6.6) 0.1 M potassium-MES, 
(pH 6.7-8.3) 0.1 M potassium-TES, (pH 8.4-8.8) 0.1 M sodium 
pyrophosphate, (pH 8.9-10.2) potassium glycinate, and (pH >10.2) 
0.1 M potassium carbonate. 

Xgnmax 505 nm). Titrations monitored either via the quenching 
of protein fluorescence or via the fluorescence of bound 
(Z)-DMOX give signals that are proportional to the amount 
of (Z)-DMOX bound. The titration end points give enzyme 
site concentrations essentially identical (f1Wo) with the values 
determined via the IBA-NADH titration. 

Kinetic Studies. Kinetic studies of the reaction of DMOX 
with the Zn(II)E(NAD+) complex were carried out by using 
stopped-flow rapid-mixing spectrophotometric techniques. 
Under the conditions of [NAD'] >> [Zn(II)E] >> [(Z)- 
DMOX], the complex is formed in a moderately rapid, ap- 
parent first-order reaction. When [Zn(II)EIo = 30.9 pN, 
[NAD+Io = 0.5 mM, and [(Z)-DMOXIo = 3.62 pM, the 
reaction occurs with an observed rate constant of - 12 s-' (in 
10 mM pH 8.75 sodium pyrophosphate buffer, 25.0 f 0.2 "C). 
Under other conditions (Le., when [NAD'], [(Z)-DMOX] >> 
[Zn(II)E]), the reaction time course consists of two kinetic 
phases, indicating the mechanism of the reaction is complex. 

The kinetics of the displacement of (Z)-DMOX from the 
ternary complexes by excess pyrazole (Figure 6) were inves- 
tigated as a function of pH both to determine the effects of 
metal ion substitution on the rate of (Z)-DMOX dissociation 
(Figure 6A) and to probe the differences between the ternary 
complexes involving apo-E and the metal ion substituted en- 
zymes (Figure 6B). The reaction time courses were measured 
by following the decay of the red-shifted spectral bands after 
addition of high concentrations of pyrazole. Measurements 

were made at  460 and at  412 nm for metal-substituted and 
apoenzyme complexes, respectively. In these reactions, py- 
razole displaces the oxime forming the LADH(NAD+- 
pyrazole) complex: 

LADH(NAD+-(Z)-DMOX) -* LADH(NAD+) + 
k m  

(Z)-DMOX 

k2 
LADH(NAD+) + pyrazole - LADH(NAD+-pyrazole) 

Under conditions of high pyrazole concentration where step 
k2 is made quasi-irreversible and rapid relative to both kOn and 
k,,, kOff becomes rate determining. At high pyrazole con- 
centrations, the apparent first-order rate constants were found 
to be independent of the pyrazole concentration. The pH 
dependencies of these rate constants are summarized in Figure 
6A. At all pH values investigated, the decay process is very 
slow (10-Lla-4 s-l) for the metal ion substituted enzymes. The 
rates decrease with increasing pH (Figure 6A), and the plots 
of log kobd vs. pH for the Co(I1) and Zn(I1) derivatives are 
linear with slopes of approximately -0.72 and -0.68, respec- 
tively, indicating the rate of dissociation is essentially first order 
with respect to the concentration of hydrogen ion. The two 
data points for the Cu(I1) derivative also indicate a first-order 
dependence on hydrogen ion. The plots for the Cd(I1)- and 
Ni(II)-enzymes with slopes of -0.3 1 indicate a more complex 
dependence. 

Pyrazole also forms a ternary complex with apo-E and 
NAD' (Dietrich et al., 1983). Figure 6B shows the pH de- 
pendence of the decay rates for the displacement of (Z)- 
DMOX from the apo-E(NAD+-(Z)-DMOX) complex by 
pyrazole. At high pH, the rate of (Z)-DMOX dissociation 
( N 15 s-l) is independent of pH. As the pH is lowered, the 
rate increases to values 1 6 5  s-l. The pH dependence shown 
in Figure 6B suggests the apparent pK, for this transition is 
<6. Figure 6 shows that (Z)-DMOX dissociates from the 
apo-E complex with apparent rates that are 3-4 orders of 
magnitude faster than the rates found for the metal-substituted 
species. 

