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Cofactor recognition and conversion are important when conducting reactions using alcohol
dehydrogenases in enzyme-catalyzed synthesis. In this paper alcohol dehydrogenase from Ther-
moanaerobium brockii is found to accept a solution of NAD and vanadate (presumably 2-NADV)
as a cofactor with a better k.q/ K, ratio than NADP. A combination of 51V NMR spectroscopy and
enzyme kinetics were used to determine the Michaelis Menten parameters for this cofactor.
Comparisons with previous studies suggest ADH for T. brockii may be an enzyme prone to cofactor

substitution.

Introduction

The phosphate group in pyrimidine nucleotide cofactors
is essential for enzymerecognition. Active cofactor analogs
where phosphate or pyrophosphate has been replaced by
alternate bifunctional groups have been reported but their
activities are often poor and their preparation complex.!
Most of the synthetically interesting cofactor dependent
enzymes are dehydrogenases and oxido-reductases, which
perform reactions under mild conditions with high regio
and stereospecificity and innocuous side products.2 Ap-
plication of dehydrogenases as catalysts such as the alcohol
dehydrogenase from Thermoanaerobium brockii has
proved particularly useful in synthesis of chiral multi-
functional compounds.3 The synthetic usefulness of the
enzyme catalysts is dictated by substrate specificity, the
nature of the products, and the availability, cost, and
stability of both the enzyme and cofactor.! Given the
expense of cofactors, in situ cofactor regeneration has been
developed in larger laboratory- and industrial-scale syn-
theses. The most convenient cofactor regenerations are
those involving ATP/ADP and NAD/NADH. Additional
regeneration systems have been developed for NADP(2'-
NADP)/NADPH(2-NADPH), NADH/NAD, NADPH(2-
NADPH)/NADP(2’-NADP), and acetyl-CoA/CoA in prac-

tical synthetic schemes.> The expense of NADP has,
however, prevented the scale-up of NADP-dependent
enzyme reactions and awaits methods for circumventing
the use of NADP as a cofactor for these enzymes. This
work describes a cofactor analog for the NADP dependent
alcohol dehydrogenase (ADH).

Various atoms including sulfur, nitrogen, aluminum,
arsenic, and vanadium(V) have been used to generate
phosphate mimics. Sulfates and nitrates tend to be poor
mimics because they have a different charge distribution.6
Tetrafluoroaluminate and tetrafluoroborate have been
found to be good mimics of phosphate in biological
systems.” Arsentate (HAsO,2-and HAsO,-) and vanadate
(HVO4?- and H;VO,-) have been found to have electronic
and structural characteristics similar to phosphate.? Ar-
senate and vanadate, for example, are more potent
inhibitors than phosphate for phosphatases and ATPases.®
Descriptions of organic phosphate analogs have been less
common.?!! Organic phosphonates are used most often
as analogs for organic phosphates, although difficulties in
their preparation combined with low biological activity
limit their use.!! A few reports suggest organic arsenates
are excellent analogs for organic phosphates with respect
to electronic properties and biological activity.® The
biological activities of organic arsenates promise well for
the activities of organic vanadate. Recent findings with
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glucose 6-phosphate dehydrogenase,!9!2 glycerol 3-phos-
phate dehydrogenase,!® and aldolase!? show that organic
vanadates can act as substrate in place off organic
phosphates.

Aqueous solutions of vanadate in millimolar concen-
trations contain several vanadate species at neutral pH;
these include monomer (H,VO,4-, HVO,2-, VO,3-; abbre-
viated V1), dimer (H3V507, H2V2072', H2V073-, V2074';
abbreviated V2), tetramer (V40,24 abbreviated V,), and
pentamer (V50;55-; abbreviated V;).1® These species are
in rapid equilibrium and convert in the course of ms, thus
preventing isolation.!4 In the presence of thiols or other
reducing agents vanadate is reduced, presumably to
vanadium(IV).15 Studies exploring the properties of
organic vanadates as organic phosphate analogs need to
avoid conditions facilitating redox chemistry. One method
to avoid reduction is to add an interacting buffer such as
imidazole.!®¢ In the presence of imidazole, an organic
vanadate forms within milliseconds after the mixing of an
organic compound containing a hydroxyl group with
vanadate in neutral aqueous solutions.!” The vanadium-
(V) inthesesolutions is stable towards reduction for several
hours. Inthis manner, glucose 6-vanadate can be prepared
from solutions containing glucose and vanadate.l? This
compound is substrate for glucose 6-phosphate dehydro-
genasge.1012 Studies with various nucleosides and nucleo-
tides suggest vanadate can form vanadium analogs of
AMP and ADP as well as other vanadium-based nucleo-
side/nucleotide derivatives.'®* Thereaction between NAD
and vanadate monomer (in the form of HVO,2-or HoVO,)
isexpected to generate several vanadium-NAD complexes,
since each reactive functionality (including hydroxyl
groups, the purine base and nicotinamide moity) on NAD
can lead to a product.!® The reaction of vanadate with
NAD has been described previously,!820 although the
reactions of vanadate with nucleosides and nucleotides
have been described in greater detail.l® We will use the
abbreviation NADV for the 8-nicotinamide adenine di-
nucleotide 2’-vanadate derivative which corresponds to
the biologically active phosphate derivative, NADP. The
possibility for generating the vanadium analog of NADP
with NAD and vanadate as shown in (1) has intriguing

Keq,NaDV
NAD + HVOf‘ = NADV 1)

implications for the use of enzymes in organic synthesis
(Figure 1).
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Figure 1. ADH-based reactions using NADV or NADVH as a
cofactor.

