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Mixed Cut and Zn?* Coordination in the DNA-Binding Domain of the AMT]1
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ABSTRACT: AMT]1 is the transcription factor required for Cu-induced expression of metallothionein genes
inthe yeast Candida glabrata. The copper-binding, DNA-binding domain of AMT]1 has been purified after
expression of an AMT! synthetic gene in bacteria and was confirmed as active in a gel shift assay. The
Cu-activated AMT1 was shown to contain a Cut—thiolate tetracopper center and a single Zn?* site. AMT]1
is purified as a Cu~Zn protein from bacterial cultures grown in the presence of CuSO,. Chemical analysis
suggested that 4.2 £ 0.2 and 1.2 £ 0.2 molar equiv copper and zinc ions bound, respectively. Electrospray
mass spectrometry was used to verify that a uniform species was present with 4 Cu* ions and 1 Zn?* ion
bound per AMT! molecule. Cu* binding to form a tetracopper center occurs cooperatively as shown by
electrospray MS of apoAMT1 samples reconstituted with increasing equivalency of Cu*. Copper—thiolate
coordination was indicated by Cu-S charge-transfer transitions in the ultraviolet, luminescence typical of
Cu-thiolate clusters and EXAFS. Analysis of the EXAFS of CuZnAMT]1 revealed predominantly trigonal
Cut coordination and the presence of a polycopper cluster by virtue of a short Cu—Cu distance of 2.7 A.
Zn K-edge EXAFS of CusZn;AMT]1 and electronic spectroscopy of AMT1 with Co?* substituted for the
single Zn2* ion are consistent with tetrahedral Zn?* coordination with thiolate ligands. The Cu-activated
AMT]1 exhibited a conformation distinct from that of metal-free AMT]1 as shown by circular dichroism.
DNA binding by AMT1 was dependent on the tetracopper center but was independent of occupancy of
the Zn?* site. Thisisthe first report of a single, uniform tetracopper center in a metal-activated transcription

factor.

All organisms possess mechanisms to prevent metal ion
induced toxicity. The yeasts Saccharomyces cerevisiae and
Candida glabrata respond to copper stress by inducing
expression of metallothionein (MT) genes (Hamer, 1986;
Thiele, 1992). The induced MT proteins buffer the intra-
cellular copper concentration. The coupling of the copper
concentration to MT gene expression is achieved by a Cu*-
responsive transcription factor, designated ACE1 (CUP2) in
S. cerevisiae (Thiele, 1988; Furst et al., 1988; Welch et al.,
1989) and AMT]1 in C. glabrata (Zhou & Thiele, 1991).
ACE1 mediates the Cu-induced expression of the CUPI MT
gene locus in S. cerevisiae (Thiele, 1988; Furst et al., 1988;
Welch et al, 1989). AMTI1 mediates the Cu-induced
expression of three distinct MT genes in C. glabrata (Zhou
et al., 1992; Thorvaldsen et al., 1993).
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ACEIl and AMT]1 exhibit a 50% sequence identity in the
N-terminal half of each molecule (Furstet al., 1988; Szczypka
& Thiele, 1989; Zhou & Thiele, 1991). The homologous
N-terminal region is the segment of ACE1 responsible for
copper binding and specific DNA binding (Furst et al., 1988).
DNA binding by ACEI is dependent on bound Cu* (Furst
et al., 1988; Buchman et al., 1989). AMT]1 can functionally
replace ACE1 in S. cerevisiae with retention of Cu-induced
expression of the S. cerevisiae MT gene, but ACEI is only
minimally effective in mediating Cu-induced expression from
C. glabrata MT promoters (Thorvaldsen et al., 1993).

We are interested in the mechanism by which copper ions
activate ACE] and AMT]1 resulting in induced transcription
of MT genes. Our initial studies were of the bacterially
expressed DNA-binding domain of ACE1l in which we
demonstrated that ACE1 binds 4-6 Cu* ions in vitro within
at least one polycopper cluster (Dameron et al, 1991;
Nakagawa et al., 1991). Cysteinyl thiolates appear to be
ligands for the polycopper cluster(s) (Dameron et al., 1991;
Hu et al., 1990). Detailed EXAFS analysis of CuACEl
suggested that the Cu* ions are predominantly trigonally
coordinated (Pickeringetal., 1993). Elevenofthe 12 cysteines
inthe DN A-binding domain of ACE1 were shown to be critical
for transcriptional activation (Hu et al., 1990). The essential
11 cysteinyl residues are conserved in the AMT1 molecule
(Zhou & Thiele, 1991).

A number of significant questions regarding the role of
Cu?inthestructureand function of ACE1 and AMT1 remain
unresolved. First, nostructural studies have been reported on
AMTI1. Second, the mentioned studies on ACE1 do not
establish definitively whether a single polycopper cluster or
multiple polycopper clusters exist in the active ACE1. Third,
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FIGURE 1: Construction of AMT1 synthetic genes and AMT]1 purification. Panel A shows the schematic of the construction of the AMTI
synthetic genes. The specific oligonucleotides described in Materials and Methods, restriction enzymes, and plasmids used are illustrated. The
initial fragments were cloned into pBluescript-SK, and the synthetic genes were cloned into the pET-9d expression vector. The sequence of
AMT]1 included in the synthetic gene is shown in panel B as well as the sequence comparison of the corresponding sequence for ACE1L. The
conserved cysteines, which are essential for ACE1 function (Hu et al., 1990), are shaded. The conserved sequences are indicated. The amino
acids which constitute fragments A (residues 1-56), B (residues 57-101), and C (residues 102-110) of the AMT1 synthetic gene are indicated.
Panel C shows the purification of CugZn,AMT]1 from E. coli (BL21). Extracts from cells either induced with IPTG (lane 2) or uninduced
(lane 1) were electrophoresed on a SDS—polyacylamide gel. The Coomassie-stained purified AMT]1 is shown in lane 3. Protein markers were

electrophoresed in lane 4.

no compelling data have been reported on the pathway of cooperative binding of Cu* and Ag* ions, yet cooperativity
cluster formation. In studies with ACEIl synthesized in a in cluster formation has not been substantiated in biochemical
wheat germ invitrosystem, Furst and Hamer (1989) reported studies with purified ACE1. Fourth,a paucity of information
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FIGURE 2;: Electrospray mass spectra of CusZn,;AMT]1 at pH 7.4
and 4. The pH 4 sample was prepared by acidification of the protein
with acetic acid. The final acid concentration was 0.1%.

exists on how cluster formation activates the protein for specific
DNA binding. Only indirect evidence has been presented
that Cu* binding results in a conformation change in ACE1
(Furst et al., 1988).

