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Bsl1 restriction endonuclease cleaves the symmetric sequence CCN,GG
(where N = A, C, G or T). The enzyme is composed of two subunits, «
and B, that form a heterotetramer (a,B,) in solution. The a subunit is
believed to be responsible for DNA recognition, while the § subunit is
thought to mediate cleavage. Here, for the first time, we provide experi-
mental evidence that Bs/I binds Zn(II). Specifically, using X-ray absorption
spectroscopic analysis we show that the a subunit of BslI contains two
Zn(Cys)s-type zinc motifs similar to those in the DNA-binding domain
of the glucocorticoid receptor. This conclusion is supported by genetic
analysis of the zinc-binding motifs, whereby amino acid substitutions in
the zinc finger motifs are demonstrated to abolish or impair cleavage
activity. An additional putative zinc-binding motif was identified in the
B subunit, consistent with the X-ray absorption data. These data were
corroborated by proton induced X-ray emission measurements showing
that full Bs/I contains at least three fully occupied Zn sites per a/ hetero-
dimer. On the basis of these data, we propose a role for the Bs/I Zn motifs
in protein—DNA as well as protein—protein interactions.

© 2003 Published by Elsevier Ltd.
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Introduction

gave rise to a band shift, indicating that both
subunits are required for efficient DNA binding.

Bsl1 from Bacillus species (strain NEB606) belongs
to the type IIT subclass of restriction enzymes
(type IIT restriction enzymes are encoded by two
restriction genes).! BslI consists of two subunits:
an o subunit of ~26kDa and a B subunit of
~35 kDa. The BslI heterodimer (a/B) dimerizes to
form a heterotetramer (a,B,) that recognizes a
long interrupted palindromic sequence CCN,GG
(where N is any nucleotide). In DNA mobility-
shift assays, neither the a nor the § subunit alone

Abbreviations used: GR, glucocorticoid receptor;
ICP-AES, inductively coupled plasma atomic emission
spectroscopy; IPTG, isopropyl-p,D-thiogalacto-
pyranoside; PCR, polymerase chain reaction; REMS-
PCR, restriction endonuclease-mediated selective-PCR;
PIXE, proton-induced X-ray emission; EXAFS, extended
X-ray absorption fine structure; XAS, X-ray absorption
spectroscopy; wt, wild—type.
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Individual « or B subunits can be over-expressed
in Escherichia coli without modification by the
corresponding methyltransferase, M. Bsll, con-
sistent with the idea that the o or B subunit alone
lacks the endonuclease activity and is thus not
lethal to E.coli. Bsll restriction activity can be
reconstituted in vitro by combining cell extracts
containing o and B subunits, or by combining
purified a and B subunits. However, the reconsti-
tuted BslI endonuclease has lower specific activity,
possibly due to aberrant folding and aggregation
of the B subunit. The a subunit is believed to be
responsible for recognition of the outer base-pairs,
while the # subunit binds in the middle and carries
the catalytic center for the cleavage of the DNA.
Bsl1 is one of a handful of restriction enzymes that
is thermostable and has been found to remain
active even after 20 to 30 cycles of thermal PCR
cycling.> Because of its thermostability and its
long interrupted recognition sequence, it has
been suggested that Bs/I can be used to screen
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Figure 1. MicroPIXE X-ray spectrum from a point on a sample of Bs/I showing elemental peaks present in the
sample including sulphur and zinc. The dots represent the experimental data and the solid peaks below the data are

the background-subtracted fits.

carcinogenic mutations in a restriction endo-
nuclease-mediated selective-PCR (or REMS-PCR)
assay.” In particular, BsII could be used to detect
the vast majority of mutations that occur at codons
12 or 13 of the ras oncogenes (K-ras, H-ras, and
N-ras) that encode glycine (codons GGN) at
those positions.*® In an early application of the
technique, BsII was used to detect one tumor cell
in a 1000-fold excess of non-diseased cells.’

Here, we provide the first experimental evidence
that Bsl/I binds Zn(Il). Zinc-binding motifs were
suspected in the « subunit® on the basis of
sequence analysis, but there has been no experi-
mental evidence. Using X-ray absorption spec-
troscopy (XAS), mutational studies, and proton-
induced X-ray emission (microPIXE) spectroscopy,
we characterize the Zn(II)-binding sites in Bs!1, the
first of its kind for a restriction enzyme.

