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Abstract

Glu-60 of the zinc-dependent Thermoanaerobacter brockii alcohol dehydrogenase (TbADH) is a strictly
conserved residue in all members of the alcohol dehydrogenase (ADH) family. Unlike most other ADHs,
the crystal structures of TbADH and its analogs, ADH from Clostridium beijerinckii (CbADH), exhibit a
unique zinc coordination environment in which this conserved residue is directly coordinated to the catalytic
zinc ion in the native form of the enzymes. To explore the role of Glu-60 in TbADH catalysis, we have
replaced it by alanine (E60A-TbADH) and aspartate (E60D-TbADH). Steady-state kinetic measurements
show that the catalytic efficiency of these mutants is only four- and eightfold, respectively, lower than that
of wild-type TbADH. We applied X-ray absorption fine-structure (EXAFS) and near-UV circular dichroism
to characterize the local environment around the catalytic zinc ion in the variant enzymes in their native,
cofactor-bound, and inhibited forms. We show that the catalytic zinc site in the studied complexes of the
variant enzymes exhibits minor changes relative to the analogous complexes of wild-type TbADH. These
moderate changes in the kinetic parameters and in the zinc ion environment imply that the Glu-60 in TbADH
does not remain bound to the catalytic zinc ion during catalysis. Furthermore, our results suggest that a water
molecule replaces this residue during substrate turnover.
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Interconversions of alcohols, aldehydes, and ketones are
essential processes in both prokaryotes and eukaryotes. Sev-
eral catalytic mechanisms for alcohol dehydrogenases
(ADHs) have been proposed based on accumulating struc-
tural and spectroscopic evidence gathered from the most-
studied enzyme, horse liver ADH (HLADH; Bertini 1986;
Wilkinson 1987). The oxidation of alcohols requires a net

removal of two hydrogen atoms from the substrate. This
dehydrogenation process is known to proceed by coupled
processes of proton abstraction and hydride ion transfer.
The two main classes of structural mechanisms based on a
proton relay system that have been proposed for HLADH
differ specifically in the hypothesized coordination of the
zinc ion during catalysis. One mechanism involves the dis-
placement of the zinc-bound water by the alcohol substrate,
and so, the zinc ion remains tetrahedrally coordinated dur-
ing catalysis (Dunn et al. 1975; Eklund et al. 1982). Alter-
natively, the substrate molecule is added to the tetrahedral
zinc ion to form penta-coordinated zinc (Dworschack and
Plapp 1977; Makinen et al. 1983).

Thermoanaerobacter brockii ADH (TbADH) is a me-
dium-chain, NADP+-linked (Lamed and Zeikus 1981)
class-A enzyme (Peretz et al. 1993) that reversibly catalyzes
the oxidation of secondary alcohols to the corresponding
ketones. TbADH is a tetramer comprising four identical
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subunits, each containing 352-amino-acid residues (molecu-
lar weight of ∼ 38,000 D per subunit). It is an important and
interesting ADH, because it is stable at high temperatures
(up to 85°C), tolerates organic solvents well, shows broad
specificity and high reactivity toward secondary alcohols,
and has low reactivity toward primary alcohols. The overall
three-dimensional structures of TbADH and its analog,
ADH from Clostridium beijerinckii (CbADH), were studied
by X-ray crystallography (Korkhin et al. 1998). CbADH
and TbADH have 75% sequence identity and similar three-
dimensional structures.

The crystal structure of apo-CbADH (cofactor free)
shows that the single zinc ion in the catalytic site is bound
to Cys-37, His-59, Asp-150, and Glu-60. Unlike most re-
ported structures of apo ADHs (e.g., HLADH; Colonna-
Cesari et al. 1986), human glutathione-dependent formalde-
hyde dehydrogenase (FDH; Sanghani et al. 2002), the con-
served Glu-60 residue is bound directly to the zinc ion
instead of a water molecule (Korkhin et al. 1998). This
residue is strictly conserved in all ADH family, in which it
is designated as Glu-68 (Sun and Plapp 1992). Interestingly,
the crystal structures of CbADH and TbADH, complexed
with NADP+ (holo-CbADH and holo-TbADH, respec-
tively), show that the Glu-60 ligand is overtaken by a slight
conformational change (Fig. 1). This results in an increase
in the interatomic distance (3.36 to 5.36 Å) between the
catalytic zinc ion and the nearest oxygen of Glu-60
(Korkhin et al. 1998); the zinc ion remained coordinated to
the rest of its first-shell ligand residues. However, extended
X-ray absorption fine-structure (EXAFS) studies on holo-
TbADH (in solution) showed that the metal ion maintained
its tetrahedral coordination with one Zn-S and three Zn-O/N
contributions from its first-shell ligand residues (Kleifeld et
al. 2000a). Interestingly, a direct coordination of the con-
served Glu-60 to the catalytic zinc ion in other ADH family

members was recently observed in the crystal structures of
the sorbitol dehydrogenase (Johansson et al. 2001), and
ADH from the hyperthermophilic archaeon Sulfolobus sol-
fataricus (Esposito et al. 2002). This raised the notion that
the conserved Glu residue in these enzymes is essential for
catalysis.

The role of the analogous conserved Glu-68 residue in the
catalysis of HLADH and yeast ADH (YADH) was studied
by both experimental (Ganzhorn and Plapp 1988) and theo-
retical approaches (Ryde 1995a,b). Substitution of this resi-
due in YADH with glutamine resulted in a severe loss in
enzyme activity (100-fold lower than wild-type; Ganzhorn
and Plapp 1988), indicating that the conserved glutamate
residue is important in the catalysis of ADHs, although not
directly bound to the catalytic zinc ion. The proposed cata-
lytic role of this residue was derived from theoretical cal-
culations, which indicated that the conserved Glu-68 resi-
due in HLADH is intermittently coordinated to the catalytic
zinc ion during catalysis to facilitate the binding of the
alcohol substrate and product release (Ryde 1995a,b). Simi-
lar ligand exchange mechanism was proposed based on the
crystal structures of the apo, binary, and inhibitory ternary
complexes of FDH (Sanghani et al. 2002). However, in
contrast to the other well-studied members of the ADH
family, FDH obeys a random bi-bi kinetic mechanism rather
than an ordered bi-bi mechanism (Sanghani et al. 2000).

