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Rapid transcriptional autoactivation of the Candida glabrata AMTI1 copper metalloregulatory transcription
factor gene is essential for survival in the presence of high extracellular copper concentrations. Analysis of the
interactions between purified recombinant AMT1 protein and the AMTI promoter metal regulatory element
was carried out by a combination of missing-nucleoside analysis, ethylation interference, site-directed mu-
tagenesis, and quantitative in vitro DNA binding studies. The results of these experiments demonstrate that
monomeric AMT1 binds the metal regulatory element with very high affinity and utilizes critical contacts in
both the major and minor grooves. A single adenosine residue in the minor groove, conserved in all known yeast
Cu metalloregulatory transcription factor DNA binding sites, plays a critical role in both AMT1 DNA binding
in vitro and Cu-responsive AMTI gene transcription in vivo. Furthermore, a mutation in the AMT1 Cu-
activated DNA binding domain which converts a single arginine, found in a conserved minor groove binding
domain, to lysine markedly reduces AMT1 DNA binding affinity in vitro and results in a severe defect in the
ability of C. glabrata cells to mount a protective response against Cu toxicity.

The survival of all organisms under environmental stress is
dependent on the capacity to both sense stress signals and
mount the appropriate protective or adaptive response. In
many cases, environmental changes are monitored through
membrane-associated receptor molecules which transmit these
signals, via protein kinase cascades or other signalling path-
ways, to activate the transcription machinery on stress-respon-
sive target genes. The metal copper (Cu) poses a unique en-
vironmental stress, since Cu is both an essential and yet a toxic
cellular constituent. As a redox metal, Cu is utilized by a large
number of enzymes, such as Cu,Zn superoxide dismutase, lysyl
oxidase, cytochrome oxidase, and dopamine B-hydroxylase, as
a catalytic cofactor (34). Ironically, this same redox activity
allows Cu to undergo Haber-Weiss and Fenton-type chemistry
resulting in the production of cytotoxic reactive oxygen species
which cause direct protein oxidation, lipid peroxidation, and
cleavage of DNA and RNA (22, 23). Furthermore, as demon-
strated for the DNA binding activity of the estrogen receptor,
Cu may displace other metals such as zinc, thereby destroying
normal biological activity (38). Therefore, cellular Cu levels
must remain within homeostatic boundaries to allow sufficient
Cu to accumulate to drive essential biochemical reactions and
yet prevent the accumulation of Cu to cytotoxic levels.

In eukaryotic organisms, a major protective mechanism
against Cu toxicity is mediated by the transcriptional activation
of a family of genes encoding low-molecular-weight, cysteine-
rich metal-binding proteins known as metallothioneins (MTs).
This transcriptional activation involves cis-acting metal-re-
sponsive elements (MREs), found in multiple copies in MT
gene promoters, and metal-responsive transcription factors
(25, 37, 45). Although for higher eukaryotes the precise mech-
anisms whereby cells sense elevated levels of Cu are not well
understood, studies with yeast cells have demonstrated that the
same molecule both senses and responds to increases in envi-
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ronmental Cu levels to activate MT gene transcription (25, 37,
45). These molecules, designated Cu metalloregulatory tran-
scription factors (CuMRTFs), have been identified for the
baker’s yeast Saccharomyces cerevisiae (ACEI) and the oppor-
tunistic yeast Candida glabrata (AMT1), and their genes have
been cloned (10, 44, 51). The ACE1 and AMT1 proteins har-
bor an amino-terminal, cysteine-rich, positively charged DNA
binding domain which is activated by the binding of multiple
Cu(]) ions, via a cysteine thiolate polynuclear cluster, to bind
to MRE sequences in an inducible fashion. This Cu(I) coor-
dination, which is thought to occur cooperatively, provides the
thermodynamics to drive a conformational alteration in the
CuMRTF DNA binding domain, thereby activating sequence-
specific DNA binding (18, 19, 30). Purified yeast CuMRTFs
bind as monomers to MREs, which are unrelated in sequence
to the MREs found in higher eukaryotes (25, 45). Once bound,
CuMRTFs rapidly and potently activate target gene transcrip-
tion via a highly acidic carboxy-terminal transcriptional activa-
tion domain (29). To date, the known target genes for yeast
CuMRTFs include MTs and the gene encoding Cu,Zn super-
oxide dismutase (SODI) in S. cerevisiae (11, 19, 21, 44, 49).
Although most yeast MT gene promoters harbor multiple
MREs and are strongly activated in response to Cu, the S.
cerevisiae CRS5 gene, encoding an MT isoform, and the SOD1
gene harbor a single MRE and are only modestly transcrip-
tionally activated by CuACE1 (11, 21). The observation that
deletion of either the ACEI gene or the AMTI gene renders
yeast cells exquisitely sensitive to Cu toxicity underscores the
importance of CuMRTTFs in sensing elevations in Cu levels and
initiating the appropriate detoxification response (44, 49).
Unlike the S. cerevisiae ACEI gene, which is constitutively
expressed, the AMTI gene in C. glabrata is induced 15- to
20-fold in response to Cu via a transcriptional autoactivation
mechanism that requires AMT1 and a single MRE in the
AMTI promoter (52). AMT]I transcriptional autoactivation oc-
curs extremely rapidly and is followed by the transcriptional
activation of a family of C. glabrata MT genes including M7T-1,
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MT-Ila, and MT-IIb (49, 52). An AMTI allele defective in
transcriptional autoactivation results in reduced MT gene tran-
scription, lower steady-state levels of MT protein, and conse-
quently a reduced ability of C. glabrata cells to survive in the
presence of elevated Cu concentrations (52). Therefore, the
potent Cu-responsive AMT] gene autoactivation elicited by the
single AMT1 promoter MRE provides an excellent system to
analyze the details of CuMRTF-MRE interactions, in terms of
both protein-DNA interactions and the transcriptional and
biological consequences of mutations in AMT1 or the MRE.
Because of the essential and toxic nature of Cu, it is critical to
understand how cells respond to fluctuations in Cu levels to
maintain homeostatic control.

