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ABSTRACT: The extended X-ray absorption fine structure (EXAFS) associated with the zinc K-absorption
edge has been recorded for sorbitol dehydrogenase. It is interpreted in terms of one cysteine sulfur among
the ligands to the active site zinc atom. Simulations of the EXAFS based on the presence of two such sulfurs
are less satisfactory, and comparison with the EXAFS of such systems points to the presence of only one
sulfur ligand in sorbitol dehydrogenase. These results provide evidence that sorbitol dehydrogenase does
not have the characteristic one water, one His, two Cys arrangement of ligands to the active site zinc found
in the homologous alcohol dehydrogenases and are consistent with the one water, one His, one Cys, one
Glu ligand arrangement of the proposed model of sorbitol dehydrogenase [Eklund, H., Horjales, E., Jornvall,
H., Briandén, C.-1., & Jeffery J. (1985) Biochemistry 24, 8005-8012]. Evidence for the correctness of the
model is also evidence for validity of predictive techniques used in constructing the model, i.e., computer
graphics fitting of the amino acid sequence to the crystallographically derived structure of a different but

homologous protein.

’I‘he amino acid sequence of sheep liver sorbitol de-
hydrogenase (Jeffery et al., 1984a) has been aligned with those
of mammalian, plant, fungal, and yeast alcohol de-
hydrogenases, clearly establishing that they are homologous
proteins (Jornvall et al., 1984, 1987; Eklund et al., 1985).
Sorbitol dehydrogenase is a zinc enzyme (Jeffery et al., 1984b),
as are the homologous alcohol dehydrogenases. The protein
ligands to the active site zinc atom of these alcohol de-
hydrogenases are one His and two Cys (His-67, Cys-46, and
Cys-174 in the numbering system of the horse liver enzyme;
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Brindén et al., 1975). The fourth ligand is water, or substrate
during the reaction process.

A model has been constructed for the three-dimensional
structure of sorbitol dehydrogenase by fitting the amino acid
sequence to the crystallographically determined tertiary
structure of horse liver alcohol dehydrogenase (Eklund et al.,
1985). According to this model, the protein ligands to the
active site zinc atom in sorbitol dehydrogenases are one His,
one Cys, and one Glu (His-68, Cys-43, and Glu-154 in the
continuous numbering system of sorbitol dehydrogenase;
Jeffery et al., 1984a; Karlsson et al., unpublished data). In
this part of the polypeptide chain, neither the Cys nearest to
Glu-154 (Cys-163), which is the Cys that could be considered
to be a candidate for coordination to zinc with another
alignment (Eklund et al., 1985), nor the next-nearest Cys
(Cys-138), which is not conserved in the alcohol de-
hydrogenases, is positioned in the model in a way that would
allow it to serve as a zinc ligand. The fourth ligand in the
model is a water molecule (or substrate during the reaction
process), and a further water molecule is thought possibly to

© 1989 American Chemical Society
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FIGURE 1. Kk’-weighted EXAFS (left panel) and Fourier transforms (right panel, not phase corrected) of (1,10-phenanthroline)bis(4-
toluenethiolato)zinc(II) (I) (upper traces) and sorbitol dehydrogenase at 277 K (middle traces) and 77 K (bottom traces).

be present in the absence of substrate and to interact with
Lys-293 and Glu-154. The model accounts for distinctive
functional characteristics of sorbitol dehydrogenase (Eklund
et al., 1985) and helps understanding of structure-function
relationships among polyol and alcohol dehydrogenases gen-
erally (Jeffery & Jornvall, 1988). However, direct experi-
mental evidence for the correctness of the model has been
lacking.

