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ABSTRACT. The N-terminal metal-binding domains of the copper-activated yeast transcription factors, ACE1
and AMT1, bind to specific DNA sequences in a Cu-dependent fashion. Recombinant AMT1 and ACEL1
metal-binding domains are isolated as.0u—protein complexes. Site-directed mutagenesis of AMT1
was used in this study to map the ligands of the Cu(l) and Zn(ll) ions. The results are consistent with the
N-terminal halves of AMT1 and ACE1 consisting of two independent submodules, one binding a single
Zn(ll) ion and the second binding the tetracopper cluster. The basis of this conclusion is, first, that mutations
of two cysteinyl codons and a histidyl codon in the first 42 residues of AMT1 do not alter DNA binding.

In contrast, serine substitutions at four cysteine positions at codons 43, 61, 90, and 98 abolish DNA
binding. We demonstrated previously that population of the Zn(ll) site in AMT1 does not alter the ability
of the protein to bind DNA but bound Cu(l) ions are essential for DNA binding [Thorvaldsen, J. L., et
al. (1994)Biochemistry 339566-9577]. Second, mutations in the N-terminal 42 residue segment reduce
the Zn(ll) content of purified mutant AMT1 molecules. Third, a synthetic peptide consisting of the
N-terminal 42 residues in AMT1 forms a stable Zn(Il) complex and substitution with Co(ll) reveals an
electonic spectrum identical to that of the Co-substituted intaghRT 1 protein. 113Cd(ll) NMR studies

reveal that the divalent metal site consists of ligands provided by three cysteinyl thiolates and a single
histydyl imidazole. The sequence homology between AMT1, ACE1, and MACL1 in the N-terminal 42
residues suggests that ACE1 and MACL1 will, likewise, contain N-terminal Zn modules. A 42-residue
ACEL1 synthetic peptide gives identical metal binding properties to the corresponding AMT1 synthetic
peptide. Thus, AMT1 and likely ACE1 consist of two contiguous modules, residud® forming an
independent Zn(ll) module and residues430 enfolding a tetracopper cluster.

Yeast cells require copper ions for a variety of enzyme Furst et al., 1988). Ag(l) is the only other metal ion known
functions including cytoplasmic superoxide dismutase (SOD) to induce limited MT expression i%. cereisiae and C.
and cytochrome oxidase. Most yeast strains can proliferateglabrata Induction by both Cu(l) and Ag(l) is expected as
in culture medium containing copper salts in excess of 0.1 these ions exhibit similar coordination properties (Dance,
mM. Laboratory strains able to grow in medium containing 1978). The metal ion specificity for the induction of MT
in excess of 0.3 mM Cu(ll) are designated copper resistant.genes in yeast is in contrast to mammalian cells in which
One major discriminating factor between copper sensitive multiple metal ions mediate MT induction (Hamer, 1986;
and copper resistant cells is the metallothionein (MT) locus Palmiter, 1987).

(Karin et al., 1984; Fogel et al., 1983). Copper resistant  The frans-acting factors mediating Cu-dependent regula-
strains ofSaccharomyces cefisiae and Candida glabrata tion of MT genes inS. cereisiae and C. glabrata are

contain tandemly amplified MT genes (Fogel & Welch, 1982; designated ACE1 (or CUP2) and AMT1, respectively
Mehra et al., 1990). Targeted disruption of B&/P1MT (Thiele, 1988; Welch et al., 1989; Zhou & Thiele, 1991;
genes inS. cer@isiaean.d_MTll genes inC. glabrataleads Zhou et al., 1992). The 225-residue ACE1 polypeptide
to a copper hypersensitive phenotype (Hamer et al., 1985;, 00415 to consist of two segments with distinct functions
Ecker et al., 1986; Mehra et al., 1992). MT confers copper (Furst et al., 1988). The binding of ACE1 ®UP1 MT
resistance in yeast by buffering the intracellular Cu(l) promoter sequences maps to the N-terminal half of ACE1
concentration. Cu(l) ions bind to tt& cereisiae MT within and this segment of the polypeptide contains multiple
a single CuS;o complex with cysteinyl thiolate ligands cysteinyl residues in Cys-x-Cys or Cys-x-x-Cys sequence
(Narula et al., 1991). motifs (Furst et al., 1988; Buchman et al., 1989). Eleven

The synthesis of MT is coupled to the intracellular copper cysteinyl residues are critical for the ACE1 function of Cu-
concentration in yeast through Cu-induced transcriptional jnduced expression oCUP1 (Hu et al., 1990). The
activation of MT gene expression (Thiele & Hamer, 1986; C-terminal segment of ACE1 is similar to many fungal
Furst et al., 1988). The response of MT transcriptional transcription factors in the abundance of acidic residues and
activation is restricted to copper stress in yeast (Hamer, 1986;is pelieved to be the transactivation domain. This domain
is critical for Cu-inducedCUP1 expression (Thiele, 1988).
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polypeptide (Zhou & Thiele, 1991). The eleven critical
ACEZ1 cysteinyl residues are conserved in AMT1. ACE1l
and AMT1 binding sites within the'3lanking sequences of

Farrell et al.

spans one and a half turns of a B-form DNA helix (Buchman
et al. 1990). ACE1 makes base specific contacts within the
major groove at the two ends of the UAS sequence and

MT genes in the two yeasts are related in sequence with amakes contacts within the minor groove near the middle of

conserved tetranucleotide core region (Zhou et al., 1992).

AMT1 can functionally replace ACEL i8. cereisiae and
confer Cu-induced expression @UP1(Thorvaldsen et al.,
1993).

The mechanism of Cu-induced expression of yeast MT
genes lies in the Cu activation of ACE1 and AMT1. The
activation process involves formation of a polycopper cluster
with cysteinyl thiolates as ligands (Dameron et al., 1991;
Nakagawa et al., 1991; Thorvaldsen et al.,, 1994). In

the UAS element (Buchman et al., 1990; Dobi et al., 1995).
If the AMT1—-DNA complex resembles the ACEDNA
complex, it is conceivable that the tetracopper center and
Zn(Il) organize separate domains for prote[DNA contact.

