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Abstract. Zinc binding to the peptide replica and
analogs to residues 93–115 of horse liver alcohol
dehydrogenase (ADH) was examined by competition
of the peptides and the chromophoric chelator 4-(2-
pyridylazo)resorcinol for zinc and X-ray absorption
fine structure analysis of the zinc ligands. In the
enzyme, zinc is coordinated by four Cys residues. In
the peptide replica, zinc is bound to three Cys and one
His residue. A four-Cys zinc coordination is observed
only when His is removed, leading to increased zinc

stability. ADH crystal structures reveal that the e-
amino group of the conserved residue Lys323 is within
H-bond distance of the backbone amide oxygens of
residues 103, 105 and 108, likely stabilizing the zinc
coordination in the enzyme. The peptide data thus
indicate structural strain and increased energy in the
zinc-binding site in the protein, characteristic of an
entatic state, implying a functional nature for this zinc
site.

Keywords. Zinc, alcohol dehydrogenase, synthetic peptides, 4-(2-pyridylazo)resorcinol, x-ray absorption fine
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Introduction

Zinc binding is important for functions and structures
of many enzymes of all classes [1–3]. Medium-chain
dehydrogenases/reductases (MDR enzymes) of the
alcohol dehydrogenase (ADH) type are zinc metal-
loenzymes [4–6] with two zinc atoms per subunit, one
catalytic at the active site, and the other “structural” at
a site thought to affect subunit interactions [7, 8]. Like
in most zinc metalloenzymes, the catalytic zinc atom

interacts with three protein ligands plus a water
molecule, while the structural zinc interacts with
four protein ligands [8, 9].
The structural zinc site of ADH was the first to be
recognized in any protein and led to the definition of
structural zinc sites as consisting of one zinc bound to
four protein ligands but no water [9]. Structures of
over ten dozen structural zinc sites have been reported
with representatives in all enzyme classes [3, 10].
While the purpose of such sites is generally thought to
affect local protein conformation directly, some of
these sites are now believed to influence enzyme
function indirectly through the actions of the side* Corresponding author.
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chains of amino acid residues residing within the
sequence between adjacent ligands (spacer arms) [10].
Efforts to classify proteins functionally have gener-
ated a pattern suggesting concurrent incorporation of
both function and structure in one map that links
similar functions with different structures [11]. How-
ever, the specific structural features of metal-contain-
ing enzymes suggestive of the mechanism that might
account for selective reactivity and functionality are
largely unknown.
Based on X-ray diffraction analysis, the structural zinc
site of horse liver ADH is composed of four closely
spaced Cys residues (positions 97, 100, 103, and 111 in
a separate loop structure) [8, 12]. To date, function in
addition to the support of a proper tertiary/quaternary
structure has not been assigned to this ADH zinc site.
However, early experiments suggested that the zinc
ligands are susceptible to oxidation, which could lead
to disulfide bridge formation [13] and, hence, loss of
zinc. This type of oxidoreductive interplay between
thiols/disulfides has been shown to be a general
phenomenon suggested to be associated with zinc
transport in metallothionein and/or metalloproteins
in general [14, 15]. Results of early studies removing
this zinc by dialysis were believed to establish its
structural importance [6, 7, 16]. Enzymes of related
type but not containing this zinc site, e.g., sorbitol
dehydrogenase, differ in quaternary structure [17, 18],
and recombinant enzyme variants of ADH, with one
each of the zinc ligands exchanged from Cys to Ala,
are labile [19].
Since the ligand altered enzymes are labile, they are
not ideal for the evaluation of zinc binding. We have
examined peptides synthesized to correspond to the
zinc binding ADH segment, with and without amino
acid replacements/deletions. The peptide replica of
this protein segment mimicks the metal binding
stoichiometry of horse liver ADH [20]. In the present
study zinc stoichiometries and metal binding affinities
of replica peptide analogs are determined. The metal-
lochromic chelator 4-(2-pyridylazo)resorcinol (PAR)
is used as a competitor to extract zinc from the metal-
saturated holopeptides [21]. The peptide/zinc com-
plex is challenged with increasing concentrations of
PAR, shifting the equilibrium to a Zn(PAR)2 complex,
which has a molar absorptivity of 61 500 M–1 cm–1 at
500 nm (PAR absorbs at 411 nm).
Using the synthetic peptides, PAR titrations, and X-
ray absorption fine structure (XAFS) analysis, we
observed differences in zinc ligation that suggest that
the “structural” zinc site in ADH is in a configuration
that is energetically strained relative to that of the
peptides, similar to that postulated for an active site of
enzymes. This situation resembles that of an entatic
state (derived from the Greek “entasis” (entasi&)