It was suggested, albeit inconclusively, that the catalytic
mechanism of TbADH may be different than the one as-
signed for the HLADH (Korkhin et al. 1998). The results on
the role of Glu-68 in HLADH and YADH, together with the
crystallographic evidence of the binding of Glu-60 to the
catalytic zinc ion in TbADH (Korkhin et al. 1998), inspired
us to look into the catalytic role of this residue in TbADH.
Specifically, we replaced the Glu-60 residue in TbADH
with alanine (E60A-TbADH) and with aspartate (E60D-
TbADH). In the present study, we report comparative stud-
ies of these variant and wild-type enzymes by using X-ray
absorption spectroscopy near-UV circular dichroism (CD),
kinetics, and modeling experiments.

Results

Protein purification and initial analysis

Overexpression of E60A-TbADH and E60D-TbADH in
Escherichia coli yielded intact enzymes. The mutated pro-
teins were obtained in similar yields as the wild-type (∼ 200
mg/L). All enzymes used in this study were purified to
homogeneity as judged by SDS-PAGE (Laemmli 1970).
The purified protein migrated as a single homogeneous
band with an estimated molecular weight of 38 kD (data not
shown). The enzymes were extensively dialyzed against
metal-free buffer (see Materials and Methods) and analyzed
for zinc content by using inductively coupled plasma atomic

Figure 1. Schematic view of the active site in TbADH. The active site
representation of TbADH in the ternary complex with NADP+ (PDB:
1YKF). The catalytic zinc ion is bound to four protein residues: Cys-37,
His-59, Asp-150, and Glu-60. The binding of Glu-60 to the zinc ion is not
conclusive in the holo-TbADH crystal structure (Korkhin et al. 1998).
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emission spectroscopy (ICP-AES). Both mutants contain
one zinc atom/subunit, which is the same amount of zinc as
the wild-type enzyme (Bogin et al. 1997). The activity of
the mutated enzymes and their structural-function relation-
ships were characterized in the presence of their cofactor
NADP+ and the inhibitor dimethyl sulfoxide (DMSO;
Perlman and Wolff 1968; Kleifeld et al. 2000a).

Kinetic characterization of TbADH mutants

Initial velocity studies provided the kinetics constants for
2-propanol oxidation (Table 1). The E60A-TbADH and the
E60D-TbADH mutations decreased the turnover number by
only twofold and eightfold, respectively. The Michaelis
constants of E60A-TbADH for NADP+ (Ka) and 2-propanol
(Kb) were about twofold higher than the corresponding con-
stants of wild-type TbADH (Table 1). Interestingly, in the
E60D-TbADH mutant, the Ka decreased eightfold, whereas
the Kb remained the same as for wild-type TbADH. Thus, in
E60A-TbADH and E60D-TbADH, the enzymatic effi-
ciency (kcat/Kb) was reduced only by approximately four-
fold and eightfold, respectively. In addition, the specific
activity of the variant enzymes in elevated temperatures
exhibited the same trend as observed by the kinetics (Fig. 2).

All together, these results show that substitution of the
Glu-60 with the “inert” alanine and the charged aspartate
residues resulted in mild changes in binding affinities (Ka,
Kb) and turnover numbers. In contrast to similar mutations
in the conserved Glu residue in YADH (Ganzhorn and
Plapp 1988), it failed to significantly reduce enzyme activ-
ity. Importantly, replacement of the other zinc binding li-
gands in TbADH (Asp-150, Cys-37, and His-59) to alanine
resulted in complete abolishment of activity and hindered
the reconstitution of the catalytic zinc ion to the enzyme
(Bogin et al. 1997).

X-ray absorption spectroscopy studies

The role of Glu-60 in TbADH reaction mechanism was
further studied by EXAFS spectroscopy. EXAFS is a valu-

able technique for structural elucidation of a variety of
metal sites in metalloproteins (Scott 1985; Kleifeld et al.
2000b, 2001b). The technique measures the transition of
core electronic states of the metal to excited electronic states
or continuum states. X-ray absorption spectroscopy (XAS)
studies can be conducted in any state of the matter, for
example, gas, liquid, or crystalline phase. Spectral analysis
near the electronic transition (XANES) provides informa-
tion on the charge state and geometry of the metal. Spectral
analysis above the absorption edge, in the EXAFS region,
provides complementary structural information, such as co-
ordination numbers, types, and distances from neighboring
atoms to the central (absorbing) atom. In addition, XAS is
an excellent structural tool to probe the d10 zinc ion, which
is generally spectroscopically silent (Scott 1985).

EXAFS analysis

We studied the local structure around the catalytic zinc ion
in various complexes of E60A-TbADH and E60D-TbADH,
with the cofactor NADP+ and the inhibitor DMSO (see
Materials and Methods). Standard curve-fitting procedures
were used to fit the FEFF7 rhetorical models to the real and
imaginary parts of the Fourier-transformed �(k) (Rehr et al.
1991; Stern et al. 1995; Zabinsky et al. 1995). The results of
the EXAFS data analysis and the fitting parameters are de-
scribed in Table 2 and Figure 3.

Table 1. Kinetic constants for mutant enzymes

Kinetic constants Wild-type E60A E60D

Ka, �M 83 140 11
Kb, mM 0.22 0.43 0.20
Kia, �M 9 67 2.5
kcat �mole min−1 mg−1 48 23 5.7
kcat/Kb, min−1 218 53.5 28.5

Kinetic constants were determined at 40°C in 150 mM Tris-HCl buffer (pH
9.0) by varying the substrate and cofactor concentrations in initial velocity
studies as described in Materials and Methods. Ka and Kb are the Michaelis
constants for NADP+ and 2-propanol, respectively. Kia is the dissociation
constant for NADP+; kcat is the turnover number for 2-propanol oxidation.
Errors for fitted parameters were in the range of 5% to 10%.

Figure 2. Kinetic measurement of wild-type TbADH, E60A-TbADH, and
E60D-TbADH. Enzymatic activity was measured after the absorption in-
crease at 340 nm (�340 � 6.2 mM−1 cm−1) for the formation of NADPH.
One unit of ADH activity is defined as the amount of enzyme that catalyzes
the formation of 1 �mole of NADPH per minute under initial velocity
conditions. The specific activity for oxidation of 2-butanol by wild-type
TbADH (black), E60A-TbADH (empty), and E60D-TbADH (hatched) was
monitored at different temperatures from 25°C to 60°C. Reaction condi-
tions were 50 nM enzyme, 0.5 mM NADP+ (above saturation concentra-
tion), 150 mM 2-butanol, and 100 mM Tris-HCl (pH 9.0) in total volume
of 1 ml.
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Distance and coordination-number parameters obtained
for the various E60A-TbADH and E60D-TbADH com-
plexes were determined by analyzing each data set sepa-
rately, avoiding the use of heavy constraints. The stability of
the bond-distances solutions derived for each structure was
examined by varying the initial conditions of the distance
and thermal disorder (Debye-Waller) parameters, while ex-
amining the contribution to the fit quality parameters: �2

and the R-factor values. The possibility for a higher coor-
dination number (more than four ligands) at the active zinc
site was examined by either varying or fixing and stepping
the coordination number, while testing the stability of the
fitting results (Table 2). The �E0 and the reduction factor
(S0) were optimized for each fit either by varying or step-
ping analysis.