In this report we demonstrate that bacterially expressed
ACE1 is also isolated as a stable &£, complex. Mu-
tagenesis was used to identify three cysteinyl residues nearest
the N-terminus in AMT1 as Zn(ll) ligands. A synthetic
peptide of 42 amino acids corresponding to residued2l

biophysical studies carried out on the N-terminal segments mimicked the properties of the Zn(ll) site in the intact AMT1

of ACE1 and AMT1 molecules expressed in bacteria, we
demonstrated that AMT1 was purified as a Cu,Zn-protein
from bacterial cultures grown in the presence of CySO

molecule and revealed that the Zn(ll) site ligands consist of
three cysteinyl residues and a single histidine. The results
suggest that the DNA-binding domain of AMT1 (residues

(Thorvaldsen et al., 1994). Chemical analysis revealed 4 1-110) consists of two subdomains: residuegt2 forming
and 1 mol equiv of copper and zinc ions bound, respectively the zZn(ll) module and residues 4310 enfolding the
(Thorvaldsen et al., 1994). Electrospray mass spectrometrycandidate tetracopper center.

was used to verify that a uniform species was present with

4 Cu(l) ions and 1 Zn(ll) ion bound per AMT1 molecule
(Thorvaldsen et al., 1994). Binding of the 4 Cu(l) ions in
AMT1 occurs in an all-or-nothing process and the observa-
tion of a 2.7 A Cu-Cu scatter interaction by EXAFS in both
AMT1 and ACE1 is consistent with a polycopper cluster

MATERIALS AND METHODS

Mutagenesis.An EcaRI/BanHI fragment containing the
AMTL1 synthetic gene was cloned into pBluescript (Strat-
agene) to make vector pBS-ABC (Thorvaldsen et al., 1994).

(Dameron et al., 1991; Nakagawa et al., 1991; Thorvaldsen 1€ gene was removed asimd|ll/ Sad fragment and cloned
et al., 1994). A series of tetracopper thiolate clusters haveinto vector pAlter (Promega) to create vector pAAMT

been structurally characterized with small thiolate ligands
(Dance, 1986). On the basis of EXAFS of CuACEl,
CUuAMT1, and synthetic [C4fSPh}]~ complexes, it appears
that the Cu(l) ions in ACE1 and AMT1 exhibit trigonal
coordination (Thorvaldsen et al., 1994; Pickering et al.,
1993).

The observation of Zn(ll) in bacterially expressed AMT1
raises the question of whether AMTL1 in yeast would,
likewise, contain bound Zn(Il). A number of observations
suggest that AMT1 may indeed contain Zn(ll) in yeast. First,
AMT1 is invariably isolated with one bound Zn(ll) ion from
bacteria cultured in the presence of 1Q0@ CuSQ, (the
medium Zn concentration is 2M). Second, Cu(l) recon-
stitution studies of AMT1 did not reveal Cu(l) ions bound
in excess of 4 mol equiv. This is in contrast to ACEL1 in
whichin vitro Cu(l) reconstitution studies showed maximal
binding of 6 mol equiv of Cu(l) (Dameron et al., 1991). It
is likely that exogenous Cu(l) can displace the bound zZn(ll)
ion in ACE1, whereas this displacement does not occur in

which was subsequently used in site directed mutagenesis
by previously described methodology (Sewell et al., 1995).
Mutant AMT1 genes were removed as &ttd/BanHl
fragment and cloned into vector pET9d (Novagen) for
expression. The predicted mutations were confirmed by
DNA sequencing of the AMT1 gene using Sequenase (U.S.
Biochemicals) and electrospray mass spectrometry of the
mutant proteins.

The ACE1gene was subcloned from pHAC (Thorvaldsen
etal.,, 1993) as a 1.7 Khindlll/ Sad fragment. The fragment
was subcloned into pAlter-1 (Promega). Mutations were
generated as described previously (Sewell et al., 1995).
Mutations were confirmed by nucleotide sequencing. The
confirmed mutations were subcloned lmdlll/Sad frag-
ments into both YEp352 and YCplac33. Plasmids were
transformed into DTY23 yeast cells and selected on synthetic
complete medium lacking uracil. Standard yeast culturing
methods were used.

Protein Purification Mutant AMT1 molecules and wild-

AMT1. These results are suggestive but do not prove thattype ACE1 were purified as described previously (Thorvald-

the metal content of bacterially isolated AMT1 is the
physiological metal ion content. Further studies to support
the physiological presence of Zn(ll) in AMT1 and ACE1 in
yeast are presented in this report.

The CuZn; complex of AMT1 may consist of a tetra-
copper cage cluster and a distinct Zn(ll) site. The ability of
AMT1 to bind DNA was shown to be dependent on
population of the Cu(l) sites but not the zZn(ll) site (Thor-

sen et al.,, 1994). ACE1l was expressed as a 141 residue
polypeptide from a pET3d expression plasmid as described
previously (Dameron et al., 1991). Mutant AMT1 and ACE1
molecules were expressediischerichia colBL21 (pLysS)

cells after induction with 0.4 mM isopropyd-b-thioglacto-
pyranoside (IPTG) of cells at Qgnm0.5. Following a 30

min induction CuS@was added to a final concentration of

1 mM. The Zn(ll) concentration in the medium wag®I.

valdsen et al., 1994). Formation of the polycopper center After a 3 h incubation, cells were harvested by centrifugation

in AMT1 stabilizes a tertiary fold that is competent to bind
DNA (Thorvaldsen et al., 1994).

Limited information exists on the DNA binding sites for
AMT1, yet multiple analyses of the ACE1 DNA binding
sites have been reported (Buchman et al., 1990; Dobi et al.
1995). The interaction of ACE1 with its DNA binding site

and washed in 0.25 M sucrose. The final cell pellet was
resuspended in lysis buffer (10 mM sodium phosphate, 0.1
M KCl, 0.1% 3-mercaptoethanol, pH 7.8) and stored-a10

°C. Thawed cells were disrupted by sonication and the

,extract was clarified. Remaining AMTL1 protein in the pellet

fraction was further extracted by sonication in the presence
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of 5 mg/mL protamine sulfate and centrifuged. The initial
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Cu(l) complexes with AMT1 and ACE1l peptides were

supernatant and the protamine-extracted supernatant werg@repared anaerobically using Cu(Bcetonitrile, and the

pooled and further extracted with protamine (1 mg of
protamine per 5 mg of total protein).