In the present study we have purified the AMT1 DNA-
binding domain with the goals of characterizing the Cu* sites
and of later studying the interaction of AMT1 with promoter
elements from the three distinct MT genes in C. glabrata.
Evidenceis presented that AMT1 forms a uniform tetracopper
cluster with a nearby Zn2* site and that the metal centers
stabilize a unique conformation capable of sequence-specific
DNA binding.

MATERIALS AND METHODS

Constructionof an AMTI Synthetic Gene. Synthetic genes
were constructed for expression of the first 101 and 110 amino
acids of AMT1. The genes were constructed from separate
fragments designated A, B, and C (Figure iB). Fragment A
encodes amino acids 1-56, fragment B encodes residues 57—
101, and fragment C encodes residues 102-110 (Figure 1B).
The oligonucleotides used to construct the synthetic AMT1
genes were designed using the preferred codons for highly
expressed genes in Escherichia coli (Andersson & Kurland,
1990). Oligonucleotides were synthesized withan ABI Model
380B DNA synthesizer. The oligonucleotides used to syn-
thesize the AMT1 gene are as follows: AMTI-1, 5-
GCGCGGAATT CCATGGTTGT TATCAACGGT
GTTAAATACG CTTGCGACTC TTGCATCAAA
TCTCACAAAG CTGCTCAGTG CGAACACAAC
GACCGTCCGC TG-3; AMTI!-2, 5-GCGCGGATCC
TAGTTAACGT TTITTGGTTTT ACGCATGTCT
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TTGCAGTGGT CGCAGGTGGT CGGCGGACGA
CCACGCGGTT TCAGGATTTT CAGCGGACGG
TCG-3; AMTI1-3, ¥-CGCGGGAATT CCATGGTTAA
CCCGTCTGGT TCTTGCAACT GCTCTAAACT
GGAAAAAATC CGTCAGGAAA AAGGTATCAC
CATCG-3;AMT1-4,5-GCGCGGATCCTACACGTGGC
AACGGCACGG TTCACCACGA ACGCACAGGC
ACATGTCCAT GTTACCAGAC ATCAGCATGT
CTTCTTCGAT GGTGATACC-3; and AMTI-7,
5-GCGCGGATCC TAAGATTTCT GGGTACGTTT AC-
GACGAGCG TGGCAACGGC ACGGTTC-3". Oligonu-
cleotides AMT1-1 and AMT1-2 were annealed, filled in by
the polymerase chain reaction (PCR), amplified, and sub-
sequently cloned into pBluescript SK (Stratagene) to construct
the fragment A duplex (Figure 1A). The annealing and filling-
in reactions were accomplished using one cycle of PCR with
Taq DNA polymerase (Bohringer Mannheim) with a reaction
time of 5 min at 72 °C. Similarly, AMT1-3 and AMT1-4
were used to construct the fragment B duplex. The oligo-
nucleotides used for amplification of the A and B duplexes
prior to cloning were as follows: Al, 5-GCGCGGAATTC-
CATAGG-3; A2, 5-GCGCGGATCCTAGTT-3; B1, 5'-
CGCGGGAATTCCATGG-3/; B2, 5-GCGCGGATCCTA-
CAC-3’. The plasmids containing fragments A and B were
designated pBS-A and pBS-B, respectively. The predicted
sequences were confirmed by DNA sequencing with Sequenase
(U.S. Biochemicals). Subsequently, fragment B was isolated
from pBS-B and subcloned into pBS-A to ligate the A and
B fragments in pBS-AB. Fragment C was added to fragment
AB by a PCR reaction using the M13 reverse primer
(Stratagene) and oligonucleotide AMT1-7 toextend the coding
sequence from pBS-AB. The resulting PCR fragment was
subsequently cloned into pBluescript SK and designated pBS-
ABC. The predicted sequence was confirmed by DNA
sequencing. Expression vectors containing the AMT]1 gene
were constructed by subcloning the respective fragments from
pBS-AB and pBS-ABC into pET-9d (Novagen). The final
vectors, designated pET9d-AB and pET9d-ABC, encode the
N-terminal 101 and 110 residues of the AMT1 gene,
respectively. Unless otherwise specified, standard molecular
biological techniques in accordance with Current Protocols
in Molecular Biology (Ausubel et al., 1993) were used. The
construction of the plasmids, including all restriction enzymes
used, is summarized in Figure 1A.