Studies of the extended X-ray absorption fine structure
(EXAFS) at the zinc K-absorption edge of metalloproteins
have in recent years contributed to the identification of metal
ligands in zinc proteins (Garner & Feiters, 1987). The os-
cillations in the X-ray absorption coefficient after the zinc
K-edge step are described by interference effects on the central
absorber zinc atom, due to the fact that the photoelectron wave
leaving the excited zinc atom is backscattered by the zinc
ligands (Stern, 1974). Phase-corrected Fourier transformation
of the EXAFS with respect to exp(—i2kR), where R is the
absorber—backscatterer distance, gives the radial distribution
function around the absorber (Sayers et al., 1971). From
analysis of the EXAFS, ligand distances and first-shell co-
ordination numbers may be derived with accuracies of +0.02
A (Citrin et al., 1976) and 20% (Eisenberger & Lengeler,
1980), respectively. Because the backscattering amplitude of
sulfur is approximately « out of phase with those of carbon,
nitrogen, and oxygen, if placed at the same distance, it is easy
to distinguish sulfur from any of those (Hasnain et al., 1985)
but difficult to discriminate between the latter three, commonly
referred to as low-Z ligands. In this way, it has been possible
to classify zinc sites in proteins (Garner & Feiters, 1987) on
the basis of their ligands as derived from EXAFS: type A
[sulfur ligands only, e.g., metallothionein (Abrahams et al.,
1986) and “structural” sites of liver alcohol dehydrogenase
(Zeppezauer et al., 1986) and aspartate transcarbamylase
(Phillips et al., 1982)], type B [sulfur and nitrogen/oxygen
ligands, e.g., transcription factor (Diakun et al., 1986)], and
type C [nitrogen/oxygen ligands only, e.g., phospholipase C
(Feiters et al., 1986a)]. On the basis of the model discussed
above, the zinc site in sorbitol dehydrogenase is expected to

be of type B. The aim of the present EXAFS study of sorbitol
dehydrogenase was not only to investigate this but also to
determine whether the ligands to zinc atom include two sulfur
ligands (as in the homologous alcohol dehydrogenases) or only
one (as in the sorbitol dehydrogenase model). The results are
shown to favor the latter.

MATERIALS AND METHODS

Protein Preparation. Sheep liver sorbitol dehydrogenase,
prepared as described earlier (Jeffery et al., 1981), was con-
centrated by ultrafiltration at 1 °C to obtain concentrations
in the range 50-150 mg/mL. For EXAFS measurements,
cells of 2.5-mm light path were used.

EXAFS Data Collection. X-ray fluorescence spectra at the
Zn K-edge were measured in two sessions, one using EXAFS
station 7.1 and the other using wiggler line EXAFS station
9.2 of the SERC Synchrotron Radiation Source, operating at
2.0 GeV with an average current of 200 mA. The experiment
on 7.1 was carried out at ~277 K, with the experimental setup
for fluorescence detection with thallium-doped sodium iodide
scintillation counters described earlier (Hasnain et al., 1984).
A premonochromator toroidal mirror was used to focus the
beam at the sample position, not reflecting radiation with
wavelength < 1.2 A and rejecting harmonics. The experiment
on 9.2 was carried out at ~77 K, with an Oxford Instruments
liquid helium fluorescence EXAFS cryostat and a setup with
individual electronics for every detector as described elsewhere
(Baines et al., 1986). The double-crystal order-sorting
monochromator (Greaves et al., 1983) was set to 50% har-
monic rejection. In both sessions, replicate spectra were re-
corded and averaged. Enzymic activity was retained during
EXAFS data collection. EXAFS transmission data of
(1,10-phenanthroline)bis(4-toluenethiolato)zinc(II) (I) (kindly
provided by Prof. C. D. Garner, Department of Chemistry,
University of Manchester) and zinc sulfide (II) were collected
in transmission mode at ambient temperature.