The activity of NADV, a NADP analog, was examined
for ADH isolated from 7. brockii. This enzyme is
thermally stable up to 89 °C and exhibits a high tolerance
toward organic solvents. It is of particular synthetic
interest because it converts keto substrates to chiral
secondary alcohols.3 NADV forms rapidly after mixing
NAD and vanadate in aqueous solutions.!® The in situ
formation of NADV from NAD and vanadate in principle
should allow for the use of an NADP-dependent dehy-
drogenase as a catalyst using NAD as the cofactor. Since
NADP is much more expensive and significantly less stable
than NAD, formation of NADV is of practical importance.
The results presented below suggest that NAD plus
vanadate (NADV) is a good cofactor for alcohol dehy-
drogenase from T. brockii and that approaches to modify
cofactor specificity such as this may become important in
future applications of enzymes in synthesis (Figure 1).

Experimental Methods

General. All reagents were purchased from Aldrich or Sigma
unless noted otherwise. Ethanol (200 proof) was purchased from
Midwest Grain Products Co. (F = 0.785 g/ml, D = 46.07 g/mol).
The solutions of the cofactors NAD and NADP were prepared
from solid materials of 95% or 98% purity. Aqueous solutions
were prepared with distilled water which was further purified by
deionization on an anion-exchange column. Vanadate solutions
(2.00 or 50.00 mM) were generated from vanadium pentoxide
and 2 equiv of NaOH and stored at 4 °C before use. The
concentration of vanadium was verified by measuring the UV
adsorption (¢ 3.55 X 103 M-! cm-1)2 at A = 260 nm at pH 12.5.

Alcohol dehydrogenase from T. brockii [E.C. 1.1.1.2] is
commercially available as a lyophilized powder. It loses 30%
activity in 6 days once dissolved in TAPS buffer containing 1%
bovine serum albumin at pH 9.0. The results reported in this
work were carried out on solutions less than 1 day old.

Kinetic Measurements. Rates of oxidation were measured
in continuous assays at 25 °C and at 340 nm on a Lambda 4B
Perkin-Elmer doublebeam spectrophotometer equipped with a
constant temperature cell. The assay solutions were incubated
for 2 min before the enzyme was added to initiate the reaction.
The rates were taken from the initial linear section of the
absorbance vs time plot; the reaction was monitored from 5 to
15 min. Doubling the concentration of ADH doubled the rate
of oxidation.

Speciation Analysis. At millimolar total vanadate concen-
tration the vanadate oligomers are in equilibrium as shown by
eqs 2-5.13 Accordingly, the concentration of each species can be
calculated if the concentration of one species is measured. At
pH 9.0 the chemical shifts of V,, V,, V,, and V; are ~538, -562,
-573,and -580 ppm, respectively. Atlowvanadate concentrations
V, is the major species in solution; below 1 mM total vanadate
the concentrations of oligomers are essentially nonexistent. At
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higher vanadate concentrations V, becomes the major species in
solution with more than 50% of the vanadium in this form. At
pH 9.0 and 10 mM solutions of vanadate small changes in pH
(£0.05) will significantly effect the V, concentration. Analogous

K2

2V, =2V, 2)
Ky

4V, =V, 3
Kis

5V, =V, “4)
K

2V, =2V, ()]

pH changes do not effect speciation at both lower and higher pH
or at low total vanadate concentrations in a similar manner. The
analysis of speciation at pH 9.0 should include generation of
speciation curves, so that small pH changes do not contribute to
erroneous H*-dependent equilibrium constants which would
complicate the analysis of complexes formed between vanadate
and NAD. The formation of ethyl vanadate esters is small but
measurable and thus is accounted for in this analysis. The H*-
dependent equilibrium constants at pH 9.0, 50 mM TAPS, 200
mM KCl, and 1.0 M ethanol are K, = 60 M-}, K, = 7.1 X 108
M3, Ky = 2.0 X 10° M-, and K5 = 2.1 X 108 M4,

51y NMR Spectroscopy. Spectra of solutions were recorded
both at 79.4 MHz on a 'H ACE-300 Bruker Spectrometer (7.0 T)
and at 131 MHz on a 'H AM-500 Bruker spectrometer (11.7 T).
Typical spectral parameters include a sweep width of 40 000 Hz,
a 60° pulse angle, and an accumulation time of 0.07 s with no
relaxation delay. The spectra were measured using an external
lock. The T’s of the vanadate oligomers varied from 8 to 15 ms,
and accordingly no changes were observed in the integrations by
using relaxation delays. The chemical shifts were reported
relative to the external reference VOCl; (0 ppm).

Data Analysis. Analysis of the kinetic data was carried out
using several programs including Cricket Graph, Statworks,
Madak, and Wing 2. Eisenthal and Cornish-Bowden plots were
used to determine K, and V. whereas Lineweaver-Burk plots
and slope replots were used for illustration and for determination
of K’s. The uncertainties were calculated using Statworks and
were derived from the inherent variance in the data using standard
methods.

Specific Enzyme Assay.?? Vanadate Inhibition in ADH
Assay: Varying Ethanol Concentrations. The rate mea-
surements were carried out using 0.040-0.30 M ethanol, 0.30 mM
NADP, 50 mM TAPS, 200 mM KC], 5.0 mM semicarbazide at
pH 9.0, 25 °C, and 0.0-5.0 mM vanadate in the presence of 0.06
mg (~0.4 U) of ADH. The assay was observed for 2 min.

Vanadate Inhibition in ADH Assay: Varying NADP
Concentration. The rate measurements were carried out using
0.015~0.20 mM NADP, 1.0 M ethanol, 50 mM TAPS, 200 mM
KC}l, 5.0 mM semicarbazide at pH 9.0, 25 °C, and 0.0-5.0 mM
vanadate and in the presence of 0.06 mg (~0.4 U) of ADH. The
assay was observed for 2 min.