Model Studies. It was of interest to examine the spectral 
properties of model compounds in which the "oxime-like 
nitrogen" carries a formal positive charge. The nitrone, N- 
phenyl-a- [2- [4-(dimethylamino)phenyl]ethenyl] nitrone 
(structures I and II), proved to be a suitable spectroscopic 
model (see Discussion). The 'H NMR of the nitrone indicates 
the presence of both the Z and E isomers (structures I and 
11). The UV-visible spectrum of this mixture is characterized 
by a long-wavelength T,T* spectral band with an apparent 

of 436 nm and apparent emax of 3.8 X lo4 M-' cm-I. 
The spectral changes accompanying coordination of (Z)- 

DMOX to ZnZ+ and Ni2+ in acetonitrile solution (data not 
shown) also were investigated. When (Z)-DMOX is added 
to a nearly saturated acetonitrile solution of Z ~ I ( N O ~ ) ~ ,  the 
spectrum of (Z)-DMOX (AmaxCH3CN 354 nm) is red-shifted 
to a A,,, of 383 nm. Addition of (Z)-DMOX to a saturated 
solution of NiClz in CH3CN gave a smaller apparent red-shift. 
Owing to the lower solubility of NiClz in CH3CN and to the 
apparent weak affinity of Ni2+ for (Z)-DMOX under these 
conditions, the spectrum of the Ni(I1)-coordinated (Z)-DMOX 
was not resolved from that of free (Z)-DMOX. 

Discussion 

Only the Z isomer of DMOX reacts with enzyme-bound 
oxidized coenzyme to form a ternary complex at  each site in 

(2) 
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which the spectrum of the (Z)-DMOX chromophore is red- 
shifted -80 nm (Figure 1). The apparently absolute spe- 
cificity for the Z isomer of DMOX is in agreement with the 
findings of Sigman et al. (1982) for aliphatic oximes. The A- 
and fmax of the long-wavelength absorption bands for all the 
complexes (Table 11) are insensitive to the nature of the 
substituent on the pyridinium ring of the analogue. 

The high affinity of the Zn(II)E(NAD+) complex for 
( a -DMOX (viz., Figure 5) indicates an apparent dissociation 
constant for (Z)-DMOX of <10 nM at pH 8.75. The sharp 
end points in these titrations demonstrate a stoichiometry of 
1 mol of (Z)-DMOX bound/mol of enzyme site. The rate 
of complex formation when Zn(I1)E and NAD+ are in excess 
of (Z)-DMOX yields an estimated association rate constant 
( k , )  of 1 4  X lo5 M-' s-I at pH 8.75. Displacement by py- 
razole at this pH gives an estimated dissociation rate constant 
(k- , )  of 9.3 X lo4 s-'. The ratio k- , /k l  yields an apparent 
dissociation constant of -2.3 nM. The computer simulation 
of the fluorescence quenching titration (Figure 5) indicates 
a value of -4 nM. Sigman et al. (1982) report a value of 
5.56 nM at pH 7.0. The excellent absorption and fluorescence 
spectroscopic properties of the complex and the high affinity 
make (Z)-DMOX a potentially useful active site titrant for 
the determination of LADH active site concentrations. The 
spectroscopic advantages of the (Z)-DMOX system are par- 
tially offset by the instability of the Z isomer. In aqueous 
solution, the Z isomer undergoes a slow conversion (probably 
light catalyzed) to the thermodynamically more stable but 
inactive E isomer. The crystalline material is stable in the dark 
when stored at 4 OC for time periods 1 2  years. 

Evidence for  Adduct Formation between (Z)-DMOX and 
Coenzyme. The spectra of the NAD+, 3-acetyl-PdAD+, and 
3-thio-NAD+ ternary complexes with (Z)-DMOX each con- 
tain a second, higher energy, absorption band (Figure 1 and 
Table 11). This electronic transition was not detected in the 
io3PdAD+ complex (viz., Figure 1D). On the basis of the 
spectral properties of io3PdADH (Table IV), it is probable that 
in the io3PdAD+ complex this transition occurs at higher en- 

ergy and, therefore, is obscured in the spectrum by the ab- 
sorbancies of the enzyme, io3PdAD+, and (Z)-DMOX. The 
difference spectrum for the NMN+ system in the 290-300-nm 
region (Figure 2) suggests the presence of a second transition 
at -290 nm. 