EXAFS Data Analysis. The programs used for EXAFS
data analysis are available from the Synchrotron Radiation
Source Programme Library, Daresbury Laboratory, War-
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rington WA4 4AD, UK. After background subtraction, with
the program EXBACKI written by I. Ross, the EXAFS was
transformed into k space with

k = [2m(E - Eg) /h?]\/?

where E and E, are the energies of the incident beam and of
the relevant absorption edge, respectively. Fourier transforms
were calculated with respect to exp(-i2kR), where R is the
distance of a scattering atom from the central atom. Phase
shifts and backscattering factors were calculated by the
MUFPOT program, using Clementi-Roetti wave functions for
scattering atoms in the neutral state and approximating the
excited zinc atom by the wave function of neutral gallium with
one electron removed from the 1s orbital. Best results for the
main shell of zinc sulfide were obtained when a double-positive
charge was placed on the central atom in the MUFPOT calcu-
lations, in agreement with results for zinc imidazole model
compounds (Feiters et al., 1986a; M. C. Feiters and C. Little,
unpublished data).

EXAFS spectra were fitted with the fast curved-wave
program EXCURVE (Gurman et al., 1984, 1986). The quality
of the simulations was assessed by visual comparison of the
experimental and simulated EXAFS and their Fourier
transforms and by calculation of the difference function,
further referred to as fit index. The imaginary potential,
describing the electron wave lifetime, and the amplitude re-
duction factor, correcting for multiple excitation effects, were
set to —1.0 eV and 0.7, respectively, and not further refined.
AE, representing the photoelectron energy as k = 0, was set
to the value it refined to in the analysis of the EXAFS of
tetrakis(imidazole)zinc(I1) diperchlorate (III) EXAFS, viz,,
27.52 eV (Feiters et al., 1986a; M. C. Feiters & C. Little,
unpublished data). However, since it refined to a lower value
in the analysis of zinc sulfide (IT) EXAFS, AE, was appro-
priately shifted for sulfur contributions. Analysis of Fouri-
er-filtered main shells was carried out in k* weighting, refining
the distances R and the Debye-Waller-type factors a (=242,
in A2), iteratively. Detailed analysis of the full, non-Fouri-
er-filtered spectrum was carried out in k? weighing, also by
refining the distances R and the Debye—Waller-type factors.
Occupancies were only allowed to take integer values and were
varied in steps.

RESULTS AND DISCUSSION

The EXAFS and corresponding Fourier transforms are
shown in the lower two traces in the left and right panels of
Figure 1 for sorbitol dehydrogenase at 277 K (18 scans) and
at 77 K (7 scans). The EXAFS spectra show very similar
beating patterns but some difference in the shape of the EX-
AFS at 5 A1, as well as differences in amplitude close to 4
and 6 A™! (277 K greater) and also near to 7.5 and 8.5 A™!
(77 K greater). The Fourier-transform peak is at the same
position but narrower at the lower temperature.

These data for sorbitol dehydrogenase are compared to the
EXAFS of 1 (Figure 1, upper traces), for which a crystal
structure is available (Cremers et al., 1980), and of the
transcription factor IIIA protein (Figure 2), for which data
were kindly made available to us by Dr. G. P. Diakun
(Daresbury Laboratory) and Dr. L. Fairall and Dr. A. Klug
(MRC Molecular Biology Laboratory, Cambridge, U.K.)
before publication (Diakun et al., 1986). In the reference
compound I, the zinc atom has two nitrogen ligands at 2.112
A and two sulfur ligands at 2.261 A (Cremers et al., 1980);
in the transcription factor, the proposed ligands to the zinc
atom are two nitrogen (His) and two sulfur (Cys), which is
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FIGURE 2: k*-weighted EXAFS (upper panel) and Fourier transform
(bottom panel, not phase corrected) of sorbitol dehydrogenase at 277
K (solid line) and transcription factor TF IITA at ambient temperature
[dashed line; data kindly made available by Drs. G. P. Diakun, L.
Fairall, and A. Klug (Diakun et al., 1986)].

consistent with the EXAFS (Diakun et al., 1986). Thus, from
comparison of the sorbitol dehydrogenase EXAFS with the
EXAFS of these zinc sites (Figures 1 and 2), the lower am-
plitude in the region above 6 A™! and the difference in the
Fourier transforms strongly indicate that sorbitol de-
hydrogenase has fewer than two sulfur ligands.