suggesting a state that is stretched or under tension), a
setting in which a group or region of an enzyme is
poised for catalytic action in the absence of substrate
[22–24].

Materials and methods

Peptide synthesis. Peptides and analogs were pre-
pared from side chain protected tertiary butyloxycar-
bonyl amino acid derivatives using an Applied Bio-
systems 430A peptide synthesizer. The crude peptide
preparations were obtained via treatment of the
peptide resin with hydrogen fluoride followed by
acetic acid extraction. Constituent peptides were
purified by preparative reverse-phase HPLC (Vydac
C18) utilizing a gradient of acetonitrile in aqueous
0.1% trifluoroacetic acid. Peptide integrity was
checked by amino acid analysis, mass spectrometry
and Edman degradation.

Preparation of zinc peptides. HEPES buffer (20 mM,
pH 7.5) was used after treatment with diphenylthio-
carbazone (dithizone) to remove traces of metal ions
[25]. Zinc stock solution (10 mM) was prepared in
water from spectral grade zinc sulfate hepta-hydrate
(Johnson Matthey Chemicals, UK). The Cys-contain-
ing peptides were reduced with a 200-fold molar
excess of dithiothreitol (DTT) for 6 h at 378C and
stored at –708C until used. DTT was removed by
exclusion chromatography on a Bio-Gel P4 column
(Bio-Rad). The reduced peptides were collected
under anaerobic conditions within a plastic bag
flushed with nitrogen, and zinc was added to fractions
in a 2–10-fold molar excess. After incubation at room
temperature for 5 min (pH 7.5), the excess free zinc
was separated from the peptide/zinc complex via a
second round of exclusion chromatography on Bio-
Gel P4.

Zinc quantification. The zinc binding stoichiometry
was evaluated by atomic absorption spectrophoto-ACHTUNGTRENNUNGmetry (Perkin-Elmer 2380) and amino acid analysis
(Pharmacia-LKB 4151 Alpha Plus).

Analysis of zinc coordination. The metal-ligand
coordination and the average coordination distances
were determined by XAFS measurements of the
peptide/zinc complexes. Fractions from exclusion
chromatography were concentrated about 20-fold
under vacuum at room temperature in a Speedvac
equipment (Savant) and used for XAFS analysis at
approximately 1 mM peptide/zinc complex and about
400 mM HEPES buffer.
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All XAFS measurements were performed at Beam
lines X9-B and X18-B of the National Synchrotron
Light Source, Brookhaven National Laboratory. The
Zn Ka fluorescence, emitted after the absorption of X-
ray photons, was counted by a 13-element Ge detector
(Canberra), and the intensity of the incident beam was
recorded by an ionization chamber filled with nitro-
gen gas. The incident count rate (ICR) of a single
channel of the Ge detector was less than 70�103 s–1,
with a shaping time of 0.5 ms on a Canberra spectro-
scopic amplifier (Model 2020). The ICR was much
lower than the saturation value with the detector. A
series of scans were collected for each sample, and the
effective counts per point totaled more than 1 million.
XAFS data collected at different times with the same
sample were essentially identical.
The complex Zn(Im)2(Ac)2 was chosen as the stan-
dard for the analysis of Zn-nitrogen, and Zn-oxygen
coordination pairs. The Zn first shell of Zn(Im)2(Ac)2