The A,,, of the second absorption bands for the NAD', 
3-acetyl-PdAD+, and 3-thio-NAD' complexes (respectively, 
280, 305, and 335 nm; viz., Table 11) appears to reflect the 
nature of the substituent at the 3-position of the coenzyme 
pyridine ring (Table IV). Therefore, we conclude that these 
absorption bands are derived from electronic transitions as- 
sociated with the 7~ systems of these pyridine rings. We further 
conclude that these spectral bands arise from the corresponding 
dihydropyridine structures derived from adduct formation 
between (2)-DMOX and the coenzyme (Scheme I). 
Structures involving either bonding to the nicotinamide ring 
via the oxime nitrogen with the oxime oxygen coordinated to 
zinc (structure 111) or bonding to the nicotinamide ring via 
the oxime oxygen with the oxime nitrogen coordinated to zinc 
(structure IV) are shown. Although the corresponding 2- and 
6-adducts cannot be ruled out, 4-adducts are shown here by 
analogy to the X-ray structure of the LADH(NAD+-pyr) 
adduct (Eklund et al., 1982). In agreement with this as- 
signment, Sigman et al. (1982) have shown that the reaction 
of aliphatic oximes with the LADH(NAD+) complex gives 
ternary complexes that exhibit a new absorption band between 
290 and 305 nm. Since both hydroxylamine and N-methyl- 
hydroxamine form ternary complexes with absorption bands 
in this region while Omethylhydroxylamine does not, they also 
assign this spectral band to the formation of an adduct between 
the oxime oxygen and the nicotinamide ring of NAD'. If 
adducts are formed, then the corresponding reduced coenzymes 
should be good spectroscopic analogues. This prediction is 
borne out by the data summarized in Table IV; the spectra 
of the C-4-reduced coenzymes, the cyanide adducts, and the 
hydroxylamine adducts all have A,,, values that exhibit de- 
pendencies on the nature of the substituent at the 3-position 
of the ring that are similar to those of the DMOX complexes. 
Assuming that the same bonding interactions occur in the 
io3PdAD+ complex, the electronic transition derived from the 
pyridine ring moiety should occur below 280 nm (Abdallah 
et al., 1976; Abdallah & Biellmann, 1980), a region we could 
not examine in these experiments. 

The relatively low affinity of the E(io+PdAD+) complex for 
(Z)-DMOX very likely has its origins in the predominance 
of a binary complex in which the pyridine riboside portion of 
the coenzyme is directed back toward the surface of the protein 
rather than toward the active site zinc ion (Abdallah et al., 
1976; Samama et al., 1977; Ekland et al., 19871). We pos- 
tulate that reaction with (Z)-DMOX drives the pyridine ring 
of io3PdAD+ into the nicotinamide subsite, thus making 
possible the bonding of (Z)-DMOX both to io3PdAD+ and 
to Zn2+ in the ternary complex. 

NMN+ binds only very weakly if at all to the nicotinamide 
subsite (NMN+ binds preferentially to the AMP subsite; 
Sigman, 1967; Schmid et al., 1978). The formation of an 
E(NMN+-(Z)-DMOX) complex with & N 430 nm (Figure 
2) indicates that bonding of (Z)-DMOX to the nicotinamide 
ring stabilizes the binding of NMN' in the nicotinamide 
subsite. 

Chemical Nature of the (Z)-DMOX Ternary Complex. 
The reaction of 4-trans-(N,N-dimethylamino)cinnamaldehyde 
(DACA) with the LADH(NADH) complex results in the 
formation of a transient intermediate exhibiting a similarly 
red-shifted spectrum (Dum & Hutchison, 1973; Dunn et al., 
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Table IV: Comparison of the UV-Visible Spectral Properties of Enzyme-Bound Nucleophile-NAD+ Adducts with the Spectra of the 
1 ,4-Reduced Analogues 

~~ 

A,,, (nm) of 
LADH binary A,,, (nm) of 

1,4-reduced 1,4-reduced 
NAD' analogue (Z)-DMOX CN-" NH,QH" NADH analogue analogues" analogues" 

NAD+ 290 428 310 300 NADH 325 340 
3-acet yl-PdAD+ 305 432 340d 325 3-acetyl-Pd ADH 350 363 