AMT1 and ACEZ1 proteins were purified from cell extracts
by carboxymethyl-cellulose chromatography. All buffers
contained 4 mM DTT to minimize adventitiously bound

samples were monitored for emission. Luminescence mea-
surements were made on a Perkin-Elmer 650-10S fluorimeter
with excitation at 300 nm.'*3Cd NMR spectroscopy was
performed on a Unity 500 Varian spectrometer operating in
the Fourier transform mode at 110.89 MHz. Spectra were

copper ions and to keep copper ions reduced. The proteinsgecorded on 43Cd sample containing 3 mg of polypeptide

were eluted with a linear gradient of 6:0.4 M KCl in 10
mM sodium phosphate and 4 mM DTT, pH 7.8. AMT1-

and °H,0O as a field lock. The heteronuclear multiple-
quantum coherence (HMQC) spectrum was recorded using

and ACE1-containing fractions were pooled and concentratedthe standard HMQC pulse sequence with solvent presatu-
by YM3 ultrafiltration. The sample was equilibrated in 50 ration (Bax et al., 1983; Bax & Subramanian, 1986).

mM HEPES and 4 mM DTT, pH 7.8, and subsequently  Gel Shift Gel shift analyses were performed using whole
chromatographed on MonoS (Pharmacia-LKB) using a linear cell extracts fronE. coli BL21 cells expressing normal and
gradient from 0 to 0.75 M KCIl in the equilibration buffer. mutant forms of the metal-binding domain of the AMT1
Spectral measurements were made on mutant proteinsprotein. Cells induced with IPTG as described above were
immediately after purification as slow, apparent autolysis harvested, washed with 0.25 M sucrose, and suspended in
occurs in AMT1 samples upon storage. This autolysis results 10 mM sodium phosphate and 4 mM DTT at pH 7.8 for
in cleavage of a limited number of peptide bonds in AMT1 |ysis by sonication. The lysate was subsequently clarified
in both the Zn and Cu modules (data not shown). The py centrifugation, and the supernatant was quantified for
cleavage results in reduced DNA affinity, but not diminished protein by the method of Bradford et al. (1976). Total
metal content. To avoid problems arising from this time- protein and induction levels of normal and mutant AMT1
dependent peptide bond cleavage, extracts were used aproteins were confirmed by SDS gel electrophoresis.
source of mutant AMT1 proteins for gel shift analyses rather Oligonucleotides spanning the AMT1 binding site of the

than purified proteins. i AMT1gene (Thorvaldsen et al., 1994) were synthesized with
Peptide Synthesis Peptides corresponding to the N- 5, AB| 380B DNA synthesizer. The oligonucleotides and
terminal 42 residues of AMT1 and ACE1 were synthesized ge| shift conditions were described previously (Thorvaldsen
by standard Fmoc chemistry on an ABI 431A instrument. et 5 1994). The protein:DNA incubations included 0.01%
Only one predominant product was recovered after cleavagengnidet P40, 3Qug/mL poly(di-dC), 65 mM KCI, 10 mM

of each peptide and purification was accomplished by C  5nine albumin, 0.25 mM Mggland 4 mM DTT and 0.5
reverse-phase HPLC on preparative and semipreparativeﬂg of protein.

columns. AMT1-42 and ACE1-42 peptides eluted at 35%
and 38% acetonitrile, respectively, ongdeverse phase
HPLC. Electrospray MS of the purified peptide was used
to verify the correctness of the sequence. The peptide was We previously reported that purification of the N-terminal
quantified by amino acid analysis and thiol titrations with 110 residue AMT1 polypeptide from bacteria after expression
dithiodipyridine. of a synthetic AMT1 gene resulted in the isolation of a
Chemical AnalysesMetal analysis was performed on a uniform species containing 4 Cu(l) ions and a single Zn(ll)
Perkin-Elmer 305A spectrometer. Protein was quantified by ion (Thorvaldsen et al., 1994). The single Zn(ll) ion in
amino acid analysis after hydrolysis in 5.7 N HCI containing AMT1 persisted in cultures grown in the presence of 1.4
0.1% phenoln vacuoat 110°C with analysis performed on MM CuSQ and was not displaced by added Cug)vitro.
a Beckman 6300 analyzer. Using the same purification protocol the 122-residue ACE1
Electrospray mass spectrometry was performed on a Fisongolypeptide was also purified as a Cu,Zn-protein. The mean
Instruments Trio 2000 mass spectrometer (VG Biotech., Cu and Zn content of the isolated ACE1 complex was 4.5
Cheshire U.K.) under the following conditions: probe mol equiv of Cu(l) and 1.1 mol equiv of Zn(ll) (two
potential, 2.3 kV; counter electrode potential, 0.25 kV; and independent isolates).
sampling cone potential, 46 V. The instrument was scanned As part of our efforts to determine any physiological role
from m/z700 to 1700 at a rate of 10 s per scan, ane-29 of the bound Zn(ll) in AMT1 and ACE1, we set out to
scans were summed to obtain each spectrum. The AMTLlidentify the Zn(ll) ligands in AMT1. AMT1 was the
samples were analyzed in 10 mM Tris-HCI, pH 7, or in preferred target as the expression of the N-terminal half of
samples diluted to 1% glacial acetic acid. The solutions were AMT1 in E. coli exceeded that of the N-terminal half of
infused into the mass spectrometer at a rate-66 4L/min ACE1. Our previous biophysical work on the 110-residue
using a Harvard syringe pump. Other experimental details AMT1 fragment indicated that Zn(ll) was coordinated by
are described previously (Thorvaldsen et al., 1994). 3—4 sulfur atoms and that the ability of AMT1 to form a

RESULTS

Zn-free CUAMT1 complexes were prepared by acidifica-
tion to pH 4 followed by gel filtration on Sephadex G-25 at
pH 4. Co(ll) reconstitution of Zn-depleted AMT1 was
carried out anaerobically by mixing Zn-free CUAMT1 mutant
proteins with a predetermined molar equivalency of Co(ll)
followed by neutralization to pH 7.