Results

Quantitative zinc analysis

Analysis of full Bsl/I shows that it contains three
or four Zn(Il) ions per a/B heterodimer, as deter-
mined independently by inductively coupled
plasma atomic emission spectroscopy (ICP-AES)
and X-ray edge step analysis. Similar analysis of
the a subunit alone shows that it binds two Zn(Il)
ions (Figure 2, inset). To obtain a more accurate
measurement of the number of zinc sites in the
full enzyme, we used microPIXE analysis. The
microPIXE technique applied to elemental analysis
of proteins” was used to measure the zinc stoichio-
metry in two separate liquid samples of full
BslI. The method involves using a 2—-3 MeV proton
beam of 1 pm in diameter to induce characteristic

Figure 2. The normalized EXAFS
1 data of the o subunit of BslI (top)
g and of the full enzyme (bottom)
y collected at the zinc K-a edge in
— fluorescence mode with an energy-
1 resolving Ge detector. The o sub-
4 unit data is offset for better com-
parison. The Zn calibration curve is
shown in the inset. The edge jump
of a 220 uM full enzyme prepa-
ration corresponds to a Zn concen-
tration of 0.9 mM, indicating a 4:1
Zn to protein ratio (open circle).
1 The edge jumps of 200 pM and
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Figure 3. A, The unfiltered k*>-weighted x data of the a subunit (continuous line). The best fit (shown with a dotted
line) provides Zn-S distances of 2.27(2) A and 2.37(3) A with a x* value of 1.8. B, The unfiltered k*-weighted x data
of the full enzyme (continuous line) and the simulated data (dotted line) using 3.5 S + 0.5 N contribution. The fit
provides a Zn-S distance of 2.33(2) A and a Zn-N distance of 2.01(2) A with a x* value of 1.5.

X-ray emission from protein crystals or solution
dried onto a mylar film held in vacuum. These
characteristic X-rays are then detected in a solid-
state, lithium-drifted silicon detector with high-
energy resolution. Figure 1 shows a microPIXE
point spectrum of full Bsl/I. The zinc content was
computed by internal calibration to the sulfur
content of the samples. Analysis of three point
spectra for two different sample preparations gave
an average number of zinc atoms per Bsll o/
heterodimer molecule of 3.6(%0.5). A control point
spectrum was run on the buffer and the mylar foil

and no zinc or sulfur was detected. In summary,
the microPIXE results clearly show that the full
Bsll a/B heterodimer contains at least three fully
occupied Zn sites and possibly a fourth site as well.

X-ray absorption spectroscopic results

To structurally characterize the zinc-binding
sites in BslI, we used extended X-ray absorption
fine structure (EXAFS) analysis. EXAFS is a power-
ful technique to probe the local environment of
metal centers in solution, and it has proven to be
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Figure 4. The Fourier-trans-

especially useful in providing structural details
about Zn(II)-binding proteins where other spectro-
scopic methods have failed. EXAFS data of the a
subunit of Bs/I measured at the Zn K edge are
shown in Figure 2 (top). The edge jump is con-
sistent with a 2:1 zinc to protein ratio. Figure 3A
shows the background-subtracted and k’*-weighted
x data that represent the sum of all scattering
contribution from atoms around the zinc center.
The Fourier-transformed data are shown in Figure
4. The largest peak corresponds to the scattering
contribution from the nearest or first-shell atoms
around the zinc center. Detailed analysis, to
determine the nature and number of ligands, was
carried out on the unfiltered k*-weighted x data.
The least-squares fitting results are summarized in
Table 1. The one atom type 4S fit provides a
reduced x> value of 1.9. The 3S type fit provides a
x* value that is more than twice that of the 4S type
fit. Also, letting the coordination number float
during the fit results in a coordination number of

Table 1. Non-linear, least-squares fitting results of the a
subunit of BslI

formed data of the a subunit of
8 BslI (continuous line) and the full
enzyme (broken line).