~ O ' P ~ A D + ~  427 262 io3PdADHC f 259 
NMN' 430 NMNH f 340 

Abdallah et al. (1976). Note that io3PdAD+ has hmaxHZo 
255 nm (-1.8 x lo4 M-' cm-' ) and a shoulder at  295 nm (-2.5 X lo3 M-' cm-') and io3PdADH has AmaxHZo 259 nm (-1.7 X lo4 M-' 
cm-'). Kaplan (1960). e For the ternary E(3-thio-NADH-IBA) complex, Joppich-Kuhn & Luisi (1978). Not reported. 

complexes with free A,,, (nm) of LADH ternary complexes with 

- 

3-thio-NAD+ 335 428 335b 3- thio-NADH 387e 395 

" Sund & Theorell (1963). Pabst Laboratories Circular OR-18 (1965). 
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1975,1982; Morris et al., 1980). The DACA spectral changes 
originate from inner sphere coordination of the carbonyl ox- 
ygen of DACA to the active site zinc ion [see structure V of 
Scheme I (Dunn & Hutchison, 1973; Dunn et al., 1975, 1982; 
Angelis et al., 1977; Dietrich et al., 1979; Cedergren-Zeppe- 
zauer et al., 1982)l. However, since the LADH(NAD+) 
complex contains two powerful electrophiles, NAD+ and Zn2+, 
bonding interactions to either NAD' or Zn2+ via the oxime 
nitrogen (viz., structures I11 and IV of Scheme I) could ac- 
count for the red-shifted spectra of Figures 1-3. 

The Cu(11)-, Ni(I1)-, and Co(II)-enzymes exhibit spectral 
bands attributable to metalsulfur charge-transfer interactions 
in the region 300-430 nm for Co(I1) and Ni(I1) and in the 
region 500-800 nm for Cu(I1). The Co(II)-enzyme exhibits 
d-d electronic transitions in the 500-700-nm region. The 
300-430-nm charge-transfer transitions of these derivatives 
are partially obscured by the intense T,T* transitions of bound 
(a -DMOX. However, the long-wavelength transitions of the 
Co(1I)E (Figure 3A) and the Cu(1I)E (Figure 3B) are free 

I 
;\ 

CH3 CH3 

Va 

II 
N' 

/ \  
CH3 CH3 

vb 

from other interfering spectral bands. The spectra in Figure 
3 show that formation of the (Z)-DMOX ternary complex 
causes shifts in the d-d transitions of both A,,, and e. 

Maret et al. (1979, 1982), Dietrich et al. (1979), Maret et 
al. (1981), Dietrich & Zeppezauer (1982), and Koerber et al. 
(1983) have shown that the visible spectra of the Co(I1)- and 
Cu(I1)-enzymes are sensitive probes of ligand binding both 
to the substrate site and to the coenzyme site. The spectral 
changes of both the (a-DMOX chromophore and of the d-d 
and LMCT transitions associated with ternary complex for- 
mation (Figure 3) are consistent with the direct coordination 
of (Z)-DMOX both to Co(I1) and to Cu(II), respectively, in 
these enzyme derivatives. The remarkable dependence of the 
(2)-DMOX dissociation rate constants on the presence of a 
divalent metal ion at the site, compare apo-E (Figure 6B) with 
the metalloenzyme derivatives (Figure 6A), also is consistent 
with direct coordination in the metal ion substituted enzyme 
derivatives. The remaining question concerns the identity of 
the atom (oxime nitrogen or oxygen) that coordinates to the 
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Scheme 11: Structural Models Depicting the Steric Constraints 
Imposed on the Reaction of (2)-DMOX with 
the E(NAD’) Complexa 

S 

metal atom and that atom bonds to the C-4 of the nicotinamide 
ring. 

To investigate the steric constraints imposed by the active 
site of the enzyme and the possible modes of adduct formation, 
we undertook computer-assisted model-building exercises to 
determine which orientations and bonding interactions are 
likely possibilities for the E(NAD+-(2)-DMOX) complex. By 
use of the refined atomic coordinates for the triclinic LADH- 
(NADH, Me2SO) structure (H. Eklund, private communi- 
cation), the following constraints were imposed: (1) no 
structural changes were allowed in the protein or NADH 
models; (2) the bond distance between the active site Zn2+ 
atom and the liganding atom from (2)-DMOX is 2.0 A; (3) 
the constellation of atoms consisting of (2)-DMOX, Zn2+, and 
the C-4 carbon of NAD’ defines a plane; (4) the 0-N-C 
oxime angle is - 11 So (an average of literature values taken 
from the X-ray structures of oximes and oxime-metal ion 
complexes; Wetherington & Moncreif, 1973; Godycke & 
Rundle, 1955; Williams et al., 1959; Stone et al., 1971; Gin- 
derow, 1975). 