SpectroscopyOptical absorption spectroscopy was carried

specific complex with DNA was independent of occupancy
of the Zn(ll) site (Thorvaldsen et al., 1994). The strategy
was to mutagenize cysteinyl codons in AMT1 to determine
whether a particular mutation altered the bound Zn(ll) content
or affected DNA binding. The codons mutagenized are
shown in Figure 1. Ten of the eleven cysteines in the 110-
residue AMT1 fragment exist as pairs of cysteinyl residues

out on a Beckman DU-65 recording spectrophotometer. Co- separated by one or two other residues. Our ligand mapping

(IN-containing AMT1 samples were scanned anaerobically.

strategy was to mutate the first cysteinyl codon of each CxC
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ACE1 MVVINGVKYACETCIRG@RAAQCT@EDGPLQMIRRKGRPSTT

...........
............................

AMT1 ' MVVINGVKYAG DS&IKS@KAAQ%E?NDRPLKILKPRGRPPTT

11 23 25

77
ACE1 CGHCKELRRTKNFNPSGGCMCAS ~AR~- RPAVGSK EDE— -——-

..........

AMT1 CDHCKDMRKTKNVNP SGSCNC SKLEKIRQEKGIT IEEDMLMS

43 61

78
ACEl =--- TRCRC‘DEGE PCKCHTKRKS SRKS

AMT1 GNMDMC LCVRGE PCRCHARRKRTQK S

90 98

Ficure 1. Sequence comparison of the N-terminal DNA binding segements of AMT1 and ACEL. Arrows specify the codons mutated in

AMTL. The conserved cysteinyl codons are shaded and the two conserved histydyl residues, one of which is the fourth Zn(ll) ligand, are
encircled.

or CxxC pair. The assumption was that CxC or CxxC A
sequence motifs in AMT1 would provide pairs of sulfur

atoms for ligation of the same metal ion or different metal

ions within a single cluster. In the superfamily of Zn module

proteins CxC and CxxC pairs typically coordinate the same

metal ion (Blake & Summers, 1994), whereas such cysteine

pairs can coordinate different metals within a single cluster

as in metallothionein (Robbins et al., 1991). A common

Cx1-,C structural motif in metal-binding proteins is a half- INDUCTION

-+ 4+ 4+ + + + + o+

turn with two sulfur atoms in van der Waals contact and the - - > 0 O O O B O

turn stabilized by a backbone amigsulfur hydrogen bond PROTEIN 55 -8 823255 3
y ydrog

< < O O T O O o ©o

(Blake & Summers, 1994).

Cysteinyl codons in AMT1 were mutatated to seryl
codons, except Cysll was mutated to a tyrosine which
mimics the originabcel-1mutation (Buchman et al., 1989).
Besides the CxC pairs, Cys23 and His25 codons were
mutated to seryl codons. Mutations were made in the
synthetic gene for AMT1 encoding the N-terminal 110
residues. The desired mutations were confirmed by nucle-
otide sequencing. Muta#tMT1genes were cloned into pET
vectors for expression ifE. coli. Each mutant AMT1
molecule was expressed to similar levels as judged by a

stained SDSpolyacrylamide electrophoresis gel (Figure INDUCTION - -+ + + + + + + 4+
2A). CCzg2828%
: i g . . PROTEIN =SS r-raa Yo 2]

The first prediction was that mutations in codons of TT0O0IT 0000

residues important for Zn(ll) coordination should not mark- Ficure 2: Bacterial expression and DNA binding properties of
edly affect DNA binding. Extracts dt. coli cells containing AMT1 mutants. Panel A shows the Comassie stained polypeptides
PET vectors with mutated AMT1 genes were tested for DNA :2 ?ﬁgac;[zs%E'cg(jrl(i)eé?r:s:ienr?c\g%-?;ﬁ (SrirTjUtgtri]ct) r?MTLle P;(r)rtce)ws
binding by the gel retardation assay (Figure 2B). A AMT1 specmgs the position of the AMT1 polypepzdes Panel B is gel
DNA complex was observed for C11Y, C23S, and H25S it analyses of the same extracts using an AMT1-specific DNA
mutants, but not for the C43S, C61S, C90S, and C98S duplex as the radiolabeled probe.
mutants. A faint indication of a complex was observed with
C90S. This experiment demonstrates that mutations atCu and Zn content (Table 1). Chemical analyses revealed a
codons 43, 61, 90, and 98 result in reduced DNA affinity. normal Zn content for all mutants except for low values with
No attempt was made to compare the DNA affinity of C11Y, C23S and H25S molecules and high Zn levels in the C90S
C23S, and H25S molecules with wild-type AMTL1. mutant. The copper content was slightly reduced for the
The second prediction was that mutations in codons of C23S and C61S mutants and elevated for the H25S mutant.
residues important for Zn(ll) binding should destabilize Zn-  Electrospray mass spectrometry was used to verify the
(I binding and may result in reduced Zn(ll) binding. metal stoichiometry of the mutant AMT1 complexes (Table
Furthermore, mutations in Cu(l) ligand codons may affect 1). Since we cannot discriminate the masses of Zn and Cu
formation of tetracopper center but may not alter Zn binding by this technique, we can only assess the number of metal
if Zn(Il) is bound within a discreet domain. Mutant AMT1 ions bound from the mass of the complex. We showed
molecules were purified to homogeneity and analyzed for previously that a M5 species was the dominant species at
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Table 1: Metal Binding Stoichiometries of Mutant Forms of AMT1 300
Cu:protein  Zn:protein metallated species

protein  (mol equiv) (mol equiv) by MS at pH 4 250k
wild-typer  4.24£02 1.2+02 (=8) M4
c11y 43+04 10+01 (=6) M4
C23s 3404 03+01 (=2 —~ 2007
H25S 55+£0.2 05+01 (=4 ‘€
C43s 45:03 12+01 (=2) M4 = 150
C61S 31+05 1.0+01 @=23) M4 =3
C90S 41+01 25+01 (=2 M4
C98s 3.9-04 1.25+£02 (n=4) M4 100 o e

aData of wild-type AMTL1 is from Thorvaldsen et al. (1994). The .
n value specifies the number of independent isolates analyzed and 50— ”i& )
standard deviations are shown. hﬁ .