The local structure around the catalytic zinc ion in the
apo-E60A-TbADH enzyme, determined by our EXAFS
data-analysis procedures (Table 2), was best fitted with
three Zn-O/N contributions with averaged bond distance of
2.00 ± 0.01 Å and one Zn-S contribution at 2.25 ± 0.02 Å.
Any attempt to resolve the Zn-O/N distances failed, owing
to high correlation in the �R parameters in the fit. The
inability of alanine to coordinate the zinc ion and the rela-
tive high activity of this mutant in the presence of substrates
(Table 1; Fig. 2) suggest that the forth-coordinated ligand at
the zinc ion in E60A-TbADH is water/OH− molecule,
which binds the zinc ion via the oxygen molecule of the
water/OH− ligand (Table 2). Fitting of E60A-TbADH with
models of higher coordination number were unstable and
resulted in higher Debye-Waller and �2 values (Table 2, fit
2). Similarly, the zinc ion in apo-E60D-TbADH was found
to be coordinated to three Zn-O/N at averaged bond distance

of 1.98 ± 0.01 Å and one Zn-S contribution at 2.30 ± 0.01 Å
(Table 2).

To further study the local structure of the catalytic zinc
ion in the variant mutants in their ternary complexes, we
analyzed the EXAFS of E60A- and E60D-TbADH mutants
with the inhibitor DMSO and NADP+. The activity of the
variant enzymes toward 2-propanol was inhibited by
DMSO, as observed for wild-type TbADH (Kleifeld et al.
2000a; data not shown).

The first coordination shell of the zinc ion in the E60A-
TbADH + NADP+ + DMSO (holo-E60A-TbADH +
DMSO) complex was best fitted with penta-coordination
structure including one Zn-O/N at 1.87 ± 0.01 Å, three Zn-
O/N at 1.97 ± 0.01 Å, and one Zn-S at 2.27 ± 0.02 Å. Step-
ping the coordination number from four to six in these fits
resulted in either unacceptable Debye-Waller factors (>0.01
for first-shell coordination) or in higher �2 values and un-
stable fits. Varying the number of the Zn-O/N contributions
resulted in total number of 3.5 ± 1 (Table 2). which is in
agreement with penta-coordination structure within the er-
ror limits.

Consistently, the local structure around the zinc ion in the
holo-E60D-TbADH + DMSO complex was best fitted to
penta-coordination structure, with one Zn-O/N at
1.80 ± 0.02 Å, three Zn-O/N at 1.97 ± 0.01 Å, and one Zn-S
contribution at 2.28 ± 0.01 Å. Stepping the coordination
number in these fits resulted in high �2 values for total of
four-coordination structure and unstable fits for six-coordi-
nation structure. Varying the number of the equidistance
Zn-O/N contributions in the fit resulted in 3.0 ± 0.3, which
is in good agreement with total coordination number of five.
The observed distortions in coordination number and dis-

Table 2. EXAFS curve-fitting results

Fit
# Sample

Reduced
�2

Zn-N/O Zn-N/O

�E0 N R [Å] �2 �E0 N R [Å] �2

Wild-type TbADHa 0 [F] 1 [F] 1.81 (3) 1.6E–05 0.0 [F] 2 [F] 2.00 (2) 3.5E–0.3
Wild-type TbADH-complexa −2.7 [F] 2 [F] 1.83 (3) 1.6E–05 −2.7 [F] 2 [F] 2.05 (3) 1.4E–0.3

1 E60A 7.5 0.8 [F] 3 [F] 2.00 (1) 3.3E–03
2 E60A 12.6 0.8 [F] 4 [F] 2.02 (1) 8.6E–03
3 E60A 8.2 0.8 [F] 3.0 (2) 2.01 [F] 4.6E–03
4 E60A-Complex 8.7 0.2 [F] 1 [F] 1.90 (3) 2.5E–04 0.2 [F] 2 [F] 1.99 (5) 1.0E–06
5 E60A-Complex 3.2 0.2 [F] 1 [F] 1.87 (1) 3.5E–03 0.2 [F] 3 [F] 1.97 (1) 1.4E–03
6 E60A-Complex 3.0 0.2 [F] 1 [F] 1.86 (1) 1.2E–02 0.2 [F] 4 [F] 1.98 (1) 2.1E–03
7 E60A-Complex 2.3 0.2 [F] 1 [F] 1.87 (2) 7.3E–03 0.2 [F] 3.5 (1.0) 1.98 [F] 2.1E–03
8 E60D 8.7 3.3 [F] 3 [F] 1.98 (1) 2.0E–03
9 E60D 17.3 3.3 [F] 4 [F] 1.99 (1) 3.8E–03

10 E60D 39.3 3.3 [F] 5 [F] 2.00 (1) 6.9E–03
11 E60D 9.5 3.3 [F] 3.0 (2) 1.99 [F] 6.2E–03
12 E60D-Complex 28 −2.5 [F] 1 [F] 1.86 (8) 2.4E–03 −2.5 [F] 2 [F] 1.99 (5) 1.0E–06
13 E60D-Complex 6.0 −2.5 [F] 1 [F] 1.80 (2) 3.0E–06 −2.5 [F] 3 [F] 1.97 (1) 8.0E–04
14 E60D-Complex 9.5 −2.5 [F] 1 [F] 1.77 (2) 3.0E–03 −2.5 [F] 4 [F] 1.97 (1) 4.8E–03
15 E60D-Complex 7.2 −2.5 [F] 1 [F] 1.81 (2) 1.0E–06 −2.5 [F] 3.0 (3) 1.98 [F] 1.3E–03

(continued)
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tances detected at the catalytic zinc ion in the variant en-
zymes on the binding of DMSO and the inhibition of their
catalytic activity indicate direct binding of the DMSO mol-
ecule to the zinc ion. In addition, the binding of DMSO
changes the Zn-O/N bond distance distribution, resulting in
one Zn-O/N contribution in the order of 1.83 Å and three
Zn-O/N contributions at 1.97 Å. Overall, these results show
that the binding of DMSO changes the coordination number
of the catalytic zinc complex from four to five. Importantly,
similar penta-coordination number was detected in the com-
plex of TbADH + NADP+ + DMSO (holo-TbADH +
DMSO; Kleifeld et al. 2000a). Yet, the Zn-O/N distance
distribution is different, indicating the effect of the point
mutations on the zinc coordination sphere (Table 2, fits
5,13). These results further support the kinetic analysis of
the variant enzymes (Table 1) by showing only mild differ-
ences in comparison to the wild-type TbADH structures.