This suggestion is borne out by our EXAFS simulations.
Our iteratively refined calculations of II and III (not shown)
gave excellent agreement (£0.02 A) with the crystallographic
data for the main shells. The EXAFS of I could be satis-
factorily modeled with the parameters at their crystallographic
values. However, as in the protein, the main shell of this model
is composed of unresolved low-Z and sulfur ligand contribu-
tions, which are at similar distances and therefore have a
tendency to interfere destructively, because of their opposite
phases as mentioned earlier. As a result, we have noted high
correlations between the refined parameters, a strong influence
of AE, on the relative size of the low-Z and sulfur contribu-
tions, and a tendency for high occupancy values which are not
physically resonable. Destructive interference of sulfur and
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FIGURE 3: Experimental (solid lines) and simulations (dashed lines, parameters in Table 11) of the k*-weighted EXAFS (upper panels) and
Fourier transforms (lower panels, phase corrected) of sorbitol dehydrogenase at 277 K (left panels) and 77 K (right panels).

low-Z shells has been implicated in EXAFS studies of blue
copper proteins (Groeneveld et al., 1986) and model com-
pounds for them (Feiters et al., 1986b). High occupancy
values which are not physically reasonable have been en-
countered in the analysis of the EXAFS of the complex of
carbonic anhydrase and chloride anion (Yachandra et al.,
1983), presumably because of interference of the low-Z protein
ligands with chlorine, whose backscattering amplitude and
phase are similar to those of sulfur. Therefore, we have kept
AE,, as well as the overall coordination number, at reasonable
fixed values (see Materials and Methods) and varied the oc-
cupancies in steps, rather than allowing them to float. For
the interpretation of the sorbitol dehydrogenase EXAFS, we
have made simplifying assumptions concerning the structural
possibilities to be distinguished, which are relatively clearcut.

Both the full spectra (in k2 weighting) and Fourier-filtered
main shells (in k* weighting) were simulated, refining distances
and Debye-Waller-type factors, by starting from an ar-
rangement of four-coordinated zinc having one sulfur ligand
and three low-Z ligands (i.e., oxygen or nitrogen ligands) or
having two sulfur ligands and two low-Z ligands. For both
the 277 and the 77 K data and both the full spectra and the
Fourier-filtered main shells, the fit indices (Table I) reached
lower values (that is, better fits) with the refined simulations
based on the one sulfur, three low-Z ligand arrangement than
with those based on the two sulfur, two low-Z ligand ar-

rangement. To this extent, the position is clear; the sorbitol
dehydrogenase EXAFS is less well reconciled with the two
sulfur (Cys), one nitrogen (His), one oxygen (water) ligand
arrangement characteristic of the active site zinc of homolo-
gous alcohol dehydrogenases than with the one sulfur (Cys),
one nitrogen (His), two oxygen (one water and one Glu) ligand
arrangement proposed, on other grounds, for sorbitol de-
hydrogenase (Eklund et al., 1985).

However, the EXAFS data agree even better with simula-
tions for five-coordinated zinc than for the four-coordinated
zinc considered so far. Also in this case, as can be seen in
Table I, the simulation with only one sulfur ligand (and four
low-Z ligands) is more favorable than that with the two sulfur
ligands (and three low-Z ligands). The best fits using five-
coordination are presented in Figure 3 with the parameters
used for the simulations in Table II. The minor shells at 3-4
A are conceived as originating from backscattering by atoms
in the imidazole ring. However, because of multiple scattering
in this system, analysis of the occupancies and distances for
these shells by single-scattering approximation is not expected
to give reliable values (Pettifer et al., 1986; Strange et al., 1987;
Feiters et al., 1988). Therefore, while contributions from such
shells constitute evidence for the presence of imidazole ligands,
they do not define the number of such ligands, which could
be more than the one imidazole proposed in the model (Eklund
et al., 1985).
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Table I: Fit Indices of Best Simulations to Sorbitol Dehydrogenase
EXAFS in k* Weighting (Fourier-Filtered Main Shells) or &?
Weighting (Full, Non-Fourier-Filtered Spectra)?