. ) 0 T T T T T hw“ﬁ""‘"";

pH 7, but at pH 4 an M4 species was dominant (Thorvaldsen 500 550 600 650 700 750 800

et al., 1994). Chemical analyses revealed that Zn(ll) was Wavelength (nm)

dissociated at pH 4 leaving the tetracopper complex intact FIGURE 3: Electronic spectra of Co(ll) complexes of AMT1 and

two AMT1 mutants. The spectrum of @@WAMTL1 is shown as
(Thorvaldsen et al., 1994). Mass spectrometry of the the the solid line. The sample was prepared by the addition of 1.2 mol

C11Y protein at pH 7 showed only a M4 species, and this gquiy of Co(ll) to Zn-free CYAMTL. Spectra are shown of the
species was also evident at pH 4. At pH 7 the C43S mutant corresponding mutant GBWAMT1 complexes with substitutions
AMT1 complex revealed not only major M5 complexes but at codons 11 (dotted line) and 61 (dashed line).

also low amounts of a species whose mass was consistent

with a M6 complex. For unknown technical reasons we were single peaks off ¢z reverse-phase HPLC. Electrospray mass
unable to obtain mass spectrometry data at pH 7 on thespectrometry of the purified peptides revealed masses of
remaining mutant proteins. The-€S mutations may alter 4675.5 amu and 4656.2 amu for AM¥42 and ACEL

the protein to impede ionization. However, the M4 complex 42, respectively. The expected masses of each peptide are
was the major species observed at pH 4 for C43S, C61S,4676.5 and 4657.5, respectively.

C90S, and C98S mutant AMT1 molecules. We were unable  The AMT1-42 and ACE+42 peptides were found to

to obtain mass data for C23S and H25S mutant moleculesping a single Zn(Il) or Cd(ll) ion. Titration of ACE242

at pH 4. (Figure 4A) and AMTH42 (Figure 4B) with increasing

The existence of only a M4 species at pH 7 for the C11Y quantities of Cd(Il) revealed maximal intensity of-€£d
protein may indicate that the single Zn(ll) ion bound to C11Y charge transfer transition in the ultraviolet at 1 mol equiv.
AMT1 may be bound with reduced affinity or in an altered There was no change in the spectra of each peptide with 2
site. To determine whether the C11Y mutation altered the mol equiv of Cd(ll). Reconstitution of each peptide with
Zn(Il) coordination site, the bound Zn(ll) in the C11Y mutant excess Zn(ll) followed by gel filtration resulted in the
AMT1 was replaced with a Co(ll) ion to permit electronic recovery of the AMT+42 and ACE+42 peptides with 1.1
spectroscopy of Co(ll) complexes. Substitution of Co(ll) and 0.8 mol equiv of Zn(ll) bound, respectively. Titrations
for the Zn(Il) in C11Y revealed a marked blue-shift in the of each peptide with Cu(l) stabilized as the-€acetonitrile
spectrum and loss of the 740 nm transition in the d-d band complex and monitoring the samples for luminescence
which is consistent with loss of a sulfur ligand (Figure 3). revealed maximal emission in each case with a 1:1 complex
For comparison, the electronic spectrum of the intaci-Co  of Cu(l) and the peptide (data not shown). Although Cu(l)
CwAMT1 complex is shown in Figure 3. can bind to the isolated AMT142 domain peptide, no Cu-

If Zn(Il) liganding atoms are provided by Cys11, Cys14, (I) binding was observed in this domain as part of the intact
Cys23, and His25 and Cu(l) liganding atoms from the AMT1 protein (Thorvaldsen et al., 1994).
remaining cysteinyl residues, one prediction was that the d-d  Electronic spectroscopy was carried out on Co(ll) com-
electronic transition envelope would be unaffected in mutant plexes of AMT+42 and ACE+42 (Figure 5). The d-d
AMT1 molecules with substitutions in the tetracopper transition evelope of AMT+42 was similar to that of wild-
ligands. Substitution of Co(ll) for Zn(ll) in C61S mutant type, intact AMT1 in terms of energy of the particular
AMT1 followed by electronic spectroscopy revealed a d-d transitions (Figure 5A). A clear 740 nm transition was seen
transition envelope similar to that of the wild-type AMT1  in both CoAMT1-42 and Co,CyAMT1 (compare Figure
protein (Figure 3). 3A and 5A). The similar energy profile of the d-d transitions