Edge spectral analysis

Although difficult to interpret quantitatively, near-edge
spectra are very sensitive to the geometry and nature of the
local metal environment. Changes in edge position are also
a good indicator for changes in coordination number in this
system, as we demonstrated before (Kleifeld et al. 2000a).
Specifically, the near-edge spectra of the wild-type TbADH
were shown to exhibit a distinct shift in edge position to

higher energy on the binding of DMSO. Similarly, Figure 4
demonstrates that the edge position of the variant enzymes
is shifted 0.7 to 1.0 eV to higher energy on the binding of
DMSO to the catalytic zinc ion. These results support the
EXAFS analysis of the various complexes of the variant
enzymes, indicating the direct coordination of DMSO to the
catalytic zinc ion to form penta-coordinated complex. To
further examine the inhibitory effect of DMSO on the cata-
lytic site ternary structure of the E60A-TbADH and E60D-
TbADH mutants, we conducted near-UV CD studies in so-
lution.

Near-UV CD studies

CD spectroscopy measures differences in the absorption of
left-handed polarized light versus right-handed polarized
light that arises owing to structural asymmetry. Practically,
CD spectroscopy conducted at the far-UV spectral region
(190 to 250 nm) probes the peptide bond. The CD spectrum
of a protein in the near-UV spectral region (250 to 350 nm)
probes the aromatic amino acids and disulfide bonds. There-
fore, near UV-CD experiments can provide certain aspects
of tertiary structure. Specifically, signals in the region from
255 to 265 nm are attributable to phenylalanine residues.
Signals from 265 to 283 nm are attributable to tyrosine, and
those from 285 to 300 nm are attributable to tryptophan
(Strickland 1974; Woody 1995).

Table 2. Continued

Zn-S Zn-C Zn-C

�E0 N R [Å] �2 �E0 N R [Å] �2 �E0 N R [Å] �2

0 [F] 1 [F] 2.24 (1) 1.0E–06
−2.7 [F] 1 [F] 2.25 [F] 1.0E–04

0.8 [F] 1 [F] 2.25 (2) 4.4E–03 7.0 [F] 2 [F] 2.77 (1) 3.3E–03 7.0 [F] 3 [F] 3.08 [F] 3.3E–03
0.8 [F] 1 [F] 2.23 (2) 1.6E–03 7.0 [F] 2 [F] 2.77 (2) 2.0E–04 7.0 [F] 3 [F] 3.08 [F] 1.8E–03
0.8 [F] 1 [F] 2.24 (2) 2.5E–06 7.0 [F] 2 [F] 2.77 (2) 6.0E–04 7.0 [F] 3 [F] 3.08 [F] 2.0E–03
0.2 [F] 1 [F] 2.30 (3) 3.6E–03 0.2 [F] 1 [F] 2.71 [F] 3.0E–03 0.2 [F] 2 [F] 2.95 [F] 3.0E–03
0.2 [F] 1 [F] 2.27 (2) 3.6E–03 0.2 [F] 1 [F] 2.71 [F] 3.6E–03 0.2 [F] 2 [F] 2.95 [F] 3.6E–03
0.2 [F] 1 [F] 2.27 (1) 2.2E–03 0.2 [F] 1 [F] 2.71 [F] 4.5E–03 0.2 [F] 2 [F] 2.95 [F] 4.5E–03
0.2 [F] 1 [F] 2.27 (1) 2.2E–03 0.2 [F] 1 [F] 2.71 [F] 4.1E–03 0.2 [F] 2 [F] 2.95 [F] 4.1E–03
3.3 [F] 1 [F] 2.30 (1) 1.0E–06 −6.0 [F] 2 [F] 2.83 (2) 3.9E–03
3.3 [F] 1 [F] 2.29 (1) 3.2E–03 −6.0 [F] 2 [F] 2.88 (4) 3.6E–03
3.3 [F] 1 [F] 2.26 (1) 4.8E–03 −6.0 [F] 2 [F] 2.91 (6) 5.0E–03
3.3 [F] 1 [F] 2.30 (1) 1.0E–06 −6.0 [F] 2 [F] 2.83 (2) 2.8E–03

−2.5 [F] 1 [F] 2.26 (3) 1.8E–03 7.2 [F] 2 [F] 3.03 (9) 1.2E–02
−2.5 [F] 1 [F] 2.28 (1) 3.8E–03 7.2 [F] 2 [F] 3.05 (2) 1.2E–02
−2.5 [F] 1 [F] 2.26 (1) 5.5E–03 7.2 [F] 2 [F] 3.06 (5) 1.4E–02
−2.5 [F] 1 [F] 2.26 (1) 5.0E–03 7.2 [F] 2 [F] 3.04 (5) 1.4E–02

Results of EXAFS curve-fitting analysis of apo-E60A (fits 1–3), apo-E60D (fits 8–11); E60A-TbADH in complex with NADP+ + DMSO, designated as
E60A-complex (fits 4–7); and E60D-TbADH in complex with NADP+ + DMSO, designated as E60D-complex (fits 12–15). F stands for fixed and indicates
that the respective parameter was fixed in the fit model; R, distance of atoms from the zinc ion in Angstoms; N, the number of atoms; �2, the Debye-Waller
factor; �E0, the correction to the energy origin. Fixing of specific parameter was executed only after varying it and choosing its best value. The uncertainties
of the R parameter are shown in parentheses.
a Fitting results of wild-type TbADH and wild-type TbADH in complex with NADP+ + DMSO (designated wild-type TbADH-complex) are from Kleifeld
et al. (2000a).
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Although the far UV-CD spectra of wild-type TbADH,
holo-TbADH, and holo-TbADH + DMSO complexes did
not show any significant differences, the near-UV CD spec-
tra of these complexes exhibit distinct changes on cofactor
and DMSO binding (Kleifeld et al. 2000a). These studies
provided the basis for further investigation of the near-UV
CD spectra of the E60A- and E60D-TbADH mutants.