contains two oxygen and two nitrogen atoms and is
located at an average distance of 1.986 � as deter-
mined by X-ray diffraction of the crystalline complex
[26]. Since oxygen and nitrogen atoms are almost
indistinguishable owing to their scattering properties,
this compound is excellent for analysis of coordination
shells containing both oxygen and nitrogen atoms
[27]. ZnS served as the standard compound for Zn-to-
S ligation. X-ray diffraction of the crystalline com-
pound shows four sulfur atoms at 2.342 � from the
zinc ion. The two standard complexes were measured
by casting their fine powder (400 mesh) on Scotch
tape.
The dead time, originating from the Ge detector pulse
processing electronics, was corrected to ensure the
quality of the data [28]. This significantly reduces
artifacts caused by beam intensity variations. The
corrected experimental data were then reduced fol-
lowing procedures previously outlined [27, 29]. The
XAFS c(k) function was obtained by converting from
energy to electron wave number k (the midpoint of the
edge is taken as Eo); subtracting the pre-edge con-
tribution with a polynomial fit and the slowly varying
atomic background with a cubic spline fit; and
normalization by a constant edge step. A Fourier
transform was then performed with a k2 weighting to
obtain a pseudo-atomic distribution function about
the absorbing atom. A single coordination shell was
isolated by back transforming a desired region in the
pseudo-atomic distribution function to k space. The
nearest coordination shell was analyzed quantitatively
by the non-linear least-squares fitting method [30]
using empirical model compounds (Zn(Im)2(Ac)2 and
ZnS). In these fits, we assume a nitrogen/oxygen sub-
shell and a sulfur sub-shell. The fitting parameters
were generally kept to �5. For a single shell, all three

parameters were varied, while for two sub-shells, at
least one coordination number was fixed. Error
analysis of the fitting results was performed using a
criterion that incorporates the degree of freedom in
the data and the variation of systematic and statistical
errors in k space [31]. Based on this criterion, a fit can
be accepted when the quality of the fit (Q) is less or
equal to unity, and rejected when larger than unity.

Stability constant determination. Titrations were
carried out using a 4 mM PAR stock solution prepared
from the monosodium salt hydrate (Aldrich) in
20 mM HEPES buffer, pH 7.5. For each data point,
the stock solution was diluted in HEPES buffer to a
suitable PAR concentration (1–1000 mM) and an
aliquot of the peptide/zinc complex was added (ap-
proximately 1 mM). After mixing and waiting 3 min to
ensure equilibrium, the absorbance at 500 nm was
registered and corrected for background and dilution.
Zinc extraction curves for the peptide analogs were
generated and the equilibrium calculations were
based on a PAR zinc binding constant (KP) of
3.2�1011 M–2 and a molar absorptivity of
61 500 M–1 cm–1 for the Zn(PAR)2 complex, both
determined via titration of PAR with zinc at 258C in
20 mM HEPES, pH 7.5. An equilibrium expression
combining zinc binding to both peptide (KB) and PAR
(KP) was used in the calculations (KB : KP = [peptide/
Zn][PAR]2 : [Zn(PAR)2][peptide]). Absorbance and
spectra were measured at 258C with a Varian Cary 1E
spectrophotometer employing 1-cm-pathlength cuv-
ettes.

Figure 1. Exclusion chromatography of the native segment (four
Cys residues, peptide 1) after incubation of the reduced peptide
with zinc. Fractions were monitored at 234 nm for peptide
(squares) and by atomic absorption for zinc (triangles). Formation
of a peptide/zinc complex is evident and excess non-bound zinc is
visible at the end of the chromatogram. Peptide structure shown in
Table 1.
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Results
A set of 18 peptides that corresponds to the loop
surrounding the structural zinc atom of horse liver
ADH was synthesized and tested for zinc binding. It
includes the 23-residue replica and analogs of that
protein segment (residues 93–115, Table 1).