The results are consistent with Cys11, Cys23, and His25is suggestive of similar coordination environments in both
serving as Zn(ll) ligands. Since Cysll exists as a CxxC complexes. However, the extinction coefficients of the d-d
seguence, the expectation is that Cys14 would be the fourthbands in the CoAMT%42 peptide complex were higher than
ligand. To test this prediction, we synthesized 42-residue those in the intact protein. These extinction differences may
polypeptides corresponding to residues4? of wild-type arise from an influence of the copper module on the
AMT1 and ACE1 by solid-state peptide synthesis using electronic spectra of bound Co(ll). The spectrum of the
Fmoc chemistry. The rationale for the synthesis was to Co(ll) complex of ACEX-42 was similar to that of
determine whether the 42-residue AMT1 peptide would bind Co-AMT1—-42 (Figure 5A). In each Co(lfjpeptide com-
metals with similar properties as intact AMT1 and whether plex, two S~Co charge transfer bands were observed at 310
similar coordination properties were exhibited by the ACE1 and 334 nm, with extinction coefficients of 2910 and 2788,
peptide. Synthetic AMT+42 and ACE+42 eluted as  respectively (Figure 5B). These-$Co charge transfer bands
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Wavelength (nm) Ficure 5: Electronic spectra of Co(ll) complexes of AMF#2
FIGURE 4: Absorption spectra of ACE1-42 (panel A) and AMT1- and ACE1-42. Peptides (300 nmol) were mixed anaerobically with
42 (panel B) peptides in the presence and absence of Cd(ll). 1.1 mol equiv of Co(ll) and the pH was adjusted to 7.4 with Tris.
Apopeptides were mixed with 0, 1, and 2 mol equiv of Cd(ll) and Panel A shows the d-d envelope in the visible region and panel B
neutralized to pH 7.4 prior to recording of the absorption spectra. i the near UV region where the—&Co charge transfer bands
The spectra of the samples with 2 mol equiv of Cd(ll) were Predominate.
superimposable with spectra of samples with 1 mol equiv of Cd-
(. coordination may occur at thed\atom lone electron pair.
From this information we cannot discern whether His18 or
are obscured in GICWAMT1 by S—Cu charge transfer  His25 provides the coordinating nitrogen.
bands. The results are suggestive that ACE1 and AMT1 consist
The mentioned results on H25S mutant AMT1 may imply of an N-terminal Zn(Il) module followed by a tetracopper
that either the imidazole of His25 serves as a Zn(ll) ligand module. The existence of Zn(ll) in ACE1 and AMT1 is
or it is structurally important in stabilizing the Zn(ll) site. based largely on work with bacterially expressed proteins.
The AMTL1 sequence in the region of His 25 isgEHND,. To address whether ACE1 contains a bound Zn(ll) in Cu-
If His25 was not a ligand, likely candidates for the fourth treated yeast, we attempted to purify ACE1 from yeast after
ligand are His18 or Asp27. To discriminate between an overexpression of an affinity-tagged ACE1 molecule. We
imidazole or carboxylate as a ligand NMR was carried out were unsuccessful in obtaining adequate quantities for
on a 1"CdAMT1-42 complex (Figure 6A). A single physical measurements. A second strategy to demonstrate
resonance was observed at 669 ppm, which is within the that the N-terminal module in Cu-activated ACE1 contains
range expected for Cd(ll) coordinated by 4 S-donor ligands a bound Zn(ll) was to mutagenize the entk€E1gene to
or 3 S-donors and a single N-donor (South et al., 1989). create Cys>Asp substitutions at codons 11 and 23. The
113Cd NMR was attempted of the intact 110-residue AMT1 carboxylate of aspartate is a common Zn(ll) ligand, whereas
as al'**Cd;,CwAMT1 complex, but no signal was observed it would be an unfavorable Cu(l) ligand. Thus, the rationale
under similar conditions. However, the proton spectrum was of our strategy is that if a particular cysteine is a Zn(ll)
significantly broader than the proton spectrum of the ligand, then a Cys-Asp substitution may retain function
113CdAMT1-42 complex, a situation that may have led to whereas Cys-Ser or Cys->Tyr substitutions would inactive
113Cd line broadening in the intact protein. ACEL1. In contrast, if a particular Cys was a Cu(l) ligand,
The identity of the fourth coordinated ligand was deter- a Cys—Asp substitution would be expected to be equivalent
mined unambiguously usirigi—*3Cd heteronuclear multiple- to a Cys~>Ser substitution and result in a nonfunctional
quantum coherence (HMQC) spectroscopy (Figure 6B). In molecule. It is already known that Cys11l and Cys23 are
the HMQC experiment the only signals observed are thosecritical for in vivo function of ACE1 (Hu et al., 1990).
protons that are scalar coupledtéCd. Correlation signals ~ Substitution resulting in CysttTyr or Cysli>Ser and
were observed in the aliphatic regions consistent with Cys23—Ser inactivate ACE1 (Hu et al., 1990).
Cys({3) protons. In addition, correlation signals were ob-  We engineered CysAsp substitutions at codons 12 and
served for the two His ring protons (7.3 ppm fof &hd 7.1 23 as well as the nonfunctional Cy3yr and Cys—>Ser
ppm for H). This provided clear indication that a His substitutions at codons 11 and 23, respectively. The mutant
imidazole is coordinated t83Cd(ll). As the H imidazole ACEL1 molecules were tested in DTY23 yeast cells which
signal is of greater intensity than the dignal, the!'*Cd harbors a nonfunctional ACE1 (thacel-1 mutation in
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Ficure 6: 113Cd and heteronuclear multiple quantum coherence NMR @A®IT1—42. The AMT1-42 peptide (3.2 mg) was mixed with

1 mol equiv.1*Cd(Il) and neutralized to pH 7. The sample was concentrated by ultrafiltration on an Amicon YC 05 membrane. For the
113Cd readout in panel A the chemical shift is relative to 1 M Cd(§JOThe number of transients was 57 000. Samples cont&iigd

as a field lock. Parameters used included a spectral width of 22.2 kHz, an acquisition time of 0.8 s, and a pulse widt 40 6 line
broadening was applied for spectral enhancement. Heteronuclear multiple-quantum coherencelMRMRANIT1—42 is shown in panel

B. The one-dimensiondH—113Cd multiple quantum filtered proton NMR spectrum was acquired using a standard HMQC pulse sequence
(Bax et al., 1986). The 1/(2J) delay was set at 8.3 ms. The H2 and H4 ring protons of His appear at 7.3 and 7.1 ppm, respectively.

SC SC + compromised in growth relative to cells with the wild-type
60 uM Cu(II) ACEL1, yet the limited growth is consistent with Cys11 being

a Zn(ll) ligandin vivo. This result provide@ vivo support
for the N-terminal domain of ACE1 and, therefore, AMT1

YCplac33 serving as a conserved Zn(ll) module. The Cys23Asp
YCpACE1 ¥ ® O = substitution failed to support growth of DTY23 cells as is
= ; the case of the Cys23Ser mutation. The lack of growth with
YCpC11Y : e Asp at codon 23 must indicate the essential nature of cysteine
at that sequence position.
YCpC11D
DISCUSSION
YCpC23D Previous studies demonstrated that the N-terminal half of

FIGURE 7: Copper tolerance ofACE1l mutants. ACE1 with the A|CE1 ".’md 'éMLj' po'é/pep?de:. fom; SpeCIfICI DJI\.IS'BA\SS‘
mutations at codons 11 or 23 were expressed in DTY23 yeast cellscomplexes in a Cu-dependent fashion (Furst et al., '

lacking a functional ACE1. The mutant genes were present on a Buchman et al., 1989; Thorvaldsen et al., 1994). We
centromere-based plasmid and cells harboring the mutants listeddemonstrated that the 110-residue N-terminal fragment of

or the control plasmid (YCplac33) were plated on synthetic AMT1 bound 4 Cu(l) ions and a single Zn(ll) ion (Thor-
complete medium in the presence or absence giM0CUSQ, valdsen et al., 1994). The single Zn(ll) ion is shown here
DTY23is Cys11=Tyr). A functional ACEL is essential for to be coordinated within the N-terminal 42 residues in
the expression ofCUP1 encoding metallothionein. The AMT1. The 122-residue N-terminal fragment of ACEL1 also
expression of metallothionein allows cells to propagate in exists as a G4ZnACE1 complex. Since ACE1 and AMT1

medium containing copper salts. exhibit 64% sequence identity in their N-terminal sequences,
Cells harboring the wild-typACEl1gene on a YCp vector we expect ACEL to exhibit a N-terminal Zn site. The
were able to grow in medium containing 60 Cu(ll), prediction is then that AMT1 and ACE1 consist of two

whereas transformants containing the control plasmid YC- contiguous modules, residues42 forming an independent
plac33 were growth arrested (Figure 7). As expected, the Zn(ll) module and residues 4310 enfolding a tetracopper
Cys11Tyr substitution ilACE1failed to support growth of  cluster. The basis for this conclusion that the Zn(ll) site is
cells in Cu-containing medium. The Cys11Asp substitution localized within N-terminal 42 residues of each protein is
did result in a partially functional ACE1 molecule in that summarized below.