Figure 5 shows the near-UV CD spectra of various com-
plexes of E60A-TbADH and E60D-TbADH with both
NADP+ and DMSO, in which each spectrum is compared
with the wild-type TbADH analogous complex. The
apo-E60A-TbADH spectrum is distinct in its features
when compared with the apo-TbADH spectrum. However,
the spectra of E60A-TbADH, holo-E60A-TbADH, and
holo-E60A-TbADH + DMSO show similar spectral trends,
among the various transitions, as observed for the same
complexes of wild-type TbADH (Fig. 5). On addition of
NADP+ (in both holo-E60A-TbADH and holo-TbADH),
the tyrosine-associated peak at 275 nm is decreasing,
followed by a more significant change at 260 nm, which

is assigned to the contribution from the aromatic rings
of the cofactor (Kleifeld et al. 2000a). Specifically, the large
change at 275 nm is presumably owing to the 120-degree
rotation of tyrosine 218, which is induced on cofactor
binding, as indicated by crystallography (Korkhin et al.
1998). The addition of DMSO in both complexes of holo-
TbADH and holo-E60A-TbADH partially restores their na-
tive spectra by slight increase of the peak at 275 nm. The
overall ellipticity signal in the spectra of E60A-TbADH
complexes is stronger than that of the wild-type TbADH
spectra in the tyrosine region. This may be explained by the
net decrease in steric effect on the relevant tyrosines in the
active site of TbADH, owing to the absence of the Glu-60
residue in the catalytic pocket and the lack of ionic bond to
Lys-346.

The near-UV CD spectra of wild-type TbADH and
E60D-TbADH are similar in both native and cofactor-
bound forms. However, the addition of DMSO to holo-
E60D-TbADH resulted in distinct spectral features. These
results may support the kinetic analysis of this mutant, in-

Figure 3. EXAFS curve-fitting results of the zinc site in E60A-TbADH and E60D-TbADH in their apo-forms and in complex with
NADP+ + DMSO. EXAFS curve-fitting analysis of apo-E60A-TbADH (A), apo-E60D-TbADH (B), holo-E60A-TbADH + DMSO (C),
and holo-E60D + DMSO (D) to simulated theoretical zinc-ligand contributions of TbADH active site. The solid line indicates the
experimental data, and the open circle line represents the best fits. Inserts show the best fits in back transformed representation.
Experimental data were extracted and normalized by using the UWXAFS analysis package. Theoretical XAFS signal was constructed
of apo-CbADH sub-unit B active site data (PDB entry 1PED) and calculated by using FEFF7 (Rehr et al. 1991; Zabinsky et al. 1995).
The fitting analysis procedure is described in text. The quality of the fits and parameters are presented in Table 2.
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dicating stronger binding of the cofactor in the catalytic
pocket, possibly owing to enhanced charge stabilization by
the aspartate residue.

Modeling studies

To gain better understanding of the conformational changes
that are taking place in the active site of E60A-TbADH and
E60D-TbADH, we preformed modeling studies by using
the structures of apo- and holo-CbADH owing to their better
atomic resolution (Korkhin et al. 1998). In the crystal struc-
ture of holo-CbADH (Protein Data Bank:1KEV subunit A),
there are two water molecules adjacent to the catalytic zinc
ion: HOH(21) at 4.86 Å from the zinc ion and HOH(25) at
4.45 Å. Examination of the different possible rotomers of
Glu-60 reveals that that small dislocation of this residue
creates open space near the catalytic zinc ion that can be
filled by one of these water molecules. The elimination of
Glu-60 by E60A mutation should enlarge this space and
allow the diffusion of HOH(21) in the pocket. This presum-
ably will bring HOH(21) to coordinate with the zinc ion,
resulting in minor conformational changes of the other zinc-
bound residues (Fig. 6A). In contrast, the charged aspartate
side-chain in the E60D mutant is shorter than glutamate, and
therefore, this mutation is expected to effect the local charge

distribution in the catalytic pocket. This may explain the
lower Ka value obtained for this mutant, indicating a stron-
ger binding of the positively charged cofactor. Retaining the
tetrahedral coordination of the zinc ion in the E60D-
TbADH mutant was accomplished only by dislocating the
zinc ion toward the Asp-60 residue (Fig. 6B). Previously,
we constructed a model structure for the complex of wild-
type TbADH + NADP+ + DMSO (Kleifeld et al. 2000a). In
TbADH, the tetrahedral coordination of the zinc ion is dis-
torted, and three out of the four ligands are almost coplanar.
Such configuration allows the accommodation of DMSO as
fifth ligand on the zinc ion to create a bipyramidal geom-
etry. Specifically, we showed that DMSO binds the catalytic
zinc ion opposite to the Glu-60 residue (Kleifeld et al.
2000a). Therefore, applying this model for the binding of
DMSO to the catalytic zinc ion in E60A-TbADH and
E60D-TbADH reveals that the mutation of Glu-60 does

Figure 5. Near-UV CD studies. (A) Apo-forms of wild-type TbADH
(solid line), E60A-TbADH (circles), and E60D-TbADH (dashed line). (B)
Holo-forms of wild-type TbADH (solid line), E60A-TbADH (circles), and
E60D-TbADH (dashed line). (C) Ternary complex with NADP+ + DMSO
of wild-type TbADH (solid line), E60A-TbADH (open circles), and E60D-
TbADH (dashed line). Spectra were recorded at 25°C. The relevant back-
ground spectra were subtracted from the raw spectra of each sample, and
the residual spectra were normalizing to the signal at 315 nm.

Figure 4. Zinc K edge spectra of E60A-TbADH and E60D-TbADH. Raw
normalized XAS data in the Zn K-edge region of E60A-TbADH (A) and
E60D-TbADH (B) in the apo-from (solid line) and in complex with
NADP+ + DMSO (dashed line). The edge position of both mutants was
shifted to higher energy on binding of DMSO.
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not affect the binding of DMSO, as demonstrated by our
EXAFS results.

Altogether, these results indicate that the E60A and E60D
mutations in TbADH caused only a slight structural change
in the active site topography. These mild structural distor-
tions in the first coordination shell of the catalytic zinc ion
are also reflected in the kinetic behavior of these enzymes.