Fourier-filtered
main shell, &3

full spectra, k?

weighting weighting

temp (K) 277 77 277% 77¢
range of fit (eV) 19-450  18-450 21-358 20-450
Fourier-filter window (&)  0.5-24 0.4-2.3
4-coordination

2S+2low Z 2.69 2.16 0.53 0.42

1S+3low Z 1.64 1.07 0.36 0.32
5-coordination

2S+3low Z 1.46 1.40 0.33 0.31

1S+4low Z 0.78 0.80 0.26 0.26

98, sulfur ligand; low Z, nitrogen or oxygen ligand. The windows
for Fourier filtering are given as the nonphase-corrected distance R,
® Figure 3, left panels. ¢Figure 3, right panels.

Table II: Parameters Used for the Simulations of the EXAFS in the
Left and Right Panels of Figure 3 (Sorbitol Dehydrogenase at 277
and 77 K, Respectively)®

left panels of Figure 3 right panels of Figure 3
atom type Nr R 202 Nr R 202
1.97 (2) 0.010 (1) 1.99 (2) 0.013 (1)
2.33(2) 0.002 (1) 2,30 (3) 0.014 (3)
2.89 (3) 0.009 (4) 3.00 (3) 0.020 (8)
3.13(2) 0.017 (3) 3.22(4) 0.02(1)
4.27 (3) 0.012 (4) 4.28 (3) 0.007 (6)

FI 0.25845 0.26194

9AE,, 27.52 eV; Nr, occupancy; R, distance to Zn (A); Debye—
Waller-type factor, given as 242 (A?). O, oxygen; S, sulfur; C, carbon;
N, nitrogen. FI, fit index (k? weighting).

ZOOwno
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Thus, a ligand arrangement of one sulfur and four low-Z
ligands presently provides the best fit for the observed EXAFS
of sorbitol dehydrogenase, at both 77 and 277 K. The sulfur
ligand is conceived as the Cys-43 sulfur, and the low-Z ligands
are conceived as one nitrogen (His-68) and three oxygens
(water and Glu-154). Two alternative explanations for the
additional low-Z ligand found compared with the prediction
of the model could be considered. One is that the second water
molecule possibly present in the zinc environment (Eklund et
al., 1985) is coordinated to zinc [cf. a similar suggestion for
carbonic anhydrase (Clementi et al., 1979)]; the other is that
Glu-154 is coordinated with two rather than one of its car-
boxylate oxygens [cf. carboxypeptidase (Rees et al., 1981)].
Neither of these explanations affects the main conclusion of
the present study, which is that there is only one cysteine sulfur
ligand to zinc in sorbitol dehydrogenase, sustaining the ligand
arrangement proposed in the model (Eklund et al., 1985) as
a strong possibility. This study is the first experimental check
on this model, and the evidence presented for its correctness
is also evidence for the validity of predictive techniques used
in constructing the model (computer graphics fitting of the
amino acid sequence to the crystallographically derived
structure of a different but homologous protein), techniques
which are crucially important in molecular biology and protein
engineering where predictions of the detailed tertiary structures
of proteins are essential.