Purification of Bacterially Expressed AMTI. The AMTI
gene cloned in pET-9d was expressed in E. coli strain BL21
(pLysS). Cells at an ODggonm of 0.5 were induced with 0.4
mM isopropyl 8-D-thiolgalactopyranoside (IPTG). After0.5
h, CuSO,4 was added to a final concentration of 1.4 mM and
cells were incubated for an additional 2.5 h. Cells were
harvested and washed with isotonic sucrose, followed by
freezing at —70 °C in buffer A (10 mM sodium phosphate,
pH 7.8, with 0.1 M KCl) containing 0.1% 3-mercaptoethanol.
Lysis was achieved by freeze-thawing followed by sonication.
The extract was clarified by centrifugation at 160000g. The
pellet was reextracted by repeated sonication of a suspension
in buffer A followed by centrifugation. The combined
supernatant was diluted 2-fold in 10 mM sodium phosphate,
pH 7.8, followed by addition of protamine sulfate (1 mg per
5 mg of total protein). After centrifugation the supernatant
was applied to a CM-cellulose column (3.2 X 8 cm)
equilibrated with buffer A. Elution was achieved witha linear
gradient of 0.1 to 0.4 M buffered KCl, and AMT]1 eluted
between 0.15 and 0.2 M KCl. Ammonium sulfate was added
to the AMT]1 in the eluate to a final concentration of 0.4 M,
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FIGURE 3: Ultraviolet absorption and emission spectra of AMT]1. In panel A the ultraviolet absorption spectra of CuyZn,AMT1 (—) and
apoAMT!1 (- - -) are presented. Spectra of the samples were recorded at 98 ug/mL in 20 mM Tris-HCI, pH 7.4. The inset shows the uncorrected
luminscence spectrum of CusZn,AMT]1 at neutral pH (—) and after acidification to pH 2 (- - -). Excitation was at 300 nm. In panel B the
emission of apoAMT1 reconstituted with increasing molar equivalents of Cu* is shown. ApoAMT]1 (2 uM) was mixed with specified amounts
of Cu*—acetonitrile at pH 2 and subsequently neutralized to pH 7.5 within an anaerobic chamber. Emission was recorded with excitation at

300 nm (titration shown in the inset). The emission spectrum of AMT]1 reconstituted with 4 molar equiv is shown (- - -) and compared with
an equivalent quantity of native CusZn;AMT1 (—) and apoAMT1 (-:-).

and the fraction was applied to phenyl-Sepharose (1.6 X 3
cm) equilibrated with 0.4 M ammonium sulfate in buffer A.
AMT1 was collected in the column wash, and ammonium
sulfate was again added to a final concentration of 1.5 M for
application to a second phenyl-Sepharose column (1.6 X 3
cm). Elution was achieved with a linear gradient of decreasing
ammonium sulfate concentration from 1.5t00.4 M in 10 mM
sodium phosphate, pH 7.8. AMT!]1 eluted near 1 M am-
monium sulfate. DTT was added to all buffers at a final
concentration of 4 mM throughout the purification protocol.
AMTI1 was concentrated by ultrafiltration with a YM3
{Amicon) membrane and subsequently desalted on Sephadex
G-25equilibrated with 10 mM Tris-HCI, pH 7.8. Purification
of AMT1 was carried out at 4 °C, and AMT]1 samples were
stored anaerobically at —-70 °C. Eight different isolates of
AMT]1 were evaluated.

Metal analysis was performed on a Perkin-Elmer 305A
spectrometer. Protein was quantified by amino acid analysis
following 24 h of hydrolysis in 5.7 N HCl in vacuo at 110 °C.
Analysis was carried out on a Beckman 6300 analyzer.

ApoAMT1 was prepared by two cycles of acidification of
CuZnAMT]I1 to a pH of 0.1 followed by gel filtration on
Sephadex G-25 equilibrated with 0.025 N HCl as previously
described for ACE1 (Dameron et al., 1991). The apoprotein
was reduced with 150 mM DTT at neutral pH and rechro-
matographed on Sephadex G-25 equilibrated in 0.025 N HCI.
The concentration of apoAMT1 was determined by quantita-
tive amino acid analysis. The extent of cysteine reduction
was monitored by titration with dithiodipyridine (Grassetti
& Murray, 1967). ApoAMT] samples used for Cu™* recon-

stitutionstudies contained at least 95% of the cysteines reduced.
Cu* reconstitution of apopAMT]1 was carried out by mixing
apoAMT]1 at pH 2 with a predetermined molar equivalency
of Cut-acetonitrile in an anaerobic chamber. The mixtures
were neutralized with 0.2 M Tris or ammonium bicarbonate
to pH 7.5-7.8.

Zn-free CUAMT1 was prepared by acidification to pH 3—4
followed by desalting on Sephadex G-25 equilibrated with 1%
acetic acid. The protein concentration and metal content of
the desalted sample were determined as described above. Co2*
reconstitution of Zn-free CuAMT1 was carried out anaero-
bically by mixing Zn-free CuAMT1 with a predetermined
molar equivalency of Co?*. The mixtures were brought to
pH 8.5 with 2 M Tris.

Spectroscopic Characterization. Optical absorptionspectra
were recorded on a Beckman DU-65 recording spectrometer.
Luminescence measurements were made on a Perkin-Elmer
650-10s fluorimeter with excitation at 300 nm. Circular
dichroism spectra were recorded onan Aviv 62DS spectrometer
with sample concentrations of 5 uM apoAMTI1 or 19 uM
Cu,ZnAMT1 in 0.1-cm cuvettes. Repetitive scans and post-

run smoothing routines were used. Copper K-edge and zinc
K-edge X-ray absorption spectra (EXAFS) were collected on
beamline SB07-3 (1.8 T wiggler field) at the Stanford
Synchrotron Radiation Laboratory. Copper K-edge and zinc
K-edge data sets comprised averages of six and eight 35-min
scans, respectively. During data collection, samples were
maintained at a temperature close to 10°K, and X-ray
absorption was measured as the X-ray fluorescence excitation
spectrum using a Canberra 13-¢lement germanium detector
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FIGURE 4: Electrospray mass spectra of apoAMT]1 titrated with increasing molar equivalents of Cu*. Panel A represents appAMT]1 at pH
2. Panels B, C, and D represent protein titrated with the equivalents of Cu* shown. These samples were at neutral pH. The lower apparent
mass of the apo species can be accounted for by limited oxidation of cysteinyl thiolates.

(Crameretal., 1988). All other experimental conditions and
EXAFSdata analysis procedures were as previously described
(Pickering et al., 1993).