Zinc binding and stoichiometry. The peptides were
reduced with DTT to ensure availability of Cys
ligands. The DTT was then removed by exclusion
chromatography under anaerobic conditions. Zinc
was added at a 2–10-fold molar excess and zinc binding
was measured after exclusion chromatography
(Fig. 1). Zinc is bound to all peptides that contain
two or more Cys ligands. The analogs containing only
one Cys do not reveal detectable zinc binding, except
for the peptide with a one-residue spacer to a His,
corresponding to His105 of the protein (Table 1). The
control (peptide 16) with Ala residues at all Cys
positions gave no evidence of zinc binding.
For almost all of the peptides that bind zinc, the
stoichiometries are close to 1:1 for the zinc/peptide
ratio (Table 1). The exceptions are one of the analogs
with two Cys (peptide 8, Table 1) and the zinc binding
analog with only one Cys (peptide 14). Their stoi-
chiometries are close to 1:2 for the zinc/peptide ratio,
a fact compatible with peptide dimerization to main-
tain tetra-coordination of zinc bound to four Cys or
two Cys/two His ligands, respectively, or to other
combinations of chelating residues in peptides 8 and
14 (not evaluated in this study).

Table 1. Structures, zinc-to-peptide stoichiometries, and zinc binding constants for the peptide analogs studied. The top peptide is the
replica of the zinc binding alcohol dehydrogenase (ADH) segment (residues 93–115 with Cys ligands underlined), all other analogs contain
specific amino acid replacements or (bottom case) deletions.

Peptide Zinc/peptidea

(n=3–10)
KB zinc (M–1)a

(n=2–5)

Four cysteines (replica peptide)
1 FTPQ C GK C RV C KHPEGNF C LKND 1.1 7.0�109

Three cysteines
2 FTPQ A GK C RV C KHPEGNF C LKND 1.2 2.7�109

3 FTPQ C GK A RV C KHPEGNF C LKND 1.2 2.6�109

4 FTPQ C GK C RV A KHPEGNF C LKND 1.2 6.9�109

5 FTPQ C GK C RV C KHPEGNF A LKND 1.1 1.1�1010

Two cysteines
6 FTPQ A GK A RV C KHPEGNF C LKND 1.2 6.1�108

7 FTPQ C GK A RV A KHPEGNF C LKND 1.0 7.9�107

8 FTPQ C GK C RV A KHPEGNF A LKND 0.3 7.6�107

9 FTPQ A GK C RV A KHPEGNF C LKND 0.9 1.5�108

10 FTPQ C GK A RV C KHPEGNF A LKND 0.9 7.0�107

11 FTPQ A GK C RV C KHPEGNF A LKND 0.8 8.1�107

One cysteine
12 FTPQ C GK A RV A KHPEGNF A LKND 0.0 –
13 FTPQ A GK C RV A KHPEGNF A LKND 0.0 –
14 FTPQ A GK A RV C KHPEGNF A LKND 0.5 3.6�106

15 FTPQ A GK A RV A KHPEGNF C LKND 0.0 –

Zero cysteine
16 FTPQ A GK A RV A KHPEGNF A LKND 0.0 –

Zero histidine
17 FTPQ C GK C RV C KAPEGNF C LKND 0.9 1.3�1010

18 FTPQ C GK C RV C K ––– GNF C LKND 1.0 1.5�1010

a Arithmetic mean based on n separate experiments. The maximum variation for zinc-to-peptide stoichiometries is 13%, and that for zinc
binding constants is 20 %.