4.1. Together, these results support tetrahedral
coordination around the Zn(II) ion.

The best fit is (Figure 3A, dotted line) provided
with the two atom type 2S:2S fit with a x* value of
1.8. The mixed sulfur nitrogen type fits all give
worse x> values than that of the 2S:2S type fit.
Moreover, the existence of two 25:2N type or two
35:1IN Zn sites are not supported by the data,
though the presence of a His ligand cannot be
ruled out. Including Zn-Zn contribution within
4 A did not provide acceptable fitting results,
making the presence of a Zn,Cysstype motif
unlikely. Together, the EXAFS results from the «
subunit indicate the existence of two ZnCys, type
zinc motifs in the a subunit. By sequence, residues
C36, C39, C50, and C53 likely comprise zinc motif
I, while C63, C66, C79, and C84 correspond to
motif II.

The EXAFS fitting results for the full o/
enzyme are summarized in Table 2. The major
difference in comparing the fitting results for the

Table 2. Non-linear, least-squares fitting results of full
Bsl1

Number of Type of Distance Ag? Number of Type of Distance Ag?

ligands ligand (A) (A?) X ligands ligand (A) (A?) X
4 Zn-S 2.33 £0.02 0.005 19 4 Zn-S 2.32 £ 0.02 0.007 1.8
3 Zn-S 2.33 + 0.02 0.004 43 3 Zn-S 2.33 + 0.02 0.004 43
2 Zn-S 2.27 + 0.02 0.003 1.8 2 Zn-S 2.36 + 0.02 0.002 17
2 Zn-S 2.37 = 0.02 0.004 2 Zn-S 2.31 £ 0.02 0.009

35 Zn-S 2.33 +0.02 0.005 2.3 3.5 Zn-S 2.33 + 0.02 0.006 15
0.5 Zn-N 2.01 = 0.01 —0.0001 0.5 Zn-N 2.01 + 0.01 0.001

3 Zn-S 2.33 + 0.02 2.7 0.004 3 Zn-S 2.33 + 0.02 0.005 17
1 Zn-N 2.03 + 0.02 0.001 1 Zn-N 2.02 + 0.02 0.003

2 Zn-S 2.37 + 0.02 0.003 43 2 Zn-S 2.33 +0.02 0.002 3.3
2 Zn-N 2.05 = 0.02 0.001 2 Zn-N 2.04 = 0.02 0.001

S$2=1.1; AE,=45, Ak=10, where S2 is the amplitude
reduction factor, AE, is the shift in the threshold energy, and Ak
is the range of data used in the fitting. The best fit is highlighted
in bold.

S2=11; AEy =45, Ak=10, where S? is the amplitude
reduction factor, AE, is the shift in the threshold energy, and Ak
is the range of data used in the fitting. The best fit is highlighted
in bold.
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a subunit is that the best fit is obtained with a
3.55:0.5N ratio with the 25:25 and 3S:1N-type fits
being close second. The presence of all 25:2N-type
motifs are unlikely, considering the EXAFS results.
This indicates that in addition to the two ZnCys,
type Zn(ll) sites present in the o subunit, one or
two mixed Cys and His-containing zinc motifs
may be present in the full enzyme. The EXAFS
characterization of the B subunit alone however,
was hampered by precipitation even at low con-
centrations. Correspondingly, using dynamic light-
scattering studies we found that the B subunit
forms aggregates in the absence of the o subunit
at relatively low concentrations. Furthermore, a
cleavage assay showed that the B subunit does not
bind or cleave DNA on its own, suggesting that
the B subunit is unstable by itself.