Electrospray Mass Spectrometry of AMT1. The proteins
were analyzed by electrospray mass spectrometry on a Fisons
Instruments Trio 2000 mass spectromoter (VG Biotech,
Cheshire, U.K.). Theinstrument data system consisted of an
IBM-compatible PC which ran the LAB BASE software
provided with the mass spectrometer. Typical instrument
operating conditions were as follows: probe potential, 2.30
kV; counter electrode potential, 0.25 kV; sampling cone
potential, 46 V. The instrument was scanned from m/z 700
to 1700 at a rate of 10 s per scan, and 10-25 scans were
summed to obtain each spectrum. After acquisition, the
spectra were smoothed and the baseline was subtracted.
Transformed spectra were obtained using the subroutine
provided with the LAB BASE software.

The metalloprotein samples were analyzed in 5-20 mM
buffer (ammonium bicarbonate or Tris) at concentrations of
10-100 uM. The pH of the solutions was adjusted as necessary
using glacial acetic acid. The apoprotein, unless stated
otherwise, was analyzed with 10% glacial acetic acid by volume.
The resulting solutions were infused into the mass spectrometer
atarate of 4-6 uL./min using a Harvard syringe pump (South
Natick, MA).

AMTI-DNA Binding. Oligonucleotides spanning the
AMT1 binding site of the AMT]1 gene (Zhou et al., 1992)
were synthesized with an ABI 380B DNA synthesizer. The
oligonucleotides were pAMTIt (5-TCATGATAAG-
CTAATTTGGCTGACT-3') and pAMTI1b (5-AAGT-
CAGCCAAATTAGCTTATCATG-3). pAMTIt and
PAMT1b were gel isolated from an 18% polyacrylamide gel
and then desalted on Sephadex G-25 equilibrated in 10 mM

Tris-HCI, pH 7.8. Equimolar concentrations of each oligo-
nucleotide were end-labeled with 32P and then annealed.

Gel shift reactions were performed by incubating AMT]
with labeled duplex DNA in the presence of 65 mM KCl, 0.1
mg/mL dog serum albumin (DSA), 10% glycerol, 5 mM
MgCl,, and 20 mM Tris-HCI, pH 7.8. Some experiments,
as specified, included 1 mM DTT or 3 mM EDTA in the
reaction mix. After incubation at room temperature for 15
min, reaction mixtures were applied to 6% (preelectrophoresed)
polyacrylamide gels in 1X TBE and electrophoresed at 200
V for 1.5-2 hat room temperature. Concentrated apoAMT1
was neutralized to pH 7.8 by dilution in 20 mM Tris-HCI, pH
7.8. Concentrated Cu,ZnAMT]1 was used to prepare Zn-free
CuAMT1 by reducing the pH to 4 with acetic acid followed
by the addition of EDTA and neutralization to pH 7.8, to
chelate liberated Zn?* ions.

RESULTS

Construction of an AMTI1 Synthetic Gene. A synthetic
gene for the DNA-binding domain of AMT]1 was constructed,
as the wild-type AMT]1 gene was poorly expressed in E. coli.
Thedesign of the synthetic gene involved optimizing the codon
bias for E. coli without changing the AMT1 protein sequence.
Two genes were constructed, one encoding residues 1-101
and the other encoding residues 1-110 (Figure 1A). Each
was cloned into pET9d, and they were designated pET9-AB
and pET9-ABC, respectively. These segments of the AMT]1
protein exhibit a 50% sequence identity with the ACE1 protein
from S. cerevisiae (Figure 1B).

Purification of AMTI. Expression of the DNA-binding
domain of AMT1 was induced by IPTG from vectors pET9-
AB and pET9-ABC in E. coli. The respective 101- and 110-
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FIGURE 5: Cu K-edge EXAFS analysis of CusZn;AMT1. Panels A and B show the EXAFS and Fourier transform, respectively. The solid
lines show the x3-weighted raw EXAFS data, and the dashed lines, the results of the fit as shown in Table 1.

residue polypeptides were visible on a Coomassie-stained SDS— (data not shown). Consequently, pET9-ABC was used for
polyacrylamide electrophoresis gel (Figure 1C, lane 2, for expression of AMT]1 for purification.

pET9-ABC). However, the 110-residue AMT1 appeared to AMT1 was purified from bacterial cells expressing AMT]1
be expressed at higher levels than the 101-residue protein from pET9-ABC in the presence of added CuSOy4. It was
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Table 1: EXAFS Curve-Fitting Results of CuyZn;AMT1¢

shell N R(A) o2 (A Fg
Cu-S 3.0 2.263 (4) 0.0038 (5) 0.5474
Cu-Cu 1.0 2.745 (14) 0.0054 (16)
Zn-S 4 2.306 (11) 0.0075 (07) 0.9261
Zn—Cu 1 3.535(32) 0.0062 (33)

2 The phase and amplitude functions used in the fit were as described
previously (Pickering et al., 1993). Coordination numbers were chosen
to give the best fit to the nearest £0.2 for Cu-S, the nearest 0.5 for
Cu-Cu, the nearest integer for first shell Zn, and the nearest £0.5 for
outer shell scatterers. The precision, in the form of estimated 95%
confidence limits (obtained from the diagonal elements of the covariance
matrix), is given in parentheses for each of the parameters floated in the
fit. Itshould be noted that the accuracy of the EXAFS-derived structural
parameters will be poorer than this, probably £0.02 A for R and +25~
30% for N and o2 [see Pickering et al. (1993) for a more complete
discussion]. Values of E,, the offset to the energy zero, were chosen as
in the previous work (Pickeririg et al., 1993). ® Goodness of fit parameter,
defined as Fgy = (L(xo — Xc)2k®)/(flobs — Tvar), Where x, and x. are the
observed and calculated EXAFS, respectively (x3-weighted), and nobe
and 7y are the number of observations and variables floating in the
refinement, respectively.

recovered in the soluble protein fraction. Protamine sulfate
was added to the clarified extract to remove nucleic acids, and
the resulting supernatant was chromatographed on CM-
cellulose, phenyl-Sepharose, and a final Sephadex G-25 column
for desalting. The assays used to monitor the presence of
AMT!1 during purification included copper and zinc analyses,
luminescence, and SDS—polyacrylamide gel electrophoresis.
Approximately 2-4 mg of AMT]1 was isolated per liter of
culture.