Discussion

A great deal of experimental and theoretical work has been
devoted to elucidating the reaction mechanism of ADHs
(Eklund et al. 1974; Dunn et al. 1982; Makinen et al. 1983;
Zeppezauer 1983; Formicka et al. 1992; Meijers et al.
2001). These enzymes have been the focus of intensive
studies involving kinetics, biophysical, spectroscopical, and
structural studies. However, the actual detailed reaction
mechanism is still not clear. The major research objectives
have been the role the catalytic zinc ion plays in catalysis,
the mode of substrate binding, and the role of the catalytic
metal-bound water during catalysis (Eklund et al. 1974;
Makinen et al. 1983; Meijers et al. 2001). Two main types
of structural mechanisms have been proposed that differ
specifically in the hypothesized coordination of the zinc ion
during catalysis. In both mechanisms, the coordination
number of the catalytic zinc ion and the role of the coordi-
nated water molecule (in HLADH) seems to be important
for catalysis. However, whether the zinc ion changes its

original tetrahedral coordination during turnover, and
whether the water stays bound to the catalytic zinc ion dur-
ing catalysis remained controversial issues (Meijers et al.
2001).

Unlike most ADHs, the crystal structures of TbADH and
CbADH (Korkhin et al. 1998) indicate that the catalytic zinc
ion in these bacterial ADHs is coordinated to three protein
residues (Asp-150, His-59, and Cys-37) and to the con-
served Glu-60, instead of the water/OH− molecule. Interest-
ingly, the coordination of Glu-60 to the catalytic metal ion
in both holo-CbADH and holo-TbADH is not conclusive,
owing to its relatively long intraatomic distance from the
catalytic zinc ion observed in these structures. However, no
other protein residue or water molecule was found to
complement the coordination of the Glu-60 residue with the
zinc ion. These studies raised the possibilities that the re-
action mechanism of TbADH may differ from other ADHs,
and that the conserved Glu-60 residue in TbADH has criti-
cal role in catalysis. These hypotheses provided the basis for
our structure-function studies reported in this work.

Kinetic studies of TbADH and its highly homologous
secondary ADH from Thermoanaerobacter ethanolicus
show that site-directed mutagenesis of the zinc-bound resi-
dues (Asp-150, His-59, and Cys-37) abolish the enzymatic
activity and dramatically lower the zinc content of the mu-
tated enzymes (Bogin et al. 1997; Burdette et al. 1997).
These effects were dependent on the type of amino acid
substitution. Nonchelating residues totally abolish the ac-

Figure 6. Proposed active site configuration of E60A-TbADH and E60D-TbADH. (A) Schematic view in stereo of the active site
configuration in E60A-TbADH mutant. Elimination of the Glu-60 residue creates an open space, which can be filled by adjacent water
molecule. (B) E60D-TbADH mutant. Substitution of Glu-60 with Asp-60 resulted in a shift in the zinc ion position in order to retain
the tetrahedral coordination of the metal ion.
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tivity and the zinc content, and chelating residues exhibited
moderate effect, which was mainly owing to lowering the
zinc content in the enzyme (Bogin et al. 1997). Strikingly,
our site-directed mutagenesis studies on Glu-60 reported
here reveal a different scheme. Replacement of the con-
served Glu-60 in TbADH with a nonchelating (alanine) and
charged (aspartate) residues resulted in a moderate reduc-
tion in the kinetic behavior relative to the wild-type enzyme
(Table 1). Previously reported site-directed mutagenesis of
the conserved Glu-68 residue in YADH (equivalent to Glu-
60 in TbADH) to glutamine resulted in a significant de-
crease in enzyme efficiency (∼ 100-fold decrease than wild-
type-YADH) and the affinity to cofactor and substrate.

Glutamine is the same size as glutamate and can form
hydrogen bonding. However, it lacks the charged carboxyl
group. On the basis of these results, it was proposed that the
net reduction in enzyme activity is owing to local electro-
static and structural changes in the active site (Ganzhorn
and Plapp 1988). Hence, the charge on the Glu-68 residue in
YADH is critical in mediating catalysis. In contrast, mutat-
ing the conserved Glu-60 residue in TbADH did not have
such a dramatic effect on the enzymatic activity. The Ka and
Kb values of the E60A-TbADH mutant indicate a moderate
decrease in binding affinities of both cofactor and substrate
(twofold). Interestingly, the less-active E60D-TbADH mu-
tant exhibits better binding affinity for the cofactor than for
the wild-type enzyme. The stronger binding of the cofactor
hinders its release from the catalytic site and therefore slows
down the rate of the reaction. This may result from short-
ening the amino acid side-chain by one carbon, which pre-
sumably alters the charge distribution in the catalytic
pocket.

Our edge and EXAFS curve-fitting analysis of apo-
E60A-TbADH and holo-E60A-TbADH + DMSO shows a
similar structural organization at the catalytic zinc ion with
the analogous complexes of wild-type TbADH (Kleifeld et
al. 2000a). Specifically, a distinct Zn-O contribution was
detected, in the absence of a potentially zinc-binding protein
residue in E60A-TbADH complexes. In addition, this mu-
tant exhibits similar near-UV-CD spectral changes, as was
observed for the wild-type enzyme, during its interactions
with cofactor and DMSO (Fig. 5). Therefore, we ruled out
the possibility that another active site protein residue con-
tributed the additional Zn-O bond distance. Modeling of the
E60A mutant indicates that the replacement of Glu-60 by
alanine creates an open space near the catalytic zinc ion
(Fig. 6A). This free space can be easily filled by a water/
OH− molecule that coordinates to the zinc ion, as indicated
by our kinetic and curve-fitting EXAFS analyses (Figs. 2–4;
Table 2). Hence, the Zn-O bond distance contribution may
be assigned to a water/OH− molecule that is bound to the
catalytic zinc ion.

The E60A mutation eliminates the ionic bond between
the Glu-60 and Lys-346 and, therefore, gives rise to accu-

mulation of positive charge in the catalytic pocket that
needs to be neutralized. This may be the reason to the lower
binding affinities of both substrate and cofactor detected for
this mutant (Table 1). In addition, this charge neutralization
process may alter the position of aromatic residues in the
catalytic pocket, which may explain the near-UV CD
changes observed at the tyrosine level. These results indi-
cate that the reaction mechanism of E60A-TbADH is me-
diated via a water/OH− molecule.