Mutagenesis of zinc-binding motifs in the «
and B subunits

As a complement to the biophysical data, we
undertook a genetic interrogation of the suspected
zinc-binding residues. From the random muta-
genesis, a BslI variant C53R of the a subunit was
isolated that lost BslI cleavage activity. Since resi-
due C53 is located in the putative Zn(II)-binding
motif I, additional Bs!I variants were constructed
in order to understand the contribution of the Cys
residues in the two putative Zn(II)-binding sites.?
By site-directed mutagenesis, eight Bs/I variants
were constructed, including C36A, C39A, C50A,

Table 3. Cleavage activity of Bs/I mutants

BslI cleavage

Mutants Protein in activity Location in

A. o Subunit

C36A Crude ~10% Zn** motif I?
extract

C39A Crude ~10% Zn*" motif 1
extract

C50A Purified <0.1% Zn*" motif I

C53A Crude ~10% Zn*" motif 1
extract

C53R Purified <0.1% Zn*" motif 1

C63A Purified <0.1% Zn** motif II°

C66A Crude ~50% Zn*" motif II
extract

C79A Crude ~50% Zn>* motif 11
extract

C84A Crude ~50% Zn** motif II
extract

B. B Subunit

BC62K Purified <0.1% Zn*" motif III°

BH66K Crude ~50% Zn** motif TII
extract

BC79K Purified ~10% Zn** motif IIT

BC82K Purified ~10% Zn*" motif 11T

? o Subunit Zn** motif I, C36-X,-C39-X;,-C50-X,-C53.
> o Subunit Zn>* motif I, C63-X,-C66-X;,-C79-X-C84.
¢ B-Subunit Zn*" motif I, C62-X5-H66-X;,-C79-X,-C82.

C53A, C63A, C66A, C79A, and C84A. IPTG-
induced cell extracts with the mutant o subunit
were reconstituted with wild-type (wt) B subunit
extract and BslI activity was assayed on pUC19
DNA. Two variants, C50A (zinc motif I), and
C63A (zinc motif II) displayed complete loss of
enzymatic activity (less than 0.1% of wt activity).
The C36A, C39A, and C53A variants had partial
activities (~10% wt activity), while the C66A,
C79A and C84A variants exhibited near-wt activi-
ties (~50% wt activity). The cleavage activity
results are summarized in Table 3. In cases where
the mutant subunit from crude extracts did not
display endonuclease activity after enzyme recon-
stitution, an affinity purification step was con-
ducted to ensure that the expression of protein
was not the factor giving the negative activity
result. Interestingly, the C53R mutant was inactive
as compared to C53A, which had partial activity,
suggesting that the long, positively charged side-
chain of the Arg distorts the Zn(I)-binding site
more severely than the smaller and neutral Ala
residue.

Interestingly, the B subunit contains a C62-X;-
H66-X,,-C79-X,-C82 sequence that may comprise
an additional zinc motif III. This would be con-
sistent with the EXAFS and microPIXE results,
suggesting additional zinc-binding outside of the
o subunit. To test this, four B subunit variants,
BC62K, BH66K, BC79K and BC82K, were isolated
by site-directed mutagenesis. Cell extracts with
mutated B subunit were complemented with wt «
subunit cell extract and BslI cleavage activity was
assayed on pUC19 DNA. Bs/I variants containing
BC62K, BC79K and BC82K displayed impaired
cleavage activity (approximately tenfold reduction
in cleavage activity). The Bs!I variant with mutated
subunit PH66K displayed near-wt enzymatic
activity. While the purified o subunit mutants
have very similar yields compared to the yield of
wt a, the protein yields of the B subunit mutants
are five to six times lower than that of the wt 8 sub-
unit. This indicates that the B subunit mutants are
impaired in protein folding more severely com-
pared to the a subunit mutants. All active mutants
have the same cleavage pattern as that of the wt
enzyme, indicating that the mutations do not affect

specificity.
In summary, mutations in motif I of the «
subunit affect enzymatic function strongly,

while mutations in motif II are less disruptive,
indicating that the two Zn-binding sites have
different roles in the folding and stability of the
enzyme. Interestingly, both motifs share sequence
homology with Kriippel-type zinc binding.”
The genetic data support the conclusion derived
from EXAFS measurements that there are two
Zn(Il) ions per a subunit that are most likely
bound in Zn(Cys),-type motifs. The mutational
analysis of the putative zinc motif III in the B sub-
unit is consistent with EXAFS, indicating a third
mixed Cys and His-containing motif in Bs!/I endo-
nuclease.
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Discussion