AMT1 was shown to be homogeneous by four criteria. First,
asingle band of apparent M, 15 500 was observed on a stained
SDS—polyacrylamide gel (Figure 1C, lane 3). Second, amino
acid analysis after acid hydrolysis revealed an amino acid
composition identical to that predicted from the nucleotide
sequence of residues 1-110. Third, in the first two cycles, the
Met-Val sequence accounted for >90% of the total picomoles
of phenylthiohydantoin-derivatized amino acids in the chro-
matogram. Val was observed in cycle 1 at approximately
25% of the Met yield, consistent with the presence of limited
amounts of the desMet form of AMT1. Fourth, electrospray
mass spectrometry of the metal-depleted AMT]1 revealed a
predominant species of 12 478 = 1 Da. This mass was in
excellent agreément with the mass calculated from the decoded
nucleotide sequence (12 479 Da). The presence of a minor
desMet AMT1 species was indicated by the small component
of 131 amuless than expected. Thus, the major AMT]1 species
consists of 110 residues.

The apparent M, from SDS electrophoresis of 15 500
significantly exceeds the actual M, (12 478) as determined by
mass spectrometry. This may be explained by the basicnature
of AMT1. AMT1 chromatographed on Superose G-75 with
anapparent M, of 20 000 consistent with the AMT 1 fragment
being monomeric with limited asymmetry in hydrodynamic
properties.

Metal Content of AMT1. Metal analysisof AMT1 revealed
the presence of copper and zinc. Mean contents of copper
and zinc of 4.2 £ 0.2 (n = 8 different isolates) and 1.2 £ 0.2
(n = 8), respectively, were observed.

Electrospray MS was carried out on the purified Cu,-
ZnAMT]1 to assess the uniformity of the metal centers in
AMT]I1. Electrospray MS has been shown to be effective in
characterizing noncovalent interactions, including metal-
protein interactions (Hutchens & Allen, 1992; Allen &
Hutchens, 1992; Yu et al., 1993).

Thorvaldsen et al.

Analysis of two different samples at neutral pH revealed
amass spectrum of the metallated AMT1. One major species
of mass 12 789 Da was observed, consistent with five metal
ions (Cu + Zn) bound (Figure 2). The accuracy of mass
measurements is limited in part by the uncertainty in the
number of cysteine residues present as ionized thiolates, The
minor component at mass 12 658 Da is likely to be the
metallated desMet formof AMT1. Analysisof AMT1diluted
in 0.1% acetic acid to pH 4 yielded a mass spectrum with a
major species at 12 725 Da, consistent with the loss of the
labile Zn?* ion. Again, the minor component at mass 12 594
Dais likely to be the desMet form of AMT1. Chromatography
of native AMT1 on Sephadex G-25 equilibrated at pH 4
resulted in the recovery of AMT]1 lacking the bound Zn?* ion
but retaining the 4 Cu* ions.

Analysis of the Copper Sitesin AMTI. AllAMT] isolates
exhibited transitions in the ultraviolet consistent with S — Cu
charge-transfer bands (Figure 3A). AMT1 exhibited orange
luminescence when excited with ultraviolet light (Figure 3A,
inset). Emission occurred at 575 nm, and an excitation
maximum was seen near 300 nm. The luminescence is
indicative of the bound copper being present as Cu* (Lytle,
1970).

To verify that maximal Cu* binding occurred at 4 molar
equiv, Cu™* reconstitution studies were carried out with AMT]1
depleted of bound metal ions. ApoAMT1 was prepared by
gel filtration at low pH. After reduction of the 11 cysteinyl
residues in apoAMT]1, the apoprotein was titrated with
increasing quantities of Cu* stabilized as Cu*—acetonitrile
and the emission was quantified. Emission was maximal at
4 molar equiv of added Cu* in multiple reconstitution
experiments (Figure 3B, inset). The relative quantum yield
of emission of Cu-reconstituted AMT1 was similar to that of
purified Cu,ZnAMT1 (Figure 3B). As with CuACEl and
Cu-metallothioneins, the Cu* emission in the CuAMT!1
complex was quenched by oxygen and diminished in a
concentration-dependent manner with excess Cu* (data not
shown).

To determine whether Cu* binding occurred in an all-or-
nothing manner, appAMT! was titrated with increasing
quantities of Cu* ranging from 1 to 4 molar equiv followed
by electrospray MS to detect the metallated species (Figure
4). The mass spectrum of AMT] after addition of 1 molar
equiv Cu* toapoAMT]1 yielded two components. The major
species had a mass identical to that of apopAMT1. Thesecond
component of mass 12 728 £ 1 amu was consistent with a
tetracopper AMT]1 species. Mass spectrometry of AMT]I
reconstituted with 2 molar equiv Cu* yielded the same two
components but with an increased abundance of the tetra-
copper species. Analysisof AMT]1 reconstituted with 4 molar
equiv Cu™ revealed only the tetracopper species. There was
no indication of AMT1 molecules with lower integer levels of
metallation. The addition of various ions to achieve neutral
pH and Cu® reconstitution resulted in a myriad of minor
peaks.

X-ray absorption spectroscopy was carried out to probe the
structure of the copper sites in AMT1. The copper K
absorption edge showed a feature at 8983 eV arising from a
1s — 4p transition of Cu* (data not shown). The intensity
of the edge feature is similar to that observed with trigonal
Cu* complexes, although the presence of digonal Cu*
coordination in Cu-thiolate clusters cannot be excluded from
edge data (Pickering et al., 1993).