Regarding bound metals, the importance of identifying the
ligands to functional metal atoms constrasts with the paucity
of techniques that provide direct access to the necessary in-
formation. Commonly, a high-resolution crystallographic
structure may not be available for the particular protein in
question, and the possibility of applying EXAFS in such cases
becomes attractive. The present study, concerning an active
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site zinc atom, illustrates the strengths and limitations of
EXAFS in this respect. Thus, information relating directly
to the intimate environment of the zinc atom is obtained, and
interpretation can be attempted in terms of independently
predicted structures. The use of EXAFS to distinguish be-
tween a limited number of defined alternative structures can
be productive, as in the present case in which the possibility
of more than one sulfur ligand to the zinc atom was essentially
excluded. However, an overrestrictive selection of alternative
structures for evaluation should clearly be avoided, because
structures involving an unusual bond length or an extra ligand
may be possible within a protein and, as illustrated in the
present case when 5-coordinate zinc was entertained as a
possibility, may fit the EXAFS findings better than more
obvious model structures. A powerful further approach in-
volves site-directed mutagenesis to change specific residues
putatively involved in ligation and EXAFS studies also of the
mutant proteins.
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Distamycin Paradoxically Stimulates the Copying of Oligo(dA)-Poly(dT) by DNA
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ABSTRACT: Distamycin A, a polypeptide antibiotic, binds to dA-dT-rich regions in the minor groove of B-DNA.
By virtue of its nonintercalating binding, distamycin acts as a potent inhibitor of the synthesis of DNA both
in vivo and in vitro. Here we report that distamycin paradoxically stimulates Escherichia coli DNA
polymerase I (pol I), its large (Klenow) fragment, and bacteriophage T4 DNA polymerase to copy oligo-
(dA)-poly(dT) in vitro. It is found that distamycin increases the maximum velocity (¥,,,) of the extension
of the oligo(dA) primer by pol I without affecting the Michaelis constant (K;) of the primer. Gel elec-
trophoresis of the extended primer indicates that the antibiotic specifically increases the rate of addition
of the first three dAMP residues. Lastly, in the presence of both distamycin and the oligo(dT)-binding
protein factor D, which increases the processivity of pol I, a synergistic stimulation of polymerization is
attained. Taken together, these results suggest that distamycin stimulates synthesis by increasing the rate
of initiation of oligo(dA) extension. The stimulatory effect of distamycin is inversely related to the stability
of the primer—template complex. Thus, maximum stimulation is exerted at elevated temperatures and with
shorter oligo(dA) primers. That distamycin increases the thermal stability of [**P](dA)g-poly(dT) is directly
demonstrated by electrophoretic separation of the hybrid from dissociated [*?P](dA)g primer. It is proposed
that by binding to the short primer—template duplex, distamycin stabilizes the oligo(dA)-poly(dT) complex

and, therefore, increases the rate of productive initiations of synthesis at the primer terminus.

Distamycin A, a nonintercalating oligopeptide antibiotic,
binds to clusters of dA-dT base pairs within the minor groove
of double-stranded B-form DNA [for reviews, see Zimmer
(1975) and Zimmer and Wahnert (1986)]. Footprinting
analyses with methidiumpropyl-EDTA-Fe(Il) (Van Dyke et
al., 1982; Van Dyke & Dervan, 1982) and with nuclease
(Portugal & Waring, 1987) indicate that 2 minimum size of
four dA-dT base pairs is required for the binding of distamycin
to DNA. Upon binding of distamycin or its close relative
netropsin to DNA, the inherently curved antibiotic molecules
force open the minor groove and bend back the helix axis by

¥ This study was supported by the Fund for Basic Research adminis-
tered by the Israel Academy of Sciences and Humanities and by a grant
from the Loewengart Research Fund administered by the Technion Vice
President for Research.

8° (Kopka et al., 1985; Ekambareswara et al., 1988). Further,
an increased nuclease susceptibility of regions in the vicinity
of the antibiotic binding site suggests that in addition to its
direct effect on the structure of the bound base cluster, dis-
tamycin introduces structural variations in flanking base
stretches (Fox & Waring, 1984).

Distamycin and netropsin are potent inhibitors of the growth
of bacteria and viruses as well as of plant and animal cells,
both exhibit antimitotic and antitumor activity, and both are
cytotoxic [reviewed by Zimmer and Wahnert (1986)]. These
effects of the antibiotics are mostly due to the inhibition of
RNA and DNA synthesis consequent to their binding to the
DNA template. In addition to blocking the in vitro activity
of various RNA polymerases (Zimmer et al., 1971; Pus-
chendorf et al., 1974; Muller et al., 1974; Jaros-Kaminska,
1981), distamycin was shown to inhibit the in vitro activity
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