The substitution of Glu-60 with aspartate limited the flex-
ibility of this residue, owing to its shorter side-chain; how-
ever, these residues have the same charge. Interestingly, this
mutation resulted in a greater reduction in the enzyme ac-
tivity (Table 1). Yet, the edge and EXAFS data analysis
indicate that the coordination of the nearest shell ligands to
the catalytic zinc site in E60D-TbADH is similar to the
E60A-TbADH mutant and wild-type TbADH (Table 2).
Specifically, a tetrahedral coordination is detected in the
apo-form of the mutant around the zinc ion. This configu-
ration is altered to penta-coordination structure on the bind-
ing of cofactor and DMSO. Our modeling studies indicate
that the E60D mutation forces the zinc ion to coordinate to
the Asp-60 carboxyl group while withdrawing it from its
original position (Fig. 6B). However, we cannot rule out the
possibility of a water molecule bound between Asp-60 and
the zinc ion.

All together, our structure-function studies demonstrate
that the conserved Glu-60 in TbADH is not essential for
catalysis. Therefore, we suggest that this residue may be
replaced by a water molecule during catalysis. The involve-
ment of water molecule is further supported by site-directed
mutagenesis (cysteine 295 to alanine) and kinetic studies of
the highly homologous ADH from T. ethanolicus, which
show that water plays a key role in the enzyme catalysis
(Heiss et al. 2001a,b).

Although not completely analogous to our system, theo-
retical studies by Ryde (1995b) demonstrated that the con-
served Glu-68 residue in HLADH plays a dynamic role in
the reaction mechanism. Specifically, it was proposed that
Glu-68 might intermittently coordinate to the zinc ion via an
energetically favored process. Such coordination may fa-
cilitate the exchange of ligands in the active site. Additional
experimental evidence of the dynamic role of the conserved
glutamate residue in ADHs was provided by the crystal
structures of FDH, in which Glu-67 exchanges the zinc-
bound water molecule in the ternary complex of the enzyme
(Sanghani et al. 2002).

The involvement of a coordinated water/OH− molecule,
which forms a penta-coordinated zinc ion in the productive
complex of HLADH, was proposed previously, on the basis
of spectroscopic studies (Makinen et al. 1983). In addition,
recent high-resolution crystallographic studies of HLADH
demonstrate a direct binding of a water/OH− molecule to the
zinc ion (in the holo-enzyme), which coordinates to the
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nicotinamide ring of the cofactor (Meijers et al. 2001). Im-
portantly, these studies propose a refined reaction mecha-
nism for HLADH, which include a penta-coordinated zinc
ion as an intermediate complex in which both water and
substrate are bound to the metal ion. Previously reported
results on TbADH catalysis (Kleifeld et al. 2000a, 2001a)
and the data presented here strongly support the formation
of penta-coordinated intermediate states during TbADH
turnover.

To conclude, our results show the conserved Glu-60 in
TbADH is not essential for catalysis. Integration of previ-
ously reported results on the role of the conserved glutamate
residue in ADHs with the results reported here indicates that
the Glu-60 in TbADH may possess a pivotal role during
catalysis. Specifically, its ability to intermittently coordinate
to the catalytic zinc ion may facilitate the coordination of
water/OH− or substrates to the catalytic zinc ion during
substrate turnover.

Materials and methods

Materials

All chemicals were of highest purity grade and were obtained from
Merck (Darmstadt, Germany), except when otherwise noted.
Trisma base, PMSF, �-nicotinamide adenine dinucleotide phos-
phate (potassium salt) (NADP+), D,L-dithiotheitol (DTT), ampicil-
lin, and benzamidine were purchased from Sigma. DEAE-Sepha-
rose and red-Sepharose CL-6B were purchased from Pharmacia.
Ethylenediaminetetraacetic acid (EDTA) and 2-butanol were ob-
tained from Fluka Chemical AG. Protein assay kit was from Bio-
Rad Laboratories.

Site-directed mutagenesis and purification
of recombinant enzymes

Wild-type TbADH containing plasmid was obtained from the
laboratory of Prof. Yigal Burstein from the department of Organic
Chemistry in the Weizmann Institute of Science. This plasmid was
used as a template to generate the E60A-TbADH and E60D-
TbADH mutations. The mutations were created by the Kunkel
method (Kunkel 1985) and verified by DNA sequencing. Recom-
binant enzymes were purified according to a modification of the
procedure described by Bogin et. al. (1997). Briefly, plasmids with
wild-type or mutated TbADH were transformed into E. coli TG-1
strain. The TG-1 cells were grown aerobically for 16 h at 37°C in
2YT medium with ampicillin (100 �g/mL). Pelleted cells were
resuspended in 25 mM Tris-HCl, 0.1 mM DTT, 0.1 mM EDTA, 1
mM benzamidine, and 0.02% sodium azide (pH 7.3; buffer A).
Cells were disrupted for 5 min by pulsed sonication (Branson
Sonifier 450) within ice, followed by centrifugation at 23,000g for
15 min. The supernatant was heat treated for 10 min at 65°C and
then centrifuged again at 23,000g for 20 min. The supernatant was
applied to a DEAE-Sepharose column (7 × 3 cm), preequilibrated
with buffer A containing protease inhibitors at 4°C, and was ex-
tensively washed with buffer A until no protein was eluted. The
recombinant protein was eluted from the column with a solution of
0.1 M NaCl in buffer A and applied to a red-Sepharose CL-6B
column (13 × 3 cm), which was preequilibrated with buffer A

containing protease inhibitors at 4°C. The recombinant protein was
eluted from the red-Sepharose column with 400 mL NaCl linear
gradient (0.1 to 1 M). Active fractions were collected and concen-
trated by ultra-filtration, using Amicon YM-30 from Millipore.
The concentrated protein solution was collected and dialyzed ex-
tensively against buffer A for 12 h.

Enzyme activity assay

Enzymatic activity of the TbADH mutants (assayed in the direc-
tion of 2-propanol oxidation) was measured at 40°C by following
the absorption increase at 340 nm (e340 � 6.2 mM−1 cm−1) for
the formation of NADPH from NADP+. The standard assay mix-
ture contained 150 mM 2-butanol, 0.5 mM NADP+, and 100 mM
Tris-HCl (pH 9.0) in a total volume of 1 mL. One unit of enzyme
activity is defined as the amount of enzyme that catalyzes the
formation of 1�mole of NADPH per minute under initial velocity
at the above-mentioned conditions.