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy revealed more detailed information about the local
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FIGURE 6: Analysis of the Zn?* site in AMT1. Panel A shows the Cd2* displacement of Zn?* in CusZn;AMT1. Samples of AMT]1 were titrated
with increasing quantities of Cd2* at neutral pH. Panel B shows the electronic spectrum of the Co?* complex of AMT1, CuyCo,AMT], prepared
by the addition of 1.2 molar equiv Co?* to Zn-free Cu4AMT]1 and subsequent adjustment of the pH to 8.5.

Cu* environment. The copper K-edge EXAFS spectrum and
corresponding Fourier transform shown in Figure 5 are
dominated by a first shell scattering peak that was best fit
with Cu-S bonding (Table 1). The bond length determined
from a curve-fitting analysis of the EXAFS oscilations was
2.26 A, which is consistent with predominantly trigonally
coordinated copper, although a small fraction (ca. 25%) of
digonal copper may be indicated by this mean Cu—S bond
length (see Pickeringet al., 1993). A second,smallerscatterer
peak in the Fourier transform is also seen. This fits well to
a Cu-Cu interaction at 2.75 A, indicating the presence of a
polycopper cluster. The mean number of Cu* scatterers per
Cu atom (N in Table 1) was 1, unlike the value of 3 for the
synthetic CuyS¢ cage clusters (Pickering et al., 1993).

Analysis of the Zn?* Sitein AMT1. Electronicspectroscopy
was carried out on samples in which Cd** or Co?* was
substituted for the bound Zn?* ion in AMT1 to probe the
coordination environment of the Zn?* jon. The addition of
exogenous Cd?* resulted in the displacement of AMT 1-bound
Zn?* and the appearance of cysteinyl S — Cd charge-transfer
bands in the ultraviolet (Figure 6A). The S — Cd charge-
transfer band was maximal at 1 molar equiv of added Cd?*.

Co?* is frequently used as a spectroscopic probe of Zn2*+
sites in metalloproteins (Bertini & Luchinat, 1984). Zn-
depleted CuAMT1 was prepared by gel filtration at pH 4
resultingina CusAMT 1 species. Zn-depleted Cus/AMT]1 was
reconstituted with 1 molar equiv Co?* (Figure 6B). The
resulting sample at pH 8.5 exhibited d—d transitions with
maxima at 616 [¢ = 196 M-lcm™!], 682 [e = 298 M~! cm!],
and 737 nm [e = 261 M-! ¢cm!]. The energy of these
transitions and the molar extinction coefficients are typical
of »3[*A, — 4T |(P)] transitions of four-coordinate high-spin
Co?* complexes having distorted tetrahedral coordination
geometry (Lane et al., 1977; Swenson et al., 1978; Dance,
1979; Johnson & Schachman, 1983; Bertini & Luchinat, 1984;

Giedroc & Coleman, 1986). The molar extinction coefficient
of the d—d transitions of tetrahedral Co?* complexes is typically
250-1000 M-! cm! per Co?* ion. The energy of the d—d
envelope is consistent with either Sy ligation or mixed sulfur/
nitrogen ligation. Tetrathiolate Co?* complexes exhibit a
prominent transition between 730 and 760 nm. This low-
energy band is not seen in complexes with a nitrogen ligand.
The presence of a shoulder transition at 730 nm in CusCo)-
AMT1 is consistent with tetrathiolate coordination (Maret et
al., 1979; Geidroc & Coleman, 1986; Xu etal., 1993; Michelsen
et al., 1994).

The zinc K-edge EXAFS and the corresponding EXAFS
Fourier transform are shown in Figure 7. Curve-fitting
analysis of the EXAFS indicates that the spectrum is
dominated by a first coordination shell of Zn-S at about 2.31
A, giving rise to the pronounced transform peak at R+ A =
2.3A. Thefirst shell can be fit either by four Zn-S interactions
or by three Zn-S interactions plus a single lighter scatterer
(oxygen or nitrogen). The EXAFS fit is slightly improved
when the ZnS;N| coordination is used (data not shown). The
Zn~(0/N) distance of about 2.02 A yields EXAFS which is
in phase with the Zn—-S EXAFS and so is very difficult to
distinguish. A smaller peak in the transformat R+ A = 3.7
A is also visible in the EXAFS Fourier transform. EXAFS
curve fitting shows that this feature fits well to a single Zn—
Cu interaction at about 3.54 A. However, this feature could
also be fit (although marginally less adequately) to Zn—C at
asimilar distance. The amplitude function is more consistent
with a Zn-Cu interaction. Curve fitting of this outer shell
EXAFS using a full multiple scattering treatment for Zn—
histidine ligation did not fit the data, and we conclude that
no such ligation is present. In the absence of Zn-histidine
coordination, we conclude that the Zn?* site is likely to have
tetrathiolate coordination.
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lines show the x3-weighted EXAFS data, and the dashed lines, the resuits of the fit as shown in Table 1.

Role of Metal in AMTI1 Structure. Circular dichroism
(CD) studies were carried out todetermine whether the tertiary
fold of native AMT1 was influenced by Cu* binding. A

comparison of CusZn;AMT]1 to apoAMT]1 revealed attenu-
ated ellipticity in the metal-free molecule consistent with a
loss of periodic secondary structure (Figure 8). Computer
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FiGURE 8: Circular dichroism of CusZn;AMTI and the metal-depleted AMT]1 protein. The ellipticity spectra of metalloAMT1 (—) and
apoAMT] (- - -) were measured in 10 mM Tris-HCI, pH 7.4. The spectra represent an average of three scans with a bandwidth of 0.7 nm.
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FIGURE 9: Gel shift analysis of CusZn,AMT1 (panel A) and
apoAMT]1 (panel B). Protein was mixed with a labeled DN A duplex
containing the AMT]1 upstream activation sequence as described in
Materials and Methods. The incubation conditions for both proteins
included 1 mM DTT. The numbers refer to the final concentration
of protein.

analysis of the CD spectra of CusZn,AMT]1 suggested the
presence of both e and £ structural elements; these structural
elements were diminished in the apopAMT1 molecule.