In this report, we have utilized several approaches to define
the nature of the molecular interactions between the AMT1
protein and the AMTI MRE. We demonstrate that AMT]1
makes critical MRE interactions in the major and minor
grooves and that a single nucleotide in the minor groove,
perfectly conserved in all known yeast MREs, is critical for
both DNA binding in vitro and AMT1 gene transcriptional
activation in vivo. Furthermore, an arginine residue in the
AMT1 Cu-activated DNA binding domain, embedded within a
region similar to other known minor groove binding motifs,
plays a critical role in high-affinity DNA binding in vitro and in
mounting a normal Cu detoxification response in vivo. Taken
together, these studies demonstrate that this unique class of
toxic-metal-sensing transcription factors utilizes important
contacts in both the major and minor grooves of the MRE for
transcriptional responses to elevated environmental copper
concentrations.

MATERIALS AND METHODS

Strains and growth conditions. Two previously described C. glabrata uracil-
auxotrophic strains, Q and an AMT1 disruption (amtI-1) strain (49), were used
in this study. Strains were grown at 30°C in rich medium (1% yeast extract, 2%
Bacto Peptone, 2% dextrose) (YPD) or synthetic complete medium lacking
uracil (SC-ura) for strains transformed with plasmids bearing the URA3 gene, as
previously described (3, 40). The Q strain was used as the recipient for episomal
plasmids bearing the wild-type or mutant AMTI-lacZ reporter genes. The amtl1-1
strain was the parental strain used for the integration of wild-type and mutant
full-length AMT1I genes at the ura3™ locus to generate isogenic strains by trans-
formation and homologous recombination (50). Copper induction of transcrip-
tion in the Q strain was initiated by the addition of 100 wM CuSO, to cells grown
to mid-logarithmic phase (optical density at 650 nm = 1.5 to 2.0) in SC-ura
medium. The Escherichia coli strain XL-1 blue was used for the construction and
maintenance of plasmids by standard techniques (3).

Plasmids. Because of the low level of AMT1 protein expressed from the
wild-type coding sequence in E. coli, a chimeric expression plasmid (pET-AF5)
having the first 115 codons of AMTI optimized for translation in E. coli (48)
fused to the natural AMTI codons 116 through 265 was constructed. The DNA
containing the synthetic amino-terminal 115 codons of AMT1I optimized for E.
coli was produced at Warner Lambert Parke-Davis (Ann Arbor, Mich.). To
construct an in-frame translational fusion to the wild-type carboxyl-terminal
coding sequence, an AfI1I site was engineered into the synthetic coding sequence
by PCR mutagenesis using the oligonucleotide 5'-GTGGATCCTTAAGTTGT
CTTT-3'. The PCR-amplified fragment containing the Af/II mutation was sub-
cloned into pBluescript SK+ (Stratagene, La Jolla, Calif.), and the presence of
the mutation with no other DNA sequence alterations was confirmed by dideoxy
sequencing. The 345-bp Ncol-Afill fragment was subsequently reconstituted with
the wild-type AMT1 carboxyl-terminal codons 116 to 265 in the vector pET-3d
(42) to generate the full-length AMT1 expression plasmid pET-AFS5.