Figure 2. Zn K-edge X-ray absorption fine structure (XAFS) data
for zinc peptides. Peptide 1 (green), peptide 4 (circles), and peptide
17 (red) at 150 K. Data weighted with a k2 factor.
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Determination of ligands to zinc. We used XAFS to
investigate the ligands to the zinc in the peptides
because it can differentiate between sulfur and nitro-
gen/oxygen ligands very readily [32, 33]. The spectra
of the weighted XAFS function, k2 c(k), for the
peptide replica of the protein segment (peptide 1,
Table 1) and that containing an Ala in place of Cys103
(peptide 4) are almost identical (Fig. 2), while they
differ markedly from that of the peptide containing
Ala in place of His105 (peptide 17, Fig. 2). The Fourier
transforms of peptides 1 and 17, and of the peptide
containing Ala in place of Cys at positions 100 and 103
(peptide 7), exhibit shifts in the peak locations and
amplitudes (Fig. 3). Thus, peptides 1 and 17 have a
higher apparent average interatomic distance than
peptide 7. This is consistent with a zinc coordination
sphere in peptide 7 that contains fewer sulfur and
more nitrogen or oxygen ligands in its first shell than
peptides 1 and 17. Both peptides 1 and 7 (containing
His) have a peak/double peak in the Fourier transform
located between 2.8 and 4.0 �, while that for peptide
17 (His replaced by Ala) is smaller (Fig. 3). Such
alterations in this region of the XAFS spectrum are
characteristic of an imidazole ligand to zinc [32]. For a
His residue, contribution is mainly by the 4 (5)-carbon
and e-N of the imidazole ring that is enhanced about
threefold owing to a focusing effect. The presence of
peaks in this particular region of the Fourier trans-
forms for both peptides 1 and 7 (Fig. 3) therefore
suggests a His residue to be involved in zinc binding of
these peptides.
Least-squares fitting of the XAFS data for the first
coordination shells of the zinc peptides results in
2–10 �–1 in k space with eight degrees of freedom [33].
Several two-shell models involving nitrogen/oxygen

and sulfur binding were employed to fit the first shell
data and the results are summarized in Table 2
together with the quality of fit value, Q [31]. The
broad first coordination shell distribution in the
Fourier transform for peptide 1 suggests the presence
of O or N ligands (Fig. 3). Fitting the XAFS data for
peptide 1 with a zinc coordination site containing one
nitrogen/oxygen ligand at 2.03 � and three sulfur
ligands at 2.32 � is essentially equivalent to the XAFS
function for the first shell (Fig. 4), and a Q value of 0.3
(Table 2) supports this as a suitable model for zinc
binding in peptide 1. In contrast, assuming an all zinc-
sulfur ligand site for peptide 1 results in a best fit of 4.8
S located at 2.32 � from the zinc atom and a Q value of
4 (Table 2). These data together with the first shell fit
shown in Figure 4 suggests rejection of a four-Cys zinc
coordination site in peptide 1.

The results for peptides 2–5 resemble those of peptide
1 (Table 2). The best fit is obtained for a zinc site
containing three sulfur ligands at 2.32�0.01 � and one

Figure 3. Fourier transforms of the XAFS c(k) data for peptide 1
(circles), peptide 17 (triangles), and peptide 7 (solid). The k2 c
Fourier transform was performed from 0.8 to 12.0 � in k space
using a Hanning window function.

Table 2. First coordination sphere fitting based on X-ray absorp-
tion fine structure (XAFS) measurements of peptide/zinc com-
plexes. N is the zinc coordination number; R the average absorber-
scatterer bond length; s the mean square deviation in the absorber-
scatterer bond length; and Q is the fitting criterion with asterisk
indicating an unacceptable fit (see Table 1 for peptide numbers).