The results here provide the first experimental
evidence that Bs/I binds zinc. The EXAFS data of
the a subunit are consistent with the presence of
tetrahedral ZnCys,-type zinc motifs. Importantly,
the EXAFS data do not support the presence of a
Zn,Cyse-type zinc cluster found in GAL4.* More-
over, the presence of two ZnCys;His, or two
ZnCys,His,-type zinc motifs is also unlikely, on
the basis of the EXAFS results, and is not sup-
ported by primary sequence analysis. In contrast,
the EXAFS data of the full protein are most con-
sistent with mixed Cys His coordination. Taken
together, the EXAFS results suggest that Bs/I most
likely contains two ZnCys,-type Zn motifs in the a
subunit and an additional mixed Cys His Zn
motif in the B subunit. These results are supported
by mutagenesis, microPIXE, and sequence align-
ment analyses.

Interestingly, among the more than 3500 type II
restriction enzymes isolated to date,’ only a few
have been suspected to bind Zn; namely, BsIL?
Sapl, HpylL'" and Pacl (R. Morgan & S.-y.X,
unpublished results). In contrast, Zn(Il)-binding
motifs are common in DNA-binding transcription
factors and RNA-binding translational regu-
lators."~** Zinc motifs have been discovered in a
number of nucleases, including intron-encoded
endonuclease I-Ppol and I-Tevl,™'® non-specific
colicin endonuclease of the HNH superfamily,'”
and the DNA repair enzyme endonuclease IV."®
The Zn(1Il) ions play a structural role in folding of
nuclease I-Ppol, I-Tevl and colicin endonuclease,
and may play a catalytic role in the AP endo-
nuclease IV. Zn(II) motifs I and II in Bs/I are an
all-Cys variation of the Kriippel Cys2His2-type Zn
finger motif that is so prevalent in eukaryotic
transcription factors but so far has not been found
in bacterial restriction endonucleases. Despite no
sequence homology, we find strong structural and
functional similarities between the Zn(Il) sites of
the a subunit and that of the glucocorticoid recep-
tor (GR), which contains a DNA-binding domain
with two Zn(II) motifs. Similar to our data for the
a subunit, the EXAFS data for GR reflect a tetra-
hedral ZnCys, coordination,' that was confirmed
later by crystallographic analysis.” In addition,
the calculated Zn-S distances of 2.33(2) A for
motif I and motif II in BslI are the same, within
error, as those found for GR (2.32(2) A). In GR, the
two Zn(Cys), sites have different roles, one partici-
pates in protein—-DNA interactions and the other in
protein—protein interactions. Similarly, in the «
subunit of Bsll, which is believed to bind specific-
ally to the outer two cytosine bases of the recog-
nition sequence (Figure 5), one of the Zn(II) motifs
may participate in protein—-DNA interactions and
the other might mediate protein—protein inter-
actions, although better understanding will derive
from full structural analysis. Interestingly, the
mutagenesis results showed a smaller effect on the
enzymatic activity by the Cys mutations in motif

/ o | B N
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Figure 5. A representation of the subunit arrangement
of BslI bound to its recognition sequence. The a subunits
are responsible for recognition of the outer cytosine
bases and the B subunits cleave between the recognition
sites indicated by the arrows.

II reflecting differing roles for motif I and motif II
in the structural and functional integrity of the
enzyme. This kind of disparity between Zn finger
sites is not unusual. Similar behavior has been
found in several RING domains. As an example,
the arenaviral protein Z contains two Zn-binding
sites that form a RING domain. Wild-type Z forms
spherical structures, and the self-assembly of these
structures depends on an intact RING domain.
Mutations in the first Zn-binding site result in a
partially folded protein that does not self-assemble.
However, even a Cys to Ala double mutation of the
last two residues in site 2 results in a mutant that
is fully folded and whose self-assembly and bio-
logical function resembles closely that of wt Z.*!

The instability of the B subunit has implications
for the function of BslI. The B subunit carries the
catalytic center and it cleaves non-specifically
between the outer bases recognized by the two a
subunits (Figure 5). Without a safeguarding
mechanism, the B subunit would cleave DNA
indiscriminately, which would result in self-
destruction. By ensuring that the B subunit
becomes activated only in the presence of the o
subunit, non-specific cleavage can be avoided. The
a/B interface likely plays an important role in
controlling the proper folding and activity of the
enzyme. In all, the experimental evidence for
Zn(Il) in Bsll and the detailed characterization of
the Zn(Il)-binding sites here are the first of its
kind for a restriction endonuclease.