Enzymatic activity and kinetic parameters were measured and
calculated by using a Beckman DU-7500 spectrophotometer
equipped with a multicomponent/SCA/Kinetics Plus software
package and thermostat water-circulating bath. Reaction mixtures
contained in a total volume of 1 mL in 0.15 M Tris-HCl buffer (pH
9.0). The 2-propanol concentrations were 0.05, 0.1, 0.2, 0.5, 0.7,
and 1.0 mM for E60D-TbADH and wild-type TbADH; the data for
E60A-TbADH were also measured with 2.0 mM 2-propanol. The
NADP+ concentrations were 5, 10, 20, 30, 50, and 70 �M for
E60D-TbADH; 5, 10, 20, 50, 70, 100, and 150 �M for wild-type
TbADH; and 10, 20, 50, 70, 100, and 150 �M for E60A-TbADH.
Therefore, the total number of points for analysis was 35, 36, and
42 for E60A-TbADH, E60D-TbADH, and wild-type TbADH, re-
spectively.

Initial velocities were fitted with Equation 1 (as described in
al-Kassim et al. 1990) by nonlinear regression using the Solver
tool implemented in Microsoft Excel:

v =
V0AB

KiaKb + KbA + KaB + AB
( 1)

ICP-AES

The metal content in TbADH mutants was analyzed by using an
ICP-AES model Spectroflame from Spectro. Zinc content was
determined, after extensive dialysis of protein samples, against
three changes of X100 volumes of 25 mM HEPES-HCl, 100 mM
NaCl (pH 8.3). Samples were digested in nitric acid, and the vol-
ume was adjusted to 6 mL. Analysis was conducted on portions of
this solution versus certified standards. The measurement was re-
peated three times by using protein samples from different batches.

Protein concentrations

Protein concentrations were determined by both Bradford assay
(Bradford 1976), with bovine serum albumin as standard, and
amino acid analysis.

Circular dichroism

CD measurements were made by using the Aviv spectrophotom-
eter model 202. The data collection was made in quartz cells with
a light path of 10 mm. Samples for near-UV scan contain 10 �M
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enzyme, 25 �M NADP+, and 0.75 mM DMSO in 150 mM Tris-
HCl buffer (pH 9.0). Samples for far-UV scans contain 10�M
enzyme, 50�M NADP+, and 1 mM DMSO in 50 mM phosphate
buffer (pH 8.0).

X-ray Absorption

Sample preparation

Enzyme samples were extensively dialyzed against three
changes of X100 volumes of 25 mM HEPES and 100 mM NaCl
(pH 8.3). A HEPES buffer was used to avoid drastic pH changes
in cryogenic temperature. TbADH enzymatic activity was checked
in HEPES buffer for all samples. After dialysis, ultra-filtration,
using Millipore Centricon-30 apparatus, concentrated the enzyme
to a final concentration of 1 mM (∼ 40 mg/mL). Samples were
loaded into copper sample holders (in the size of 10 × 5 × 0.5 mm)
covered with Mylar tape and were immediately frozen in liquid
nitrogen. Frozen samples were mounted into a Displex closed-
cycle helium cryostat, and the temperature of the samples was
maintained at 30 K to minimize the thermal disorder in the XAS
data.

Data collection

XAS data collection was performed at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL),
beam line X9B. The spectra were recorded at the zinc K-edge in
fluorescence geometry at low temperature (30 K). The beam en-
ergy was defined using a flat silicon (111) monochromator crystal.
The incident beam intensity (I0) was recorded by using an ioniza-
tion chamber. The fluorescence intensity was recorded using a
13-element Germanium detector. The transmission signal from a
zinc foil was measured with a reference ion chamber, simulta-
neously with fluorescence, for beam energy calibration purposes.
Several scans of each sample were collected for a total statistic of
1 million counts across the edge. The samples were checked for
burn marks after each scan, and the beam position on the sample
was changed before each scan to minimize radiation damages.
Enzyme activity was checked after exposure to X-ray, and the
enzyme was found to be fully active.

Data processing and analysis

The average zinc K-edge absorption coefficient �(E) was obtained
after several independent XAS measurements, for each sample,
were aligned in absolute energy, using the reference zinc metal foil
XAS data as absolute energy calibrant. Then, the absorption co-
efficient for different samples was shifted in X-ray energy, until
the first inflection points were aligned at the same energy (9659
eV). This alignment assured a good approximation of the ability of
the same X-ray energy, E0 � 9659 eV being chosen as the pho-
toelectron energy origin in all data sets.

The smooth atomic background was removed with the AU-
TOBK program of the UWXAFS data analysis package, developed
at the University of Washington, Seattle (Stern et al. 1995). The
same energy, E0 � 9659 eV, was chosen for the background re-
moval purpose as the photoelectron energy origin. The R-space
region for minimizing the signal below the first shell was chosen
between 0 and 1 Å. After the background removal, the useful
k-range in the resultant k2 weighted is between �(k) and 10 −10.5
Å−1. Model data for the fitting procedure were constructed by
extracting the catalytic zinc site coordinates (in a radius of 8 Å)
from crystallographic coordinates of CbADH, because of its better

structure resolution over the crystal structure of TbADH (Korkhin
et al. 1998). By using the computer code FEFF7 (Rehr et al. 1991;
Zabinsky et al. 1995), we calculated the theoretical photoelectron-
scattering amplitudes and phase shifts. Total theoretical �(k) was
constructed by adding the most important partial �(k), which con-
tributes to the r-range of interest.

The k2 weighting factor and the Hanning window function,
defined between 2 and 10−10.5 Å−1, were used in Fourier trans-
formations for all data sets. During the fitting procedure, the vari-
ous parameters—including the corrections to the energy origin
(�E0), bond distances (�R), and mean square disorders of the
distances, Debye-Waller factors (�2)—were varied until the best
fit was achieved. The number of relevant independent data points
Nidp in the data was calculated by using Equation 2 (Stern 1993):

Nidp =
2�k�r

�
+ 2 (2)

Where �k and �r are the data ranges in k and r spaces, respec-
tively. Equation 2 implies that the number of fit variables should
be smaller than Nidp. To reduce the number of fit variables, the
many-body factor S2

0was optimized and fixed at 0.8. The starting
point for analysis of each data set was the model used for fitting of
wild-type TbADH (Kleifeld et al. 2000a). Theoretical XAFS sig-
nal was fitted to experimental data, by using the nonlinear least-
squares method implemented in the program FEFFIT (Stern et al.
1995) in R-space, by Fourier-transforming both theory and data.
Data and theory were weighted by k2 and multiplied by a Hanning
window function in Fourier transforms.

Structural analysis and modeling studies

The crystal structures of HLADH, TbADH, and CbADH were
analyzed by using Insight II software from Acclerys. The model of
TbADH-NADP+-DMSO complex was constructed on the base of
experimental X-ray structures of CbADH (PDB 1PED, 1KEV) and
HLADH-DMSO complex (PDB 6ADH).
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