cells were capable of limited growth in medium containing  The first prediction was that mutations within Zn(ll) ligand
60uM CuSQ,. Cells harboring the Cys11Asp mutation were codons would not alter the DNA binding activity of AMTL1.
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We previously demonstrated that Zn-free AMT1 bound its a “rubredoxin knuckle” with NH-S hydrogen bonding of
cognate DNA site with nearly equal affinity as the £n;- backbone amide protons and sulfur atoms (Blake & Summer,
AMT1 complex (Thorvaldsen et al., 1994). Therefore, 1994). These NHS hydrogen bonds appear to stabilize a
mutations in AMT1 that reduced Zn(ll) affinity would be tight turn conformation. The presence of Zn(ll) in an
predicted to bind DNA, whereas mutations that disrupted independently folded domain may explain the lack of
the Cu(l) cluster may be expected to compromise DNA observed CuZn backscattering in Zn EXAFS.
binding activity. Mutations of C11, C23, and H25 codons  The single Zn(ll) ion within the conserved Zn structural
of AMT1 did not reduce binding, whereas the other four module exhibits $\; coordination. There are two conserved
mutations attenuated DNA binding. histidyl residues in the N-terminal segments of AMT1 and
The second prediction was that Zn ligand mutations should ACE1, i.e., His18 and His25. His25 may be the candidate
reduce the bound Zn content or create a more labile Zn Site.Zn ||gand as Zn module proteins typ|ca||y contain coordinat-
This was observed with C11Y, C23S, and H25S mutants. ing ligands separated by-3 intervening residues. If His18
The C11Y mutant protein bound 1 mol equiv of Zn(ll), but \ere the fourth ligand there would be a four residue spacing
occupancy of the Zn site in the mutant protein was eliminated petween His18 and Cys23. We predict that conserved Zn

by electrospray ionization. Zn(ll) populates the site in the
wild-type protein after ionization suggesting that the C11Y
mutation reduced Zn(ll) site affinity. The single Zn(ll) in
the C11Y mutant may be stabilized by the adjacent aspartyl
residue or perhaps the tyrosyl residue itself may provide a
liganding oxygen. It is clear that metal binding in mutant
AMT1 molecules is complex. For example, the His25Ser
AMT1 had a reduced Zn(ll) content but elevated copper
content. Likewise, the Cys90Ser mutant AMT1 had elevated
levels of bound Zn(ll).

The third line of evidence that the N-terminal segment of
AMT1 formed the Zn(ll) site was that substitution of Co(ll)
for the bound Zn(ll) ion in the C11Y mutant AMT1, but
not the C61S mutant AMT1 molecule, blue-shifted the
envelope of d-d transitions seen in the wild-type,Cai-
AMT1 complex. The C11Y substitution would be expected
to blue-shift the d-d transitions envelope if the Cys11 thiolate
was a ligand and if the substitution removed a thiolate ligand.

The evidence supports a model of AMT1 and ACEL1 in
which the N-terminal 42 residues enfolds a Zn(ll) site and
residues 43110 form the tetracopper center. It is likely
that the N-terminal domain is occupied by Zn(ll) in Cu-
activated yeast based on the partial function of the Cys11Asp
mutant ACEL1.

To confirm that the N-terminal segment of ACE1 and
AMT1 existed as a conserved Zn module, we showed that
whereas a Cys11Tyr or Cysl11Ser mutation abolisheto
function of ACE1, a Cysl1lAsp substitution maintained

module will be a CCCH module with ligand spacing of G-X
C-Xg-C-X-H. Multidimensional NMR in progress will
provide unambiguous verification whether His18 or His25
is the liganding imidazole.

The first 42 residues of ACE1 and AMT1 are homologous
to two other transcription factors i8. cereisiag MAC1
(Jungmann et al., 1993) and a 694-residue ACE1-like ORF
identified from the yeast sequencing project (Figure 8).
Homologous molecules are also foundviarrowia lipolytica
and Schizosaccharomyces pomfigigure 8). The other
homologue for which functional information is available is
MAC1. MACL1 is required for basal expression BRE1
andCTR1(Jungmann et al., 1993; Hassett & Kosman, 1995).
The implication of the sequence homology is that MAC1,
like ACE1 and AMT1, will contain an N-terminal, conserved
Zn module. We have shown that the Lpz8p ORF fr&m
cerevisiaeis an expressed gene and are currently investigat-
ing its in vivo function.

The sequence similarity between ACE1 and the other five
molecules shown in Figure 8 is most pronounced within the
N-terminal 40 residues. The homology between ACEL,
MAC1, and theS. pomb@®RF (AC31a2) is confined to only
the N-terminal 40 residues. The sequence homologies do
not aid in addressing which histidine is the fourth Zn(ll)
ligand as both His18 and His23 are conserved in the six
sequences (Figure 8).