Role of Metal in AMTI-DNA Binding. The role of the
Cu* center in the DNA-binding function of AMT1 was
evaluated by gel retardation assays using a 25-bp DNA
oligonucleotide sequence consisting of the single AMT]I
promoter element upstream of the AMT1 gene (Zhou &
Thiele, 1993). Gel shift assays were carried out with varying
concentrations of CusZnAMTI1 and apoAMT1 at pH 7.8.
The concentration of metallated AMT1 required for shifting
50% of the labeled DN A probe was near 6 nM (Figure 9A).
In contrast, a significant band shift was seen with apoAMT1
onlyat concentrations in excess of 80 nM (Figure 9A). Copper
analysis of apopAMT]1 showed that the upper limit of Cuy-
AMT]1 present in the appAMT1 preparation was about 1%,
so the band shift observed with the appAMT1 preparation

may arise from residual metallated AMT1. Specificity in
DNA binding was demonstrated by the lack of any gel shift
of a DNA probe consisting of the Etsl DNA binding site
(data not shown) (Nye et al., 1992).

Gel shift analysis was carried out on CuAMT1 devoid of
Zn2* to determine whether occupancy of the Zn2* site was
important in DNA binding. It was determined by varying
the concentrations of Zn-free CuAMT 1 in the gel shift assay
that the apparent binding affinity was comparable to that of
the CusZn,AMT1 complex (or slightly inhibited) (data not
shown). Whereas Zn2* removal did not significantly affect
DNA binding, the Zn-free CuAMT1 formed a complex with
DNA exhibiting reduced electrophoretic mobility.

DISCUSSION

AMT]1 isthetransciption factorin C. glabrata that mediates
the Cu-induced expression of MT genes (Thiele, 1992). The
Cu-induced expression occurs by Cu-dependent activation of
AMT]1 yielding a conformer that is competent to bind to DNA
promoter sequences upstream of MT genes. We show in this
report that a uniform species of CusZn;AMT]1 was purified
from the soluble protein fraction of bacteria grown in copper
salts. The pure CusZnjAMTI1 complex bound DNA in a
sequence-specific manner forming a high-affinity complex.
Thus, the results imply that the Cu-activated conformer of
AMT!1 consists of a tetracopper center and an isolated Zn2*
site that together stabilize a specific tertiary fold.

Zn?* was not previously analyzed in bacterially expressed
ACEl (Dameron et al., 1991; Nakagawa et al., 1991). In
vitro Cu* reconstitution studies showed maximal Cu* binding
at 6 molar equiv, although the binding studies were typically
biphasic with an inflection point at 4 molar equiv. We have
preliminary evidence that using the purification protocol
described here for AMTI1 to purify ACEIl results in the
isolation of ACE1 with four Cu* ions and a single Zn?* ion
bound. The variable Cu* stoichiometry reported previously
(Dameron et al., 1991) may have arisen from inadequate cell
washing from culture media containing 1 mM CuSO,.

The observation of Zn2* in bacterially expressed AMT]
raises the question of whether AMT1 in yeast would, likewise,
contain bound Zn?*. A number of observations suggest that
AMTI1 may indeed contain Zn?* in yeast. First, AMTI was
invariably isolated with a bound Zn?* ion from bacteria
cultured in the presence of 1.4 mM CuSQOy. Second, Cut
reconstitution studies did not reveal Cu* ions bound in excess
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of 4 molar equiv. Third, our preliminary data suggests that
the Zn2* ion in AMT1 is not displaced by Cu*. Our results
are suggestive, but do not prove, that the metal content of
bacterially isolated AMT1 is the physiological metal ion
content.

The Cu* sites in AMT]1 appear to be clustered, as shown
by the short Cu—Cu scatter distance in EXAFS of CusZn;-
AMTI. There is no direct proof that all four Cut ions exist
within the same polycopper cluster, but there is chemical
precedence for a CuyS¢ cluster. Tetracopper CusS¢ cage
clusters have been repeatly observed in Cut complexes with
small thiolate ligands [reviewed in Dance (1986) and Dance
etal. (1992)]. The synthetic Cu,Se clusters contain Cu* ions
in trigonal coordination geometry with distortion from
planarity (Dance, 1986). Features of the synthetic tetracopper
clusters include a mean Cu-S bond distance of 2.27 A and
short 2.7-A Cu—Cu distances (Dance et al., 1983; Nicholson
et al., 1985; Dance, 1986). The clusters are held together by
bridging thiolates (Dance, 1986). Cu—Cu bonding is a minor
energetic factor in the stability of the clusters. The similarity
in Cu-S bond distances and Cu—Cu distances in CusZn;-
AMT1 and synthetic Cu,sS¢ cage clusters is consistent with
the four Cu* ions in AMT]1 being clustered. However, the
weak Cu—Cu scattering as shown by the low N value for the
Cu—Cu scatter interaction may either imply that not all four
Cu* ions exist within the same cluster or alternatively that
deviations from ideality exist within a tetracopper cluster. A
definitive interpretation cannot be made, but two observations
provide an argument for the interpretation of a single distorted
tetracopper cluster. First, the all-or-nothing formation of a
tetracopper complex is consistent with a single CuS cluster.
Second, the Cu—Cu scatter interaction observed in yeast Cu-
metallothionein that forms a single Cu;Sg cluster showed V
values of 0.5 and 1.5 for two distinct samples (Pickering et
al., 1993). Thus, biological CuS clusters may show prominent
distortions from the known synthetic symmetrical cage clusters
(Dance, 1986).