Peptide Ligand N R (�) s (�2) Q

1 S 3.0 2.32 –0.001 0.3
N/O 1.0 2.03 0.001

S 4.8 2.32 –0.003 4*

2 S 3.0 2.31 –0.001 1.3
N/O 1.0 2.03 0.005

3 S 3.0 2.33 –0.001 0.8
N/O 1.0 2.02 0.002

4 S 3.0 2.32 –0.001 0.3
N/O 1.0 2.04 0.000

5 S 2.8 2.32 –0.001 0.6
N/O 1.3 2.03 0.002

7 S 2.0 2.29 0.000 0.5
N/O 1.9 2.03 0.001

S 3.0 2.30 0.003 2.6*
N/O 1.0 2.03 –0.002

S 1.0 2.29 –0.007 2.1*
N/O 3.0 2.02 0.007

17 S 4.0 2.34 0.001 0.6

S 3.0 2.33 –0.003 1.8*
N/O 1.0 1.99 0.03
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N/O ligand at 2.03�0.01 �. The XAFS function for
peptide 17 can be fitted to a zinc site that contains four
sulfur atoms at an average distance of 2.34 � from the
zinc atom. The inclusion of one N/O ligand renders the
fit unacceptable (Table 2), suggesting that acidic
residues do not participate in zinc binding of peptide
17. On the other hand, the best fit for the XAFS
function for peptide 7 contains two sulfur and two N/O
ligands at a fit quality of 0.5 (Table 2). This would
seem to indicate the involvement of an acidic residue
in addition to the imidazole. In contrast, assuming zinc
coordination by one N/O and three S zinc ligands, or
one S and three N/O zinc ligands increase Q to 2.6 and
2.1, respectively, rendering such sites unacceptable in
peptide 7.
Thus, the data presented in Table 2 support a zinc
binding model that favors a three-Cys/one-His coor-
dination site (peptides 1–5). When His is not available
(peptide 17), a four-Cys coordination site is preferred,
and when the number of Cys residues is reduced to two
(peptide 7), a second N/O ligand, most likely one of
the acidic residues, is involved in zinc coordination.

Determination of zinc binding constants. A protocol
involving competition of the peptide/zinc complex
with the metallochromic chelator PAR in titrations
monitored at 500 nm was employed [21]. When the
PAR concentration is sufficiently high, all zinc bound
to the peptide is extracted and the absorbance at
500 nm becomes constant. For the zinc bound to the
peptide replica (peptide 1), a PAR concentration
1000-fold higher than that of the peptide is required,
resulting in a value for the zinc binding constant of
7.0�109 M–1 (Table 1). The titration curves for the
series of analogs that vary in the number of Cys
residues from four to one have the same general

hyperbolic shape but the corresponding zinc stabilities
differ (Table 1). Going from four Cys residues in
peptides 1, 17 and 18, to three in peptides 2–5, and two
in peptides 6–11, the zinc stabilities decrease by three
orders of magnitude (1010 to 107 M–1, Fig. 5 and
Table 1). Among the peptides that bind zinc, peptide
14 (with a single Cys and His) yields the lowest binding
constant, decreased further by one order of magnitude
to 106 (Table 1). For analogs containing four Cys but
no His (peptides 17 and 18), tight zinc binding at the
1010 M–1 level is observed (Table 1). Theoretical plots
based on average zinc binding constants calculated
from values in the middle portion of the PAR titration
curves are consistent with the experimental plots
(Fig. 5).

Analysis of the short/long spacer motif. We also
examined the influence of differently sized spacers in
peptides with three potential zinc ligands (Cys/His/
Cys), the short/long spacer motif observed for cata-
lytic zinc sites [3, 34]. The His-Cys spacer is held
constant at 5 residues, while the Cys-His spacer is
made to vary: 1, 4 and 7 residues (peptides 6, 9 and 7).
The zinc binding affinity decreases as the size of this
spacer increases (Table 3).

Discussion

Liver ADH is a homodimeric enzyme containing
different sets of zinc atoms localized in different
regions of each subunit: one at the active site bound to
Cys, His and water, the other at a “structural” site
formed by four Cys residues in a separate loop. The
existence and structure of this loop with four Cys
ligands to zinc was considered to be an opportunity for
investigation of the chemistry of a zinc atom at a
protein site thought to be enzymatically inactive.

Figure 4. The first shell k2c function for peptide 1 (solid black line)
compared with a least-squares fit of a zinc binding site containing
four sulfur ligands (triangles and gray line) and a fit with one N/O
ligand and three S ligands (circles).