If AMT1 and ACEL1 contain a conserved Zn module, the

partial function of the ACE1 transcription factor. A Cys11Asp duestion arises as to the function of the module in these
substitution would be expected to be a nonfunctional transcription factors. ACEL appears to be distinct from
substitution if Cys1l was a Cu(l) ligand but may be AMTL1inone regard. Whereas mutations in the Zn module
permissible as a Zn(ll) ligand. This result is suggestive that of AMT1 do not dramatically alter DNA binding, mutations
Cu-activated ACE1 contains a bound Zn(ll) ion within the in the corresponding codons in ACE1 do affect DNA
N-terminal module. binding. The originalacel-1mutant protein contained a

It appears that the N-terminal 42 residues in AMT1 form Cl1y SUbStitUtion, and DNA blndlng afflnlty was reduced
an independently folded module as the synthetic 42-mer nearly 10-fold (Buchman et al., 1990). CuACE1 modified
formed a Co(ll) complex with electronic properties similar With iodoacetate in which Cys11, Cysl14, and Cys23 were
to those of the intact 110-mer. The corresponding peptide >~90% alkylated showed impaired DNA binding by 10-fold
from ACEL, likewise, forms a stable Zn(ll) complex. The compared to unmodified CUACE1 (Dobi et al., 1995).
Zn(”) Comp|ex of the AMT 142 pep“de appears folded on Although thein vitro DNA blndlng afflnlty was reduced
the basis of circular dichroism, but prediction of secondary hearly 10-fold, then vivo function ofacel-1lwas abolished
structure is not feasible as significant differences are observed(Thiele, 1988; Buchman et al., 1990). Likewise, ACE1
in ellipticities of Zn(ll) and Cd(ll) complexes of AMT lackedin vivo function when Cys>Ser substitutions were
42 (data not shown). Although the differences may arise Present at any position other than Cys105, which is not a
from structural differences, it is more likely that differences conserved cysteinyl residue between ACE1 and AMT1 (Hu
arise from chirality of the metal centers. et al., 1990).

The Zn module in AMT1 appears to be an independently
folded domain. The presence of the;X-X-Cy4 motif as 1G. N. George, R. A. Farrell, and D. R. Winge, unpublished
with other Zn-binding CxxC sequence motifs may fold into observation.




Conserved Zn Module in AMT1 Biochemistry, Vol. 35, No. 5, 19961579

ACEl Sc
AMT1 Cg

CITHTDGPLQMIRRKGR:
IDSC JFHNDRPLKILKPRGR;
CRF1 Y1 |MVVIEGIKYAQERC CITHTQQPLIRIKPKC
Lpz8p Sc [MVLINGIKYACERCIRGHRVTTCNHTDQPLMMIKPKG
AC31a2 Sp [MVVINNVKMACOMKOIRGHRSSTCKHNDRELFPIRPKGRY
MAC1  Sc [MIIFNGNKYACASCIRGHRSSTICRHSHRMLIKVRTRGRH
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FIGURE 8: Sequence conservation of the Zn module in distinct molecules. The sequences of the Zn module of ACE1 and AMT1 are
aligned with the corresponding sequences of MAC1 and three homologs identified in DNA sequencing projects. CRF1 is the ACE1-like
molecule fromYarrowia lipolytica Lpz8z is the designation of a ACE1-like ORF from chromosome 16.dfereisiae and AC31a2 is

a MAC1-like ORF fromS. pombe The filled ovals designate positions of cysteinyl residues.

Footprint analysis of the mutamicel-1protein and the  the Zn module in AMT1 may not function in DNA binding
aklyated CuACE1 complex revealed a restricted set of unlike the situation in ACE1.

proteinr—DNA contacts (Buchm_an et al., 1990; Dobi et al., The Zn module may have multiple functions. In ACE1
1995). In each case, fche protein protec;ed only half the UAS p A binding appears to be important. In ACEL and AMTL,
i'éeffrl?jm methylatthn interferen dC(ta’ an_:j d": the gaiaggi'l the Zn module may also have a structural role. The contacts
-fo dm(f)re pro e'? ;:ompatre i 0 W'f -tzpe ut icted W".’}[S of ACE1 with the A/T-rich central segment occur within a
required or compiete protection of the restricted Sie g groove (Dobi et al., 1995). Although the segments

(Buchman et al., 1990). The base-specific contacts in the . . . }
distal segment of the ACE1 binding site were abolished with 2 ACE1 and AMT1 responsible for minor groove interac
tions are not known, both proteins contain a sequence

et a1, 1996), The minimal ACEL binding ste on BePL . 2diacent o the Zn(l) module (RGRP residues-36) that
UAS, was shown to be’SGCGTCTTTTCGCTGA 3 with is hgmologo_gs to a DNA minor groove bmdmg motif found
the 5 italic region designated as the distal segment (Dobi et N high mobility group (HMG) proteins (Geierstanger et al.,
al., 1995). Relatively weak interactions occur in the distal 1994; Johnson et al., 1989). The Zn modules in ACE1 and
segment compared to the strong interactions observed in theé"MT1 may be important in stabilizing a particular confor-
A/T-rich central segment and proximal region containing the Mation of that HMG-like sequence. Adjacent to the con-
conserved GCTG core sequence (Dobi et al., 1995). Theserved Zn module in MAC1 is the same RGRP sequence
Zn module in ACEL1 is ||ke|y responsib|e for the major found in ACE1 and AMT1. Since MACL1 is a known basal
groove contacts in the distal segment of the WABowever, transcription factor, these two structural regions in MAC1
the Zn module itself present as the AGE42 peptide in ~ may function in DNA binding as in ACEL1. The conservation
either a Zn(ll) or Cu(l) complex failed to form a specific of the Zn module in six molecules spanning four distinct
DNA complex with theCUP1 UAS, DNA duplex (data not  yeast strains suggests that the module may have a common
shown). function.

Whereas the Zn module in ACE1 makes specific DNA
base contacts, any contribution of the Zn module in AMT1 ACKNOWLEDGMENT
to DNA binding is less obvious (Thorvaldsen et al., 1995). ]
The DNA binding sites of AMT1 contain the same A/T- We th.ank Dr. R. Schackmann for carrying out the Fmoc
rich segment and conserved proximal GCTG sequence, butsynthesis of the 42 mer AMT1 peptide, Jay I|. Olsen for
no homology exists in the distal GCG sequence in which technical NMR assistance, and Dr. J. McCloskey for mass
major groove ACE1 contacts occur (Zhou et al., 1992). The spectrometry. We acknowledge support from the National
preliminary mapping studies of the AMT1 DNA binding site  Institutes of Health (5P30-CA 42014) to the Biotechnology
revealed base-specific contacts in the A/T-rich region and Core Facility for DNA synthesis and solid phase peptide
in the proximal GCTG region (Zhou et al., 1992). It is synthesis. Support is also acknowledged to the Utah
conceivable that the Zn module in AMT1 makes only limited Regional Cancer Center Grant 5P30 CA 42401 for support
phosphate backbone contacts on the DNA, or alternatively of the Electrospray Mass Spectrometry Core Facility.
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