Experimental Procedures

Random and site-directed mutagenesis

To create random mutations on the Bs/I endonuclease
gene, we used the Taqg DNA polymerase under the con-
ditions of 35 cycles of one minute at 95 °C, one minute
at 55 °C, and two minutes at 72 °C in PCR. The amplified
products were cloned into pAII17 plasmid (a pET deriva-
tive) and transformed into ER2566 without M. BslI
protection. Survivor transformants were expected to
contain mutation(s) in the endonuclease genes bslIRa or
bslIRB. The plasmid DNA was isolated from the sur-
viving colonies followed by restriction mapping. The
colonies that carried the desired size insert (1.4 kb) of
Bsll endonuclease genes were selected. The crude
extracts of these selected colonies were analyzed by
SDS-PAGE and the proteins transferred onto a polyvinyl-
idine fluoride (PVDF) membrane. Rabbit polyclonal
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antibody against the o and  subunit of Bs/I endonuclease
was used for the detection of the protein of the desired size.

Site-directed mutagenesis was carried out by PCR
using four primers as described.” PCR reaction 1 was
carried out with forward N-terminal primer and muta-
genic reverse primer, and PCR reaction 2 was performed
with forward mutagenic primer and reverse C-terminal
primer. The two PCR products were gel-purified, com-
bined, and reamplified with forward N-terminal and
reverse C-terminal primers. All mutagenic PCR primers
were synthesized at New England Biolabs’ organic
synthesis laboratory.

DNA manipulation

Plasmid DNA isolation was by Qiagen spin column or
tip-20 column. Plasmid DNA containing the mutant
alleles was sequenced by the dideoxy termination
method using the AmpliTaq dideoxy terminator sequen-
cing kit and an ABI373A sequencing machine.

Protein expression and activity assay

Full Bsl1, and its a and B subunits were expressed and
purified as described.” For detection of individual sub-
unit mutants, the BslI endonuclease was reconstituted
in vitro by incubating mutant o with the wt B subunit
or mutant B with the wt a subunit at 37 °C for an hour
followed by digestion of DNA substrate. Cleavage assay
was carried out in NEBuffer 3 (100 mM NaCl, 50 mM
Tris—-HCl, 10 mM MgCl,, 1 mM DTT) at 55°C for one
hour on pUC19 DNA or A DNA. All mutant alleles
were sequenced using the dye terminator sequencing
kit from Applied Biosystems.

Quantitative zinc analysis

The zinc content of samples was determined by
several techniques. First, ICP-AES was performed at
Galbraith Laboratories, Knoxville, TN. Prior to measure-
ment, the samples were digested with nitric acid.
Second, XAS edge step analysis was carried out by
comparing the edge step of the samples to calibration
standards with known concentration. Finally, microPIXE
with a scanning proton microprobe was used to find the
elemental composition.” The microPIXE experiments
were carried out on the proton microbeam at the
University of Surrey Center for Research in Ion Beam
Applications, Guildford, UK. Prior to analysis, the
protein samples were exchanged into a buffer containing
20 mM Tris, 0.1 M NaBr and 0.1 M EDTA to avoid the
presence of additional sulfur and chloride that would
interfere with the measurements. Two samples at dif-
ferent concentrations (3—4 mg/ml and ~1 mg/ml) were
analyzed. Three 0.2 pl drops of each preparation were
placed onto two separate 2 wm thick mylar films (one
for each preparation), each of which had been pre-
tensioned over a 1 cm hole in an aluminum target holder
and then the film was glued to the holder. A 2 MeV
proton beam was used for the measurements. For each
preparation and for the buffer, quantitative information
was obtained by collecting spectra for five minutes each
at three or four points on a dried drop of each and on
the backing foil alone. These spectra were analyzed
using GUPIX® to extract the concentration of each
element of interest in the sample. The number of zinc
atoms per protein molecule was computed from the ratio
of zinc to the sulfur measurements with knowledge of

the sulfur content of the protein from the primary
sequence. This internal sulfur calibration allows much
more accurate quantification (normally approx. = 10%,
best + 6%) than would be possible if absolute measure-
ments were necessary.