NADV Activity of ADH. Rates were measured in assay
solutions containing from 0 to 10.0 mM NAD, 0.60 M ethanol,
50 mM TAPS, 200 mM KCl, 5.0 mM semicarbazide at pH 9.0,
25 °C, and 0.0-3.0 mM vanadate (containing 0-1.5 mM mono-
meric vanadate) in the presence of 0.68 mg (4.1 U) of ADH, The
assay was observed for 20 min.

Results and Discussion

ADHDehydrogenase Assay. Vanadate interacts with
buffers and other assay components. Mildly reducing
compounds form complexes with vanadate which may
reduce the vanadium and oxidize the ligand,12131518 Pagt
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Figure 2. Rate of ADH-catalyzed oxidation of ethanol as a
function of vanadate, phosphate, and arsenate. The rates were
measured at 0.125 M ethanol, 0.30 mM NADP, 50 mM TAPS,
200 mM KCl, and 5 mM semicarbazide at pH 9.0 and 25 °C, and
the oxoanions are represented as vanadate (A), phosphate (W),
and arsenate (@).

studies showed the effects of reducing aldehydes, ketones,
and buffers can be minimized appropriately during the
experiment at hand.!213.15.16 Ip the presence of vanadate,
the alcohol dehydrogenase assay is best determined in
direction of oxidation in the presence of 5.0 mM
semicarbazide.!®® Semicarbazide forms a semicarbazone
with a carbonyl compound, and in the event the reaction
is not favored, semicarbazone formation will remove the
carbonyl group from the reaction mixture. Although these
precautions may not be as crucial for ethanol as substrate,
they are for other reducing products. We have been using
TAPS at pH 9.0 with a fairly high ionicstrength to maintain
constant vanadate equilibria.!®t Further discussions con-
cerning choice of buffer in studies with vanadate have
been described in detail elsewhere.!3:18

The K, (“Ki, app”) of ethanol, measured in the presence
of 0.30 mM NADP, was 50 (£10) mM, and the Vpyy
(“Vimax app”) was 0.04 (£0.02) mM/minu. The Ky, (“Ku, app™)
for NADP, measured in the presence of 1.0 M ethanol,
was 0,029 (£0.002) mM, and the Viax (“Vinag app”) was0.018
(£0.001) mM/min. These results deviate somewhat from
those reported in the literature determined under different
conditions.??

ADH-Facilitated Oxidation of Ethanol Using NAD-
Oxoanion Mixtures. The catalytic activity of a mixture
of NAD and a particular oxoanion with ADH was examined
using ethanol as a substrate. Oxoanions, including phos-
phate, arsenate, and vanadate, were added to assay
solutions containing TAPS buffer, KCl, semicarbazide,
ethanol, NAD, and ADH at pH 9.0 and 25 °C. Solutions
containing no vanadate showed very low rates, whereas
the rates increased 6-fold by addition of 1.0 mM vanadate.
Rate enhancements were not observed when adding up to
10-fold higher concentrations of phosphate or arsenate.
The rates of ethanol oxidation as a function of vanadate,
phosphate and arsenate concentrations are shown for
comparison in Figure 2. Sinceesterifications with arsenate
are significantly slower, a solution containing 0.30 mM
NAD was incubated with 60 mM arsenate for 48 h without
observation of the rate enhancements obtained with
vanadate. No significant changes in the rates were
observed in these experiments analogous to those shown
in Figure 2.

A series of controls was carried out to determine the
origin of the observed activity. Activity in assays con-
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taining only chemicals were found to be insignificant with
and without oxoanions, confirming the expected role of
the enzyme as catalyst. The necessity of the cofactor in
the reaction was illustrated in assay with enzymes and
substrates with and without oxoanions (but neither NAD
nor NADP) because no significant change in the absor-
bance was apparent. In asimilar manner, no activity was
observed in assays containing NADP and enzymes but no
substrate with and without oxoanions. These observations
eliminate the possibilities that other vanadium derivatives
in the assay, such as, for example, the ethyl vanadate or
the vanadate-TABS complex, could act as cofactor or
substrate.

In aqueous solutions vanadate forms vanadate esters
on a ms time scale with organic compounds containing
hydroxyl groups.!” In order to determine the affinity of
ADH for the presumed NADV, the equilibrium constant
for the reactions between NAD and vanadate under the
assay conditions needs to be determined. First, however,
the effect of vanadate on the ADH reaction must be
addressed since vanadate anions previously have been
found to inhibit dehydrogenases!®® and such interactions
could potentially change the analysis required for deter-
mination of Ky, and k¢, for NADV,

The Inhibitory Interaction of Oxoanions with
ADH. The interaction of oxoanions with ADH was first
examined by measuring the rate of ethanol (0.60 M)
oxidation in the presence of NADP (0.30 mM) and
increasing concentrations of oxoanions. Vanadateshowed
inhibition at 3 mM total vanadate, whereas arsenate and
phosphate did not inhibit in this concentration range.
These studies show that anionic vanadate inhibits alcohol
dehydrogenase in contrast to vanadate in combination
with NAD, which enhances the ethanol oxidation. Rate
measurements of assay solutions containing 0.30 mM
NADP and various concentrations of ethanol (from 0.050
to 0.30 M) at fixed vanadate concentrations were con-
ducted. Plotting the results in the form of a Lineweaver—
Burk plot showed that vanadate is a competitive inhibitor
(data not shown). An analogous series of studies show
that vanadate inhibits ADH when NADP is varied with
a mixed inhibition pattern (data not shown).