With these 
constraints, the most reasonable structure found involves co- 
ordination of the oxime nitrogen to zinc. With a 2.0-A N-Zn 
distance, van der Waals contacts between the binding cleft and 
the (N,N-dimethy1amino)phenyl portion of (Z)-DMOX lim- 
ited the distance between the oxime oxygen and the 4-carbon 
of the nicotinamide ring to -2.0 A (structure A, Scheme 11). 
In structure A, the only unacceptably short van der Waals 
contacts occur between (Z)-DMOX and Met-306 (from the 
other subunit). If the S-CH3 group of Met-306 is allowed 
to rotate to a new position, then the fit between ( a - D M O X  
and the site is satisfactory. X-ray structure studies of the 
E(H,NADH,DACA) complex (Cedergren-Zeppezauer et al., 
1982) show that the S-CH3 group of Met-306 is located in 
an alternative position [presumably to accommodate the -N- 
(CH3)2 group of DACA]. The distance between the oxime 
oxygen and the 4-carbon of the ring in structure A could be 
shortened by a slight rotation of the nicotinamide ring about 
the glycosidic C-N bond. Due to spatial constraints imposed 
by the site, it was found that complexes involving coordination 
of the oxime oxygen, covalent bonding to the nicotinamide ring 
via the oxime nitrogen, and acceptable van der Waals contacts 
could not be fit into the site. Our efforts gave structures (viz., 
structure B) in which the bestfit bond distance between the 
oxime nitrogen and the NAD’ 4-carbon is too long for a 
covalent bond (i-e., 4 2  A). These complexes were also 
characterized by unacceptably short van der Waals contacts 
between the (CH3)2N group of (Z)-DMOX, Leu-1 16, Phe- 
140, and Leu-141 (Le., <2.2 A). To achieve a fit of structure 
B with acceptable bond lengths, bond angles, and van der 
Waals contacts, the tertiary structure of the catalytic domain 
in the vicinity of the substrate binding site must be significantly 
different from that of the E(NADH,M@O) complex? Thus, 
these model-building studies strongly suggest that the bonding 
interactions between (Z)-DMOX, the active site zinc ion, and 
the nicotinamide ring occur as depicted in structure A with 
coordination via the oxime nitrogen and covalent bonding to 
the ring 4-position. Sigman et al. (1982) propose a similar 
mode of bonding both for aliphatic oximes and for (2)- 
DMOX. The X-ray structures of oxime complexes with di- 

The results are summarized in Scheme 11. 

* Preliminary crystallographic studies show that the E(NAD+-(2)- 
DMOX) complex crystallizes in the same space group P2, with the 
dimeric molecule in the asymmetric unit. This crystal form represents 
an enzyme structure similar to the triclinic E(NADH,Me,SO) complex 
used as the reference structure in the model studies. 

A 
S 

B 
The protein and coenzyme coordinates are derived from the 

2.5-A resolution structure of the triclinic E(NADH,Me,SO) com- 
plex. The active site zinc atom is indicated by a dotted sphere 
bonded to the three protein ligands (the sulfurs of Cys-46 and 
Cys-176 and the 2-imidazolyl nitrogen of His-67). A fourth bond 
drawn to the oxime moiety of (2)-DMOX (via nitrogen in 
structure A and via oxygen in structure B) completes a roughly 
tetrahedral coordination sphere. In these “cutaway” views, the 
best possible fits of (Z)-DMOX to the hydrophobic substrate 
binding cleft are shown (see text). (Structure A) (Z)-DMOX 
oxime nitrogen is liganded to  zinc with an N-Zn bond length of 
2.0 A. The oxime oxygen-NAD+ C-4 distance is 1.9 A. In this 
“best fit”, the only unfavorable van der Waals contacts involve 
the -N(CH,), group of DACA and Met-306. (Structure B) 
Oxime oxygen is liganded to zinc with an 0-Zn bond length of 
2.0 A. In  this “best fit” orientation, the oxime nitrogen is >2.0 
A from the C-4 carbon of NAD+, while the -N(CH,), group of 
DACA makes unacceptably short van der Waals contacts with 
Leu-116, Phe-140, and Leu-141. 

valent transition metal ions show that bonding occurs via inner 
sphere coordination of the oxime nitrogen in all examples 
reported (Williams et al., 1959; Godycke & Rundle, 1955; 
Stone et al., 1971). 