X-ray absorption data collection and analysis

Samples for XAS data collection were concentrated
and then resuspended in 100 mM potassium phosphate
(pH 7.5), 150 mM NaCl, 30% (v/v) glycerol. The final
concentration of the full enzyme was 220 pM and the
concentration of the a subunit was 450 pM as deter-
mined by UV absorption at 280 nm. A sample (50—
70 nl) was loaded into a 0.5 mm thick copper sample-
holder with a 10 mm X 5 mm hole in the center covered
with mylar tape. The samples were frozen over liquid
nitrogen before data collection.

XAS data were collected at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory
(Upton, NY), on beamline X-9B using a sagittally focused
Si[111] crystal monochromator. A Ni mirror at an angle
of 4.5 mrad was used to reject higher-order harmonic
contamination. All experiments were carried out at 70 K
in a closed cycle He cryostat under vacuum. EXAFS
data were collected with 0.05 A™" step sizes in k space
starting at 1A' photoelectron energy. The signal
averaging was weighted with respect to k, so that 2s
per point was used at k=1 and 7 s per point was used
at k = 14. Below 1 A", data were collected by counting
at a specific energy for 1s and incrementing the energy
by 10eV from 150 eV below the zinc edge to 20eV
below the edge, then in 2.0 eV steps up to 1 A™" with 1s
per point signal averaging. Edge data were collected in
three regions; from 150 eV to 20 eV below the edge pos-
ition with 10 eV steps and 1 s per point signal averaging,
then from 20 eV below the edge to 20 eV above the edge
with 0.5eV steps and 2s per point signal averaging,
and finally from 20 eV to 200 eV above the edge with
1eV steps and 2 s per point signal averaging. Three to
five edge scans were recorded for each sample. To reduce
the possibility of sample degradation, several inde-
pendently prepared samples were measured for each
compound. Data were generally taken in the range of
150-250 mA beam current. K-a Zn fluorescence was
detected at a 90° angle from the incident beam using a
13 element energy-resolving Ge detector.** The internal
count rates were kept at or less than 30,000/s per chan-
nel to avoid saturation effects in the detector. A cali-
bration channel behind the sample was set up to detect
the spectrum of a Zn foil simultaneously with all sample
spectra. This calibration channel provided a reference for
the energy calibration of the sample spectra; the K-edge
inflection point assigned as 9659 eV.

Data manipulation with use of a linear pre-edge fit,
cubic polynomial spline background subtraction, wave-
vector cubed weighting, and Fourier transformation
were performed using the WinXAS package® on an
IBM-compatible machine running under Microsoft
Windows 98.

The theoretical data were generated using the ab initio
code FEFF (v 6.01).*% The coordinates of zinc models
were extracted from known crystal structures deposited
in the Protein Data Bank using a 5 A radius around the
Zn(II) ion. The Zn,Cyss model was taken from the struc-
ture of Gal4,® the ZnCys, model was generated from the
structure of the glucocorticoid receptor,®® and the mixed
Cys, His contributions were generated from the structure
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of Zif268.* In the FEFF input file, only a few parameters
were adjusted, such as the amplitude reduction factor
(S3) and the number of scattering paths (NLEG). The
Debye—Waller parameter (0?) was disabled in FEFF in
order to be adjusted during the fitting procedure.

The theoretical data are fit to the unfiltered experimen-
tal k> weighted x data using the non-linear, least-squares
method implemented in WinXAS by fixing the coordi-
nation number (N) and the shift in the threshold energy
AE,, and letting the distance (r) and o¢* to float. The
goodness of fit (x*) is given in the form of a weighted
residual sum squared:

2= Z {(k3Xi)experimental — (k3x,v)simulation}2

! 1
100vN @

where N is the number of data points.

Only those minima with reasonable ¢® values
(<*£0.01) are accepted as possible solutions. The final
results are presented in Tables 1 and 2 for the a subunit
and for full BslI, respectively.
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