The Zn2* site in AMT]1 contains thiolate ligands as
demonstrated by electronic spectroscopy of CusCd;AMT1
and CusCo;AMT1. The center of the d—d envelope near 680
nm rules out complexes with two or fewer thiolates. A Co?t
complex with S,N; coordination was shown to have the centroid
of the d—d envelope near 600 nm (Mastropaolo et al., 1977).
The observation of the d-d transition at 730 nm in the Co-
containing AMT1 is consistent with tetrathiolate coordination.
Such low-energy transitions have been observed only in Co?*—
protein complexes with exclusive thiolate ligation (Dance,
1979; Maretetal., 1979; Bertini & Luchinat, 1984; Fitzgerald
& Coleman, 1991; Giedroc et al, 1992; Michael et al., 1992;
Xuetal., 1993; Kosa et al,, 1994). ZnK-edge EXAFSisalso
consistent with S4 ligation. We were unsuccessful in confirm-
ing a tetrathiolate site by 113Cd NMR spectroscopy, as no
signal was observed in two samples of CusCd;AMTL1.

CusZn;AMT!1 may consist of a CusS¢_7 cage cluster and
a distinct ZnS, site or alternatively a novel CuyZn-thiolate
mixed metal cluster. The outer shell scatter peak in the Zn
EXAFS is suggestive, but not proof, of a Zn—Cu distance of
3.5 A. If this short Zn—Cu interaction can be verified, then
the Zn2* site may be part of a novel CusZn;—thiolate mixed
metal cluster. All cysteinyl residues in ACE1 corresponding
tothe 11 in AMT1 have been shown to be essential for function
(Hu et al., 1990). The presence of thiolate ligands for Zn2*
binding in AMT! indicates that not all 11 cysteinyl residues
are involved in Cu* binding. Results indicate that Zn2* is
bound by three or four thiolates; therefore, the Cu* cage cluster
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would contain no more than eight Cys thiolates. If more than
six cysteinyl residues are involved in a single Cu™ cluster, the
implication is that not all thiolates would be doubly bridging
as in the synthetic tetracopper cage (Dance, 1986).

The ability of AMT! to bind DNA is dependent on
formation of the CuS cluster. Thisis consistent with theknown
dependency of MT gene transcription on the copper concen-
tration in the culture medium (Hamer, 1986; Furst et al.,
1988). The Cu-induced conformer of AMT! must exhibit
the proper juxtaposition of residues for DNA contact.
Mapping of the AMT1 binding site within the AM T promoter
region revealed a DNasel footprint extending over 26 bp (Zhou
& Thiele, 1993). Analysis of the AMT1-DNA complex by
methylation interference revealed that a number of G and A
bases within an 8-bp segment are critical for complex formation
(Zhou & Thiele, 1993). Theimplicationisthat the tetracopper
cluster stabilizes a conformer capable of both major and minor
groove contacts. The DNA contactsin ACE]1 appear toextend
over one and one-half turns of a B-form DNA helix such that
the protein will likely make base-specific contacts with the
major groove at the two ends of the promoter sequence and
span the minor groove near the middle (Buchman et al., 1990).
The magnitude of structural change induced by formation of
the tetracopper cluster must extend over significant portions
of the AMT1 and ACEl molecules. The differences in
ellipticity in apoAMT1 and Cu4Zn,AMT1 by circular
dichroism are consistent with a major structural change. The
ellipticity change observed may reflect secondary structure
changes or chirality due to the Cu™ center. Since no chirality
is observed from the polycopper clusters in metallothionein
(Dameronet al., 1991), we conclude that the ellipticity change
arises from secondary structure changes.

Thelack of an observed effect of the Zn-free AMT1 complex
in the DNA binding gel retardation assay does not imply that
Zn?* binding is unimportant in function. Occupancy of the
Zn?* site in AMT1 may not affect DNA interaction directly
but may be critical for the transcriptional activation function
inAMTI1. Alternatively, removal of AMT1-bound Zn?* may
not appreciably alter DNA binding affinity but may alter the
pattern of AMT1-DNA contacts. Hg?* binding to the Hg-
responsive merR protein has a minimal effect on DNA binding
affinity but a significant effect on the localized DNA helical
structure (Frantz & O’Halloran, 1990). Likewise, redox
chemistry aiters the DNA footprint of OxyR rather than
markedly affecting the DNA binding affinity (Storz et al.,
1990).

ACELl and AMT]1 appear to be the primary sensors of the
intracellular Cu* concentration in yeast. Basal levels of these
proteins must exist in a stable, unactivated state. Itisunclear
whether the unactivated states of ACE1 and AMT] are the
metal-free molecules or the Zn, complexes. The ability of
ACEIl, and presumably AMT]I, to form distinct conformers
with Cu* and Zn?* may form the basis of the exquisite metal
ion specificity in the function of these proteins (Dameron et
al., 1993). Metal exchange is facile in ACE1, so Cu*/Zn2?*
exchange may be an initial step in Cu-activation if inactive
ACEIl or AMT] states are as ZnACE1l or ZnAMT].

AMTI1 and ACE]1 are activated with <5 uM extracellular
Cu2* (Thorvaldsenetal., 1993). Theall-or-nothing formation
of the tetracopper center in AMTI1 and presumably ACEl
may be important in making the system responsive to low
concentrations of copper. The multiple MT genes in C.
glabrata and the autoregulation of AMT1 expression enable
C. glabrata cells to respond to high environmental copper
concentrations (Zhou & Thiele, 1993). The efficient coupling



Metal Binding in AMT]1

of external copper levels to the concentration of active Cu,-
Zn;AMTI allows C. glabrata cells to stimulate high-level
expression of the three MT genes thereby minimizing Cu-
induced toxicity. Thus, the coordination inorganic chemistry
involved in Cu*-thiolate cluster formation in AMT1 appears
to be the driving force for copper regulation.
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