The formation of a red-shifted ternary complex with the 
apo-E and NAD+ (Figure 4) with spectral properties at pH 
7.5 that are closely similar to the complexes formed with the 
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metalloenzyme derivatives demonstrates that, for this enzyme 
derivative, bonding to some electrophilic center other than the 
active site metal ion is responsible for the red-shift. The 
red-shifted spectrum of the apo-E ternary complex must arise 
either via bonding of the oxime nitrogen to the nicotinamide 
ring (Scheme 111, structure VI) or via substitution of a new 
electrophilic center for the missing zinc ion, e.g., a proton (viz., 
structure VII). Such centers are created by protonation of 
His-67, Cys-46, and Cys-174 upon removal of the catalytic 
metal ion (Schneider & Zeppezauer, 1983; Schneider et al., 
1983). 

The pH-dependent spectrum of the apo-E(NAD+-(2)- 
DMOX) complex, almost certainly, is due to the ionization 
of a protonated component of the complex, either ( a -DMOX 
or a protein residue in close proximity to the ( a - D M O X  
chromophore. Protonation of the oxime nitrogen (structure 
VII) would shift the spectrum of (Z)-DMOX to the red. 
Ionization of this protonated species would convey a pH de- 
pendence to the spectrum of the complex. Conversely, if the 
red-shifted spectrum of the a p E  complex arises from bonding 
of the oxime nitrogen to the nicotinamide ring (structure VI), 
then the pH dependence of the spectrum must result from 

4 

o \  / N H 2  
\ C  

4 

VIIb 

N-H 
: I  
1;12+. ..N- 

b + -  0 N+ 

N 
/ \  

C b  C H 3  
/ \  

C H 3  C H 3  

IX 

either the ionization of the oxime hydroxyl or of a nearby 
protein residue (e.g., Cys-46 or Cys-174). 

Comparisons with Other Systems. Model studies of close 
structural analogues of (2)-DMOX (Angelis et al., 1977) have 
demonstrated that bonding interactions involving the imine 
nitrogen of the chromophore that result in electron withdrawal, 
i.e., metal ions (structure IX), alkylation, or arylation 
(structure I), cause similarly large red-shifts in the T,T* 
transition (viz., Table 111). 

Direct comparison of the effects of Lewis acid strength on 
the spectral shifts is made difficult by differences in coordi- 
nation geometry and coordination number; the Zn(I1) complex 
is tetrahedral (Angelis et al., 1977), the Co(I1) complex 
probably is tetrahedral, the Cu(I1) and Ni(I1) complexes 
almost undoubtedly are square planar (Holm & O’Connor, 
1971), and the Cd(I1) complex probably has a coordination 
number >4. 

In contrast to model systems, solution spectroscopic and 
X-ray crystallographic studies of the metal-substituted LADH 
catalytic site indicate a distorted tetrahedral ligand field that 
is highly conservative with respect to coordination number and 
geometry of the substituted metal atom (Zeppezauer, 1983; 
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Schneider et al., 1983; G. Schneider et al., unpublished results). 
A recent X-ray analysis of 2.4-A resolution has shown that 
the tertiary structure of Co(I1)-LADH is virtually indistin- 
guishable from that of the native enzyme. Most important, 
the position and distance of the metal ligands, including the 
metal-bound water molecule remain the same within narrow 
limits (Schneider et al., 1983). Also, Cd(I1)-LADH (G. 
Schneider et al., unpublished results), which was studied at 
2.9-A resolution, remains four-coordinated, although slight 
changes in the positions of the metal binding side chains are 
observed as a consequence of the significantly larger ionic 
radius of Cd(I1) as compared to that of Zn(I1). By inference, 
we may expect even the Ni(II), Cu(II), and other metallo 
derivatives to conserve a four-coordinate, tetrahedral catalytic 
metal binding site. 