As previously stated, aqueous solutions with millimolar
of vanadate contain V,, Vy, and V;.1314 The concentrations
of these species depend on the total vanadate concentra-
tion, pH, and ionic strength. If a vanadate oligomer(s)
inhibited the ADH reaction, the substrate activity of
NADY can conveniently be measured in solutions where
concentrations of vanadate oligomers are extremely low
and their contribution to inhibition can be ignored,15b:23
Alternatively, the inhibition by other vanadate derivatives
can be considered. Specifically, we will also discuss the
possibilities that vanadate derivatives of either substrates
or cofactors inhibited the ADH-catalyzed reaction.

Lineweaver~Burk slopes (at varying ethanol concen-
trations) were plotted as a function of V,; concentration,
and a linear relationship was observed from 0 to 1 mM
vanadate (Figure 3a). The linear correlation with V, with
a non-zero slope suggest V; (or a species proportional to
the Vi concentration) inhibits ADH. The inhibition
constant (Kj;) is defined in (6) for V;. Using the above

ope = Ko (1.4 103 0
slope = Vmax Kil (

data K;; for the monomer was calculated to 1.1 (£0.2) mM
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Figure 3. Lineweaver-Burk slopes are plotted as a function of
vanadate oligomers; {V,]1 M (a), [V:] A (b), V4 X (c), and V; 1 (d).
The rates were measured from 0.0 to 0.60 M ethanol, 0.30 mM
NADP, 50 mM TAPS, 200 mM KCl, and 5 mM semicarbazide
at pH 9.0 and 25 °C.

with varying EtOH concentration and 7.7 (£0.4) mM with
varying NADP concentration.

Alternative explanations for the observed inhibition by
V; can be suggested, and one of these involves a complex
between V; and NADP. If the inhibiting species propor-
tional to the V, concentration were derived from a NADP
complex, they are likely to interact with ADH as an NADP
analog. Such a complex would therefore be expected to
be a competitive inhibitor of NADP. The observed
inhibition pattern is mixed against NADP and competitive
against EtOH, inconsistent with these expectations. Va-
nadium-NADP complexes are indeed likely to form under
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the assay condition. The question whether such complexes
interfere with the measured rates of conversion is de-
pendent on the concentration of the vanadium~-NADP
complexes formed. Since excess of NADP is used in these
assays (10-fold excess of K, Napp; 0.30 mM), less than 10%
of the NADP will form complexes in solution with 1 mM
vanadate (assuming complexes approximate those report-
ed previously for NAD,'8 nucleosides,!® and nucleotides).1?
The formation of vanadium-NADP complexes are there-
fore not likely to significantly change the NADP concen-
tration. The possibility that an ethy! vanadate derivative
is the inhibitor would be unexpected because the substrate
is neutral and ethyl vanadate is charged. We conclude
that the observed inhibition proportional to the V;
concentration is likely to come from the direct interaction
between V, and ADH.

Since the linear relationship in the slope replot shown
in Figure 3a does not continue above 1 mM total vanadate
and 0.9 mM vanadate monomer, V; is not the only inhibitor
in this system. At higher vanadate concentrations the
oligomers begin to form and the increased inhibition
suggests at least one of the oligomers is inhibiting the
ADH reaction. To determine which of the vanadate
oligomers interacts with ADH, the Lineweaver-Burk slopes
were plotted as a function of Vs, V4, and V; concentrations
(Figure 3a~d). The Lineweaver-Burk slope exhibits an
apparent linear relationship with V, (Figure 3¢) at higher
V4 concentrations. Since inhibition is observed at low
vanadate concentrations where no V, is present in solution,
both V; and V, are likely to be inhibitors. The inhibition
constants must therefore be determined from a kinetic
scheme where two inhibitors are acting simultaneously on
ADH. The kinetics follow the relationship shown in (7).
The K;’s were calculated to 1.1 (£0.2) mM for monomer
and 1.0 (£0.3) mM V-atoms for tetramer when ethanol is
varied.

)

K, (. V1 V] )
slope = Vm,\l + R, + X,

The relationship of the Lineweaver~Burk slopes with
V. appears to be nonlinear (sigmoidal) at both low and
high vanadate concentrations (Figure 3c). The relation-
ship of Lineweaver-Burk slopes with V; are also non-linear
(sigmoidal), suggesting neither V; or Vs can be the exclusive
inhibitors. The possibility of V; and Vs or V; and V; or
permutations of three or four species as inhibitors was
also examined. Any fits with three or four vanadium
species can be eliminated because such fits would yield a
set of inhibition constants that are physically impossible
(one of the inhibition constants would have to be negative).
Using multiple regression analysis the best fit was obtained
with V,; and V; however, the perturbations of V; and V,
or V; and V; have fits which were consistent with the
observed inhibition. Further experimentation was de-
sirable to confirm the possibility that V; and V4 are the
two vanadium species most consistent with the observed
inhibition.

The vanadate oligomer species changes significantly with
pH so we examined the inhibition of a solution containing
3.0 mM total vanadate at lower pH. The rate of ethanol
oxidation with and without vanadate in the assay was
measured from pH 7-9 in two different buffers, Tris and
TAPS, depending on the pH. As shown in Figure 4, the

Crans et al.