To facilitate the study of interactions between recombinant AMT1 and the
AMTI promoter MRE, the plasmid pAMNE, containing nucleotides spanning
the region from position —253 to position —131 with respect to the transcrip-
tional start in the AMT] promoter, was made. pAMNE contains a 122-bp Ddel-
Sspl fragment, which was made blunt ended by using the Klenow fragment of
DNA polymerase I and subcloned into the EcoRV site of pBluescript SK+. To
aid the analysis of interactions between AMT1 and AMTI promoter fragments
harboring the mutations described in this paper, two oligonucleotides were
synthesized for the PCR amplification of the AMTI promoter region from po-
sition —252 to position —107. The oligonucleotides PCR-ABS-1 (5'-CGCGGA
TCCAGTGGCACT-3") and PCR-ABS-2 (5'-CGCGAATTCAACTACTTGCC
T-3") were used to PCR amplify this region from the plasmids pKTP-1G, pKTP-

AMT1 AUTOACTIVATION REQUIRES MINOR GROOVE INTERACTIONS 725

1A, and pKTP-1C (described below) and a plasmid bearing a deletion of the
16-adenosine tract, pBZ12-A16A (provided by Zhiwu Zhu). The PCR products
obtained were digested with BamHI and EcoRI and cloned into the correspond-
ing sites of pBluescript SK+. The resulting plasmids were designated pKTP-6G,
pKTP-6A, pKTP-6C, and pAAKD, respectively.

To analyze the effect of altering the base composition at position —195 in the
AMT]I promoter MRE on the ability of AMT1 to activate transcription from the
AMT]I promoter, site-directed mutagenesis was performed to mutate this posi-
tion to the three other nucleotides. The oligonucleotide 5'-TCATGATAAGCT
AANTTGGCTGACTTAAAAGTAGTGG-3" was used in conjunction with the
T7 primer to amplify 500-bp fragments containing all four possible bases at
position —195 of the AMTI promoter from the plasmid pBZ-12. The plasmid
pBZ-12 contains the 706-bp BgllI-Xhol fragment of the AMTI gene cloned into
the BamHI and Xhol sites of pBluescript SK+. The resultant PCR products were
digested with X#ol and cloned into the Xhol and EcoRV sites of pBluescript
SK+. The DNA sequence spanning the BspHI-to-Dral site was confirmed for
each mutant by dideoxy sequencing, and this fragment was subsequently isolated
and used to replace the equivalent AMT] promoter fragment in pBZ-12. The
plasmids containing the Bg/II-Xhol fragment of the AMT1 promoter with a G, A,
or C in place of the T at position —195 on the coding strand were designated
pKTP-1G, pKTP-1A, and pKTP-1C, respectively.

AMTI-lacZ fusion plasmids containing the wild-type or T-mutant AMTI pro-
moter and the first 38 codons of AMT1 fused in frame to the eight codon of the
E. coli lacZ gene were constructed by a strategy described previously (52). The
resultant AMTI-lacZ fusion plasmids having a pRS316 backbone were desig-
nated pKTP-8G, pKTP-8A, pKTP-8T, and pKTP-8C, which correspond to the G
mutant, A mutant, wild type, and C mutant, respectively.

The plasmid pAIRP2 was constructed for the production of an antisense RNA
probe for RNase protection analysis of AMTI-lacZ mRNA levels. The 214-bp
Rsal-to-Xhol fragment from the AMTI transcribed region was cloned into the
EcoRV and Xhol sites of pBluescript SK+ to produce pAIRP2. C. glabrata
URA3 mRNA levels, used as a control for the amount of RNA used in the RNase
protection analysis described below, were analyzed by using URA3 antisense
RNA generated from the plasmid pURP. The vector pURP contains the 254-bp
HinclI-Dral fragment of the C. glabrata URA3 (50) gene cloned into the HincIl
site of pBluescript SK+.

To assess the effects of the mutation of R-38 to K (R38K mutation) in AMT1
on in vitro DNA binding and in vivo copper resistance in the amtI-1 background,
plasmids pKTP-10R2K and pET-R2K were generated, respectively. To generate
the R38K mutation, the oligonucleotide AMT1-R2K 5'-CCAAGGGGAAAAC
CACCGACG-3' was used in conjunction with the T7 primer to PCR amplify a
110-bp fragment from the plasmid pBZ-12, which was then subcloned into the
Smal and Xhol sites of pBluescript SK+. The sequence of the Styl-to-Xbal
fragment was confirmed by dideoxy sequencing, and this fragment was used to
replace the equivalent wild-type fragment in plasmids pET-AMT1 and pAMT1::
URAS3 (50) to generate pET-R2K and pKTP-10R2K, respectively.