Table I11 shows that the spectral shifts associated with the 
formation of the (2)-DMOX complexes, although generally 
slightly larger, are similar in magnitude to the red-shifts that 
accompany the reaction of 4-trans-(N,N-dimethylamino)- 
cinnamaldehyde (DACA) with the metal-substituted LADH- 
(NADH) complexes (60-80 nm; Dunn & Hutchison, 1973; 
Dietrich et al., 1979; DUM et al., 1981). DACA does not form 
red-shifted ternary complexes with apo-E(NADH) or with 
apo-E(NAD+). The (Z)-DMOX reaction is also highly spe- 
cific; (Z)-DMOX does not form red-shifted complexes with 
either apo-E(NADH) or the metal ion substituted E(NADH) 
complexes (Zn2+ included). These observatives are consistent 
with the differences in modes of bonding proposed for the two 
types of complexes (viz., structures I11 and IV vs. structure 
V).  

In comparison to the relatively unfavorable reactions of free 
NAD’ with nucleophiles in aqueous solution, the highly fa- 
vorable nature of the reactions of (2)-DMOX and other nu- 
cleophiles with enzyme-bound NAD+ undoubtedly is a con- 
sequence of the entropic advantages arising from the 
“intramolecular” character of adduct formation within the 
ternary complex (Jencks, 1975; Bruice & Benkovic, 1966). 
Just as in the catalytic reaction where coordination of alcohol 
undoubtedly places the C-1 hydrogen of the substrate within 
bonding distance of the C-4 of NAD’, the binding and co- 
ordination of (Z)-DMOX to the active site metal ion orients 
the oxime for nucleophilic attack on the nicotinamide ring via 
a “template effect” (Dunn, 1975). 
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Relationships between the Na+-H+ Antiport Activity and the Components of 
the Electrochemical Proton Gradient in Escherichia coli Membrane 
Vesiclest 
Martine Bassilana, Evelyne Damiano, and GBrard Leblanc* 

ABSTRACT: The kinetics of Na+ efflux from Escherichia coli 
RA 1 1  membrane vesicles taking place along a favorable Na+ 
concentration gradient are strongly dependent on the gener- 
ation of an electrochemical proton gradient. An energy-de- 
pendent acceleration of the Na+ efflux rate is observed at all 
external pHs between 5.5 and 7.5 and is prevented by un- 
coupling agents. 'The contributions of the electrical potential 
(A$) and chemical potential (ApH) of H+ to the mechanism 
of Na+ efflux acceleration have been studied by determining 
the effects of (a) selective dissipation of A$ and ApH in 
respiring membrane vesicles with valinomycin or nigericin and 
(b) imposition of outwardly directed K+ diffusion gradients 
(imposed A$, interior negative) or acetate diffusion gradients 
(imposed ApH, interior alkaline). The data indicate that, at 
pH 6.6 and 7.5, ApH and A$ individually and concurrently 

I n  Mitchell's chemiosmotic hypothesis, the ionic gradients 
across the cytoplasmic membrane are proposed to serve the 
purpose both of the conservation of energy and of its trans- 
mission from energy-producing to energy-consuming mem- 
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accelerate the downhill Na+ efflux rate. At pH 5 .5 ,  the Na+ 
efflux rate is enhanced by ApH only when the imposed ApH 
exceeds a threshold ApH value; moreover, an imposed A$ 
which per se does not enhance the Na+ efflux rate does con- 
tribute to the acceleration of Na+ efflux when imposed si- 
multaneously with a ApH higher than the threshold ApH 
value. The results strongly suggest that the Na+-H+ antiport 
mechanism catalyzes the downhill Na+ efflux. Furthermore, 
they suggest that (a) the overall exchange reaction is rate 
limited by the rate of coupled H+ influx, (b) the Na+-H+ 
antiporter might function as an electrogenic process at all pHs 
between 5.5 and 7.5, and finally (c) the antiport function is 
controlled, in particular at acidic pHs, by a ApH-sensitive 
reaction or alternatively by the internal pH. 

brane reactions (Mitchell, 1963, 1968, 1970). It is thus well 
recognized that in intact bacteria or derived membrane vesicles, 
the electrochemical proton gradient (Ap,+)' (Mitchell, 1963) 

Abbreviations: ApH+, electrochemical gradient of protons; ApH, 
proton gradient across the membrane; A$, electrical potential across the 
membrane; ApNn+. electrochemical gradient for Na+ ions; PMS, phena- 
zine methosulfate; FCCP, carbonyl cyanide p(trifluoromethy1)phenyl- 
hydrazone; Me,SO, dimethyl sulfoxide. 
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