Figure 5. 4-(2-Pyridylazo)resorcinol (PAR) titration of a peptide/
zinc complex with three Cys residues. Set of data for peptide 4 with
theoretical line based on the average zinc binding constant
6.9�109 M–1 (Table 1). Peptide structure shown in Table 1.
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Interestingly, the coordination pattern of the suppos-
edly inactive structural zinc atom when analyzed in
the peptide model shows that zinc is bound to three
Cys and one His residue with a stability constant lower
than that for a four-Cys coordination. This apparent
difference to the zinc coordination in the protein [12]
was not expected and therefore explored further.
For this purpose, we quantified zinc binding in a set of
peptides related to the structure in the vicinity of the
supposedly inactive zinc atom of liver ADH, where
the number and nature of potential zinc ligands was
varied systematically. The results indicate that both
the number of Cys residues, the presence of His, and
the spacing between Cys/His residues are important
variables (Table 1). PAR proves to be effective in
direct titration of peptide/zinc complexes and allows
the determination of zinc binding constants. Addition
of PAR to the metal-saturated peptide instead of
apopeptide to the Zn(PAR)2 complex, avoids prob-
lems from thiol oxidation during titration. The pep-
tide/zinc complexes are very stable, without evidence
of oxidation after days at 48C or hours at room
temperature, and binding curves of repeated PAR
titrations are reproducible. Depending on the number
and position of ligands, the zinc binding constants
range in an ordered fashion from tight to low binding
(from 1010 to 106 M–1). Thus, the binding constants
determined by competition with PAR reflect the
nature of zinc coordination sites.
Exclusion chromatography reveals that all combina-
tions of four, three and two Cys residues generate
significant zinc binding (Table 1). However, XAFS
analysis indicates that the single His residue, corre-
sponding to His105, is a zinc ligand (Table 2, Fig. 3).
The presence of His in the peptides results in a three-
Cys/one-His coordination, rather than that of four Cys
reported for the protein [12]. When Ala replaces His,
zinc is still bound, and XAFS analysis now reveals a
distinct four-Cys coordination. Regarding analogs
with two Cys residues, one (peptide 7) binds zinc in a
pattern that involves two S (from Cys97 and Cys111)
and two N/O (one N from His105, and one O likely
from Glu107 or Asp115) as ligands (Table 2).

The three-Cys/one-His coordination for the peptide
replica leaves one Cys that does not bind. Judging
from the zinc stability constants of the three Cys
analogs (Table 1), Cys103 is a likely candidate. Pep-
tide 4, where this Cys residue is replaced by Ala,
exhibits almost the same zinc stability as the replica
(peptide 1), while peptides 2, 3 and 5 all exhibit
different affinities for zinc. Moreover, the XAFS
spectra for the peptide replica and peptide 4, where
Ala replaces Cys103, are essentially identical (Fig. 2).
This further substantiates that replacement of His105
with Ala in peptide 17 results in firm zinc binding (of
the order 1010 M–1, Table 1) to the four Cys residues as
observed in the XAFS analysis.
For two of the present peptide analogs, less than unity
zinc-to-peptide ratios were found. Of the four analogs
containing one Cys and one His residue, only one
(peptide 14) reveals significant zinc binding, but at 0.5
zinc per peptide molecule (Table 1). A similar zinc-to-
peptide ratio indicative of peptide dimerization was
found for one of the analogs containing two Cys
residues (peptide 8).
The coordination of His105 to the zinc in the peptides
suggests that its replacement by Cys103 as ligand in
the protein is likely accompanied by structural strain
with higher energy, and which could be due to forces
exerted upon Cys103 and/or residue 105 in the protein.
Analysis of ADH family member sequences and
three-dimensional structures provides insight into
how this zinc coordination might occur and what its
function might be. Alignment of 52 ADH protein
sequences encompassing six classes of ADH enzymes
(I, II, III, IV, V/VI, VII [35]) and their isoforms from a
wide range of phyla reveals that position 105 is not

Table 3. Zinc binding constants for model peptides with two
spacers, one variable (V) and one constant (C), between potential
chelating residues: Cys-V-His-C-Cys. A shorter V spacer promotes
tight zinc binding.