% Inhibition

7.0 1:6 8.0 l.r5 8.0
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Figure 4. Rate of ADH-catalyzed oxidation of ethanol is shown
as a function of pH in the presence of 0.40 M ethanol, 0.060 mM
NADP, 200 mM KCl, and 5 mM semicarbazide at 25 °C and 50
mM Tris (®) or 50 mM TAPS (0). The V, (@), V; (a), and V,
(X), and V; (O) concentrations are indicated in mM vanadium
atoms and were measured by 'V NMR spectroscopy.

observed inhibition decreases as pH increases, suggesting
that the major vanadate species responsible for the
inhibition is the one that exhibits similar pH-dependent
changes in concentration. AtpH 7.0and 3.0mM the major
vanadate species is V,, whereas at pH 9.0 the major
vanadate species is V; in the presence of buffer, semi-
carbazide, and 200 mM KCl. These studies support the
conclusion that V4 in the form of V;,0;:* (major species
in this pH range)1% is the inhibitory vanadate species in
addition to Vi. The conclusions based on the enzyme
studies conducted at pH 9.0 are in accord with the pH
dependence of the inhibition.

The possibility that V; is an inhibitor of ADH appears
to be less likely because the V; concentration decreases as
the observed inhibition increases. The combination V,
and V; as a reasonable alternative to the combination V;
and V, should then be less favorable. In the past it has
been shown that V; is a more potent inhibitor at low pH
for glycerol 3-phosphate dehydrogenase, apparently be-
cause the diprotonated form of Vy (H,VO;2) is a 10-fold
better inhibitor than the monoprotonated form of V;
(HV,07*).1% Even though the concentration of total V,
decreases, the concentration of HyV,0-%- increases as the
pH approaches 7.0. Since the pK, of this ionization is
7.813k one would expect a large increase in the inhibition
should H;V20-%-be the active V3 inhibitorin the pH range
7.0-7.8. Since Figure 4 only shows a modest increase in
the inhibition in this pH range we conclude that neither
total Vs or any protonated forms of V; are as likely as V,
to inhibit the ADH. This conclusion is supported by the
results obtained at various NADP concentrations since
the K; for V; for these measurements are negative (not
physically possible).

The combination of V; and V; as the inhibiting species
is possible even though the fit is somewhat poorer than
that for V,and V,. AsseeninFigure4the V;concentration
(V50455 in this pH range) increases as the observed
inhibition increases. To firmly distinguish whether V,
and V,or V; and V; are the inhibiting species, additional
experiments must be performed at higher vanadate
concentrations where the speciation between the V, and
V5 will easily be distinguished. In the past such exper-
iments have been conducted with 6-phosphogluconate
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dehydrogenase,? glucose 6-phosphate dehydrogenase,23®
glycerol 3-phosphate dehydrogenase,!5® phosphogluco-
isomerase,?4 and aldolase.?3d In all these cases the V, was
found to be a much more potent inhibitor of the enzyme
than Vs. In analogy, these enzymes show a significantly
better affinity for the corresponding “Mo,” molybdate
derivative ([(CHj3);AsMo40,,0H]%) over the “Mos” de-
rivative ([(NH3C:HP):PMo0;04,1%).2¢ Wethereforefavor
the interpretation that the inhibition is caused by V. Since
the objective of these studies was to quantify the inter-
actions of vanadate with ADH such that the vanadium
analog of NADP could be studied, we will continue the
analysis under the assumption that V4 and not V; is the
second vanadium inhibitor.

Vanadate can be reduced by proteins containing thiol
groups!?® so the possibility that vanadate interacts with
ADH through redox chemistry must be considered. If
vanadate inhibited ADH by generating vanadium(IV) and
oxidized ADH, the addition of EDTA should chelate V(IV)
and leave the oxidized and inhibited form(s) of ADH. If
vanadate inhibits ADH noncovalently and reversibly, the
chelation of vanadate will reactivate ADH. The revers-
ibility of the vanadate interaction was examined by the
following experiments. The reaction rates of alcohol
conversion in two ADH assay solutions were compared
and found to be identical for the first 60 s. Vanadate (to
3.0 mM final concentration) was then added to the second
assay. Therateof reaction in this assay solution decreased
while therate in the first assay solution remained constant.
Finally, EDTA (3.0 mM) was added to both assay solutions.
Identical reaction rates were observed in both solutions
although the rates in the presence of EDTA were only
64 % of the original rate. The reduciton of enzyme reaction
rates is often observed upon addition of EDTA and is
attributed to conformational interactions between the
EDTA and the protein.l*c The recovery of the enzyme
activity when vanadate was removed suggests vanadate
interacts with ADH noncovalently and not through redox
chemistry. Similar behavior has previously been observed
in other enzymes.15b

Reaction of Vanadate with NAD. Vanadate forms
monoesters in the presence of compounds with hydroxyl
groups and the monoesters can conveniently be studied
using *'V NMR spectroscopy. It is reasonable to expect
that vanadate will form secondary monoesters with the
four secondary hydroxyl groups on NAD. Depending on
the hydroxyl group that is vanadylated we will refer to
this compound as 2-NADV, 3-NADV, 2’-NADV, and 3’-
NADV. Only the 2"-NADV is an analog for NADP (2'-
NADP), the biologically active form. This reaction has
been reported under different conditions'® but more
detailed data and analysis will be presented here.

The 5V NMR spectra of the reaction of vanadate with
NAD show the two new signals of interest, a vanadate
monoester with a chemical shift superimposed on V,
(adjacent to that of ethyl vanadate ester) and a vanadium-
NAD complex at ~538 ppm. The presence of the former
complex is deduced from the V,-V, equilibrium since the

(23) (a) Crans, D. C,; Willging, E. M.; Butler, S. R. J. Am. Chem. Soc.
1990, 112, 427-32. (b) Crans, D. C.; Schelble, S. M. Biochemistry 1990,
29, 6698-6706. (c¢) Crans, D. C.; Sudhakar, K.; Zamborelli, T. J.
Biochemistry 1992, 31, 6812-21,

(24) Crans, D. C. Interactions of polyoxovanadates and selected
polyoxomolybdates with proteins. In Polyoxometalates: From Platonic
Solids to Anti-Retroviral Activity; Miiller, A., Pope, M. T., Eds.; Kluwer
Academic Publishers, in press.
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signal at-538 ppm was higher than expected. The presence
of ethanol does, however, reduce the quality of the spectra
and the accuracy of the formation constant measurement.
The stoichiometry of these complexes is determined by
measuring the 1V NMR spectra at a series of vanadate
concentrations and at a series of NAD concentrations. Only
the proper representation of the vanadium complexes will
fit the observed concentrations of complexes. Four
different complexes with the stoichiometries 1:1, 1:2, 2:1,
and 2:2 can form from vanadate and NAD (see supple-
mentary material for further detail). If the stoichiometry
is 1:1, then the observed complex concentration should
show a linear relationship when plotted against [V;]
[NAD]. As seen from Figure 5a only the complex with
the chemical shift superimposed on the V,; signal (the
combined monoesters “NAD-V”) is consistent with this
stoichiometry. Monoesters have previously been found
to have chemical shifts in this region, whereas cyclic
vanadate derivatives have significantly different chemical
shifts.’® The possibility that vanadate could interact with
the purine or nicotinamide moieties in NAD has previously
been described.?’ The fact that vanadate and pyridine
form a very weak complex at a different chemical shift,
does not lend support to a complex between vanadate and
the cofactor base-residues.?’> We therefore favor the
interpretation that the observed complex is a combination
of the four possible monoesters of NAD-V.

The complex at 523 ppm is not consistent with the 1:1
stoichiometry (Figure 5a). Since neither complex has the
stoichiometries 1:2 or 2:1, plotting the complex concen-
trations as a function of [V,1[NAD]2 or [V;]2[NAD] does
not yield linear relationships (Figure 5b and c). Plotting
the concentration of the complex at ~523 ppm as a function
of [V112[NAD] does show a linear relationship consistent
with the interpretation that this complex is a 2:2 complex.
This complex thus contains two molecules of V, and two
molecules of NAD eliminating any structural suggestions
inconsistent with this stoichiometry. Structural proposals
have been presented for the presumably analogous 2:2
complex between vanadate and nucleosides.!?

In addition to determining the stoichiometries, the plots
in Figure 5a and d allow the calculation of the formation
constants for the 1:1 and 2:2 complexes. We calculate a
formation constant of 5.6 M-! for the combined NAD-V
derivatives in 50 mM TABS, 200 mM KCl, and 0.60 M
ethanol pH 9.0. Since such esters exchange on the ms
time scale,!” each derivative cannot be isolated and
examined but its stoichiometry and concentrations must
beinferred from spectroscopic solutionstudies. Assuming
that the ester formation constant for all four derivatives
is similar, the formation constant for NADV (as shown in
(1)) is calculated as one-fourth (1.4 M-1) of the total
formation constant (5.6 M-!) for the monoesters (Keq NAD-v
= [NAD-V]/[V,] INAD] where [NAD-V] = [2-NADV]} +
[3-NADV] + [2'-NADV] + [3-NADV]). The major
product in the reaction between vanadate and NAD is the
complex at ~523 ppm, and it must be considered when
calculating speciation in the assay solution. The formation
constant for this complex is 3.2 X 108 M- (K. =
[NAD,V:]/[NAD]I2[V;]%) under the conditions used in this
work. The formation constants for NADV and ¢-NADV
(NAD,V;) in the presence of ethanol determined here were

(25) Galeffi, B.; Tracey, A. S. Inorg. Chem. 1989, 28, 1726-34.
(26) Peretz, M.; Burstein, Y. Biochemistry 1989, 28, 6549-55.
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Figure 5. Vanadium—-NAD complexes at -523 ppm (O, @) and
superimposed on the V,; signal (0, @) are plotted as a function
of [V,][INAD] (a), [V,]2[NAD] (b), [V,}INAD])? (c), and [V,]*
[NAD]2 Inorder to keep both complexes on the same plot, the
concentration (in mM-vanadium atoms) of the complex at -523
ppm has been reduced by a factor of 10. The open and solid
symbols refer to data obtained by varying vanadate or NAD
concentrations, respectively.

found to vary significantly from those reported previously
without ethanol.18

NADYV as Cofactor for ADH. Michaelis Menten
constants for NADV were measured in solutions containing
NAD, V,, V;, V4, 2-NADV, other vanadium-NAD de-
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rivatives, and buffer components. Although four mono-
esters form, the observed activity with ADH is presumably
due to the 2-NADV derivative (Figure 1). NADP deriv-
atives other than 2'-NADP have in the past exhibited very
limited affinity for the respective enzymes. The activity
of both ¢-2,3’-NADP and 3-NADP with ADH was
examined and found to be significantly lower than 2’-
NADP. K, for c-2',3"-NADP and 3'-NADP were deter-
mined to be 0.81 and 6.9 mM. More importantly, the
Reat/ Kin for these two substrates were 1.6 X 105 and 1.4 X
102 min-!, which are lower than the value 9 X 105 min-!
for 2-NADP. Contributions from cofactor analogs of 2/-
NADV such as 3-NADV and ¢-2/,3’-NADV are expected
to be less since the corresponding phosphorus derivatives
are less favorable than 2'-NADP. Thus, the analysis was
conducted attributing the major cofactor activity to 2’
NADYV, with the assumption that the activity of other
NAD-V derivatives is less and can be ignored. In addition
tothe NAD-V derivatives, the assay solution also contains
NAD, V,, and V, which interact with the enzyme. These
must be considered in the analysis since NAD is a substrate
for the enzyme and V, and V, are inhibitors. The final
kinetic treatment of the vanadate-NAD system involves
two alternative substrates (NAD and NADV) and two
reversible inhibitors (V; and V) as illustrated in Scheme
I. In Scheme I the reaction of ADH has been simplified
to a one substrate enzyme, even though ADH actually
uses two substrates, NADP, and alcohol. The kinetic
parameters reported here are therefore linked to the
alcohol concentration (we are reporting Kum app and Viex-
.app). Under these conditions the kinetic treatment of ADH
approaches that illustrated in Scheme I. The rate of
ethanol oxidation is given by (8). Steady-state approx-