V C KB (zinc, M–1)

7 5 7.9�107

4 5 1.5�108

1 5 6.1�108

The peptides are 7, 9 and 6, respectively (see Table 1).

Figure 6. Three-dimensional structure of the structural zinc site of
alcohol dehydrogenase (PDB# 1BTO). The helix ending with
Ala337 positions the e-amino group of Lys323 within H-bonding
distance of the backbone carbonyls of amino acid residues Cys103,
His105 and Gly108. Figure prepared using the program Cn3D of
the National Center for Biotechnology Information.
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conserved and that Asn (62 %), Ser (21 %) and His
(10 %) are the three residues most frequently found at
that position [36]. Three-dimensional structures of
ADH enzymes exist for the three major variations of
residue 105. Thus, horse class I ADH (PDB# 1BTO)
has His105, human class I a ADH (PDB# 1HSO) has
Asn105, and mouse class II ADH (PDB# 1E3E) has
Ser105. The structures show that Cys103 is directed
towards the interior of the protein to ligate the zinc
while the side chain of the residue at position 105 is
directed to the exterior solvent with its potential zinc
binding nitrogen or oxygen of the side chain 11.5–13 �
from the structural zinc atom. Further examination
suggests why the residue at position 105 likely exists in
this conformation. An a-helix of 14 residues extending
from amino acid 324 to 337 places the e-amino group
of Lys323 within H-bonding distance of the amide
carbonyl oxygens of residues 103, 105 and 108 (Fig. 6).
Thus, for horse class I ADH (1BTO) the distance
values are Cys103 (2.69 �), His105 (2.64 �) and
Gly108 (2.70 �). For human class I a ADH (1HSO)
the distances are Cys103 (2.95 �), Asn105 (2.67 �)
and Ser108 (2.70 �), and for mouse class II ADH
(1E3E) they are Cys103 (2.94 �), Ser105 (2.96 �) and
Thr108 (2.97 �). While the residues at positions 105
and 108 are not conserved, the interaction of their
amide carbonyl oxygen with the e-amino group of
Lys323 is maintained throughout the structures. This
interaction directs the side chain of residue 105 to the
exterior solvent. Lys323 is conserved in all 52 sequen-
ces of the ADH enzymes, further indicating the
importance of this interaction.
We can only speculate about the basis for such
differences in zinc coordination of the enzyme com-
pared with those of the peptides. Residue 105 in
combination with other amino acids on the surface of
the protein could potentially participate in protein
complexes. A more direct involvement of the zinc site
would be the modification of the Cys sulfur atoms.
Examination of zinc finger structures led to the
postulate that H-bonds between neighboring amides
and thiolate ligands electronically stabilize the thio-
lates [37, 38]. Further studies of model complexes
have shown that a single hydrogen bond reduces the
reactivity toward an electrophile by up to two orders
of magnitude [39]. These results suggest that the zinc
thiolates in the ADH structural site should be
unreactive towards electrophiles since there are 2 – 4
amide N-H bonds within 3.1–3.6 � of each of the zinc-
bound thiolates. In contrast to the deactivating effect
of neighboring amide N-H on zinc thiolates, the
presence of Lys and Arg side chains within 6.5 � of
Cys residues has been postulated to increase the
nucleophilicity of thiolate groups [40]. This type of
mechanism would require that a Cys ligand would be

released from the zinc. In the protein, Cys97 might be
a candidate since this residue is near the exterior
solvent. The equivalent position in E. coli threonine
dehydrogenase has been implicated in the formation
of an air-dependent disulfide bond without loss of
enzymatic activity [41]. In addition, the e-amino group
of Lys113 is 4.43 � from Cys97 in the horse enzyme.
In conclusion, the data show that the coordination of
zinc in the peptide replica and analogs differs from
that in the enzyme, suggesting that the ADH struc-
tural zinc site is in a strained conformation, typical of
an entatic state [22–24]. This calls for examination of
suitable derivatives to characterize a possible func-
tion.
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