v = k3[E-NAD] + k[E-NADV] ®

imations and the following definitions will lead to (9) from
(8): [E:] = [E] + [E-NAD] + [E-2-NADV] + [E-V;] +
[E-V4], ViaxNap = R3[Et]l, Vimax NaDv = Rs[E¢l, K NaD =
(k2 + k3)/ k1, K NaDv = (Bs + Re)/ k4, Kivi = [E]LV1]/[E-V}]
= k_vi/kv, and Kivs = [EI[VI/[E-V4] = k_vy/kvs

v= (Vmax,NADKm,NADV[NAD] +
Vi, [V

Vinax,NADVE m,nap[NADV])/ (1 + Ky, KiV4) %

(K o NaDKmNaDV + K NapvINAD] + K, yap[NADV])
9

NADV isin equilibrium with NAD and V,;,and [NADV]
can be replaced by K¢qnapv (NAD]([V,]. The maximum
rates for NAD and NADV can be equated by a propor-
tionality factor 8 (Vmax,NADV = B*Vmas,NaD). These types
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Table . Summary of Michaelis Menten and Inhibition Constants for Alcohol Dehydrogenase from T. brockiisb

EtOH NADP NAD NADVed 3’'NADPbd ¢-2,3-NADPbd
K (mM) 50+ 10 0.029 £ 0.002 201 0.04 6929 0.81£0.10
Vmax,assay (MM/min-1) 0.018 = 0.001 0.12+0.01 8¢ 0.0007 £ 0.0002 0.088 £ 0.006
Vineax (mM/min-1) 0.12 £ 0.01 0.12 £ 0.01 64 0.0044 = 0.0013 0.56 £ 0.04
Ki; (mM) 1.1£0.20 7704
Kis (mM V atoms) 1.0 £ 0.30 3.6+0.3
Kis (mM) 0.26 £ 0.07 0.90 £ 0.06

(26£0.1) X 10¢
9.020.8) X 10°

kcar (min-1)e
keat/ K (mM-! min-1)

(2.6 £0.3) x 10
(1.3£0.2) X 10

1 X% 108
3x 107

(1.0 £0.3) X 102
(1.4 0.7) X102

(1.3 £0.1) X 10°
(1.6 £0.2) X 10°

@ The assay was conducted in 50 mM TAPS, 200 mM KClI, 5.0 mM semicarbazide, and 0.60 M EtOH or 0.30 mM NADP at pH 9.0. In the
experimental studies the following protein concentrations per mL were used: 0.060 mg (0.36 U) for the EtOH studies, 0.026 mg (0.16 U) for
the NADP studies, and 0.17 mg (1 U) for the NAD and NADV studies. ¢ Errors represent standard deviations and were calculated by propagating
errors from individual terms in the velocity equation. ¢ Although these parameters were reproduced by different workers and statistical analysis
gives smaller errors, the assumptions necessary for these calculations allow us to trust these results only within an order of magnitude.
4 Calculated from Viax NaDv = BVimax,NaD, thus g is 48. € ke is calculated by dividing Vimax,Napv in mM/min by the enzyme concentration in

M. The molecular weight used for these calculations is 37 652.%
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Figure 6. Reciprocal rate of ADH oxidation is plotted as a
function of reciprocal NAD concentration at various ratios of
[V11/[V4]. The reaction rates were measured in the presence
of 0.60 M ethanol, 50 mM TAPS, 200 mM KCl, and 5 mM
semicarbazide at pH 9.0 at 25 °C. These data were used to obtain
the Michaelis Menten parameters through an iterative process
in minimizing the error on calculated and predicted rates.

of experimental data are commonly represented by a
Lineweaver-Burk plot, and accordingly (10) is derived
using above substitutions. The derivations from (8) to (9)
and (10) has been described in further detail in the
supplementary material.

(v [v)]
(1 + 'K_l‘ + -IT;)Km,NADKm,NADV

iVl

X
Vinas,NADKmNADY F BV oz NADK m,NaADK eq.vaDV[ V1]
1
([NAD]) *

Km,NADKeq,NADV[VI] + Km,NADV
Vmax,NADKm,NADV + 6 Vmax,NADKm,NADKeq,NADV[VI]

Examining (10) it becomes clear that the terms [V;]
and [V,] contribute to the slope and [V;] contributes to
the intercept. The slope and intercept measured exper-
imentally should vary with [V,] and [V4] as observed in
Figure 6. By experimentally measuring the all the
components of (10) including K, NaD, Vimax,NaDs Kivi, Kiva,
and Ko napy (Table I) the only unknowns, K, napv and
8, can be calculated from the rate measurements at varying
[NAD] and [V1)/[V,4] ratios. Variation of [NAD] will
change both [V] and [V ] since these two concentrations
are related. A series of rate measurements at constant
[Vi] and varying [NAD] will change total vanadate
concentration as expressed matematically by [Viy] =

L
v

(10)

2[NADyV;] + [INAD-V] + [V1] + 2[V3] + 4[V4] + 5[ V5]
which becomes (11) upon appropriate substitution. Figure

[Vtot] = 2I{cycNADV[NA])]z[VI]2 +
K., nap.vIV;1INAD] + [V,] + 2K ,[V,1* +
4K, ,[V,3* + 5K 4[V,]° (1D

6 shows the experimental data of such a series of
experiments. The constants were calculated from thisdata
using an iterative process of varying K, napv and 8 to
obtain best fit between the predicted and observed rates.
The results are summarized Table 1.

The Vnax NaDvV 18, a8 expected, considerably larger than
VmaxNaD but surprisingly also larger than Vi Napp.
K. napv is larger than Ky, napp which differs from the K,
values for other organic vanadates as compared to their
corresponding organic phosphate counterparts. As seen
by the keat/Kn, 2-NADV is a significantly better analog
of 2-NADP than NAD, 3’-NADP, or ¢-2',3'-NADP. It
even has a k./Km better than 2’NADP itself.

Future Applications and Developments. Recent
studies with glucose 6-phosphate dehydrogenase,'®glycerol
3-phosphate dehydrogenase,!® and fructose 1,6-bisphos-
phate aldolase!? with organic vanadate substrate have
yielded results which provide a framework for the un-
derstanding of pattern of enzymic recognition of organic
vanadates. Organic vanadate analogs of enzyme substrates
generally have similar or smaller K, values than the natural
substrates with the exception of the 2’-NADYV described
in this work. Vi, values are typically smaller than those
for the natural substrate with the exception of 2-NADV
for ADH. Overall, the k. /Kn is quite favorable and
sometimes even better than the phosphate substrate. These
observations suggest that organic vanadates in general
are good analogs for organic phosphates. Thestabilization
of the enzyme~vanadate—substrate complex is often re-
flected in low Ky, values, although low K, values can also
be accompanied by high catalytic rates.

The kq/Kn ratio for organic vanadate derivatives of
fructose 1,2-bisphosphate and 2’-NADV was higher than
theratio for the natural substrate. The latter observation
isin contrast to the lower specificity for 2-NADV of glucose
6-phosphate dehydrogenase.!® It is of interest that in the
case of glucose 6-phosphate dehydrogenase the c-2/,3’-
NADP had k/ K similar to 2’-NADV, whereas in the
case of ADH this ratio is somewhat less. Both enzymes
showed an 103-10*increase in the NAD k.,/ K, ratio upon
addition of vanadate; however, the ke/Kn ratio for the
glucose 6-phosphate dehydrogenase was higher before
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removing the phosphate from NADP than for ADH. As
a result, the addition of vanadate had a greater impact on
the latter enzyme than the former. 2’-NADYV actually has
abetter k.qt/ K ratio than NADP with ADH. Since ADH
also accepts ¢-2/,3’-NADP and 3’-NADP with better kca/
K, ratios than observed with glucose 6-phosphate dehy-
drogenase, the cofactor specificity pattern observed for
this enzyme may suggest that indeed the development of
cofactor alternatives would be fruitful.

We suggest that the combination of NAD and vanadate
as a cofactor has a practical value for small scale syntheses
using ADH from T. brockii. A similar approach has
previously been documented using arsenate analogs for
synthesis of several unnatural sugars using aldolases.!%
In general, we expect that organic arsenate derivatives
will be more useful than organic vanadates for reactions
using substrate analogs on larger scales because higher
concentrations of arsenate can be employed in the reac-
tion.!9 However, in this case the arsenate and NAD
mixture does not have analogous cofactor activity. The
use of high concentrations of vanadate in complex reaction
mixtures can cause experimental difficulties. Vanadate
reacts with many organic compounds and upon prolonged
reaction time periods, vanadate and the substrate-
cofactor—product mixture may generate unwarranted side
products. However, side reactions of vanadate can easily
be decreased using several stategies. High concentrations
of NAD and enzyme will increase reaction rates and reduce
contact time, addition of complexing agents (EDTA or
imidazole) will prevent the reduction of the vanadium,
and high pH or continuously adding reactant or removing
product should reduce or eliminate the interactions
between these compounds and the vanadium. These
approaches have all been used previously and were found
to significantly decrease unwanted reactions of vanadate.

The application of enzymes to organic synthesis is often
limited by enzyme availability and specificity. It is
important to explore new methods to enhance the chemist’s
ability to improve substrate specificities of biomolecules.

Crans et al.

The present work illustrates one possibility by increasing
the utility of enzymes by structurally altering the cofactor
insitu. Successful application of modified substrates have
already been used for the synthesis of carbohydrates and
this work illustrate how this concept can be extended to
modifying the cofactor. These studies show that anactive
cofactor analog can be generated in situ and used for
formation of product. This approach should increase the
number of enzymes available for synthetic application in
the future.

Conclusion

ADH from T brockii accepts a solution containing NAD
and vanadate as a cofactor. The presumed NADV (2/-
NADV) forms reversibly and is a better cofactor analog
for ADH than NADP (2’-NADP) as defined by kco/ Knn.
The K for NADV was higher than that of NADP (K, naDV
= 0.04 mM and K, napp = 0.029 mM), but overall NADV
as a cofactor is more efficient as compared to NADP (kcat/
Ky napy = 3 X 107 min~! M-! whereas Eca/ K NaDp = 0.9
X 106 min-! M-1). NADV is asignificantly better substrate
than NAD (Bcat/ Kmnap = 1.3 X 103 min-! M-!) or other
cofactor analogs and offer a cheaper alternative to NADP
in enzyme-catalyzed synthesis.
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