The plasmid pKTP-10R2K contains the full-length AMT1 R38K gene in a
2.5-kb Bglll-Asp718 fragment cloned into plasmid pU(1)b, as described previ-
ously (50). For integration of the mutant gene in the amtI-1 strain, pKTP-10R2K
was linearized within the URA3 gene by using Stul. Competent amtl-1 cells were
made as previously described, and the linearized plasmid was used for transfor-
mation. Selection for transformants was carried out on SC-ura plates, and single-
copy integrants at the ura3~ locus were identified by Southern blotting (3).

Expression and purification of wild-type AMT1 and AMT1 R38K. The expres-
sion of full-length AMT1 and the AMT1 R38K in E. coli was carried out
essentially as described previously for the expression of ACE1 (9). Briefly, fresh
transformants of BL21(DE3)pLysS cells containing the plasmid pET-AFS5, or
pET-R2K, were grown to an optical density at 650 nm of 0.4 to 0.6 in 2X TY (2X
TY is 1.5% Bacto Tryptone, 1% yeast extract, and 0.5% NaCl) containing 100 pg
of ampicillin per ml and 30 pg of chloramphenicol per ml and were induced in
the presence of 1 mM CuSO, with 0.4 mM IPTG (isopropyl-B-p-thiogalactopy-
ranoside) for 2 h. Cells were harvested, resuspended in 1/50 of the original
volume with 5 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid; pH 7.9)-100 mM NaCl-5 mM dithiothreitol, and frozen at —80°C. The cells
were thawed at 37°C in the presence of protease inhibitors (2 pg each of
leupeptin, pepstatin A, and aprotinin per ml and 1 mM phenylmethylsulfonyl
fluoride), lysed with a French pressure cell, and centrifuged (32,000 X g for 30
min at 4°C). The supernatant was heat treated at 70°C for 10 min and centrifuged
as stated above. The heat-treated supernatant was loaded onto a heparin-agarose
(Bio-Rad Laboratories, Hercules, Calif.) column equilibrated in 5 mM HEPES
(pH 7.9)-100 mM NaCl-1 mM dithiothreitol (low-salt HEPES). This and all
subsequent purification procedures were carried out at 4°C unless otherwise
specified. The bound AMT1 was eluted with a linear NaCl gradient from 0.1 mM
to 1.5 M in the buffer described above. The fractions containing AMT1 from the
heparin column, detected by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), were pooled and dialyzed against low-salt HEPES buffer
prior to being loaded onto an SP-Sepharose Fast Flow column (Pharmacia
Biotech, Inc., Piscataway, N.J.). Elution of the bound AMT1 was performed
under the conditions used for the heparin column. The fractions containing
AMT1 were pooled and concentrated by using an Amicon stirred cell and YM3
(Amicon, Inc., Beverly, Mass.) membrane in the presence of 100% argon to
maintain a reducing environment, and the concentrated protein was loaded onto
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an S100 gel filtration column equilibrated in 25 mM Tris-HCl. The fractions
containing AMT1 were pooled, and a final concentration of 5 mM B-mercapto-
ethanol and 10% glycerol were added prior to freezing at —80°C. The concen-
tration of purified AMT1 was ascertained by amino acid analysis, and the purity
was estimated to be >98% on the basis of amino-terminal sequence analysis of
AMT1 in solution. The purified AMT1 was determined to be Cu saturated on the
basis that additional exogenous Cu did not elevate AMT1’s DNA binding activity
in gel mobility shift experiments.

Quantitative in vitro DNA binding studies. DNA binding reaction mixtures
contained 5 mM HEPES (pH 7.9), 100 mM NaCl, 5 mM MgCl,, 1 mM dithio-
threitol, and 10% glycerol (1X binding buffer) and the protein concentrations
indicated in the figure legends. All probe and protein dilutions were made in 1X
binding buffer. Binding reaction mixtures were equilibrated for 15 min at 25°C
prior to being loaded onto a 6% native polyacrylamide gel (40:0.5 acrylamide/bis
ratio), which had been preelectrophoresed for 30 min at 8 V/cm in 0.5X TBE
(44.5 mM Tris, 44.5 mM borate, 1 mM EDTA [pH 8.0]). Samples were subjected
to electrophoresis under the conditions described above until the bound and free
species were sufficiently resolved.

Typically, 8 pg of the plasmid DNA was digested with EcoRI and HindIII
(PAMNE), or EcoRI and BamHI (pKTP-6G, pKTP-6A, and pKTP-6C), to
release a 140-bp fragment containing the AMT1 promoter MRE. After phenol-
chloroform extraction and ethanol precipitation of the digest, the DNA was
subjected to treatment with calf intestinal alkaline phosphatase. The dephospho-
rylated DNA was then labeled by using T4 polynucleotide kinase and [y->*P]JATP
(3). The 3?P-labeled DNA was resolved on a 7.5% native polyacrylamide gel, and
the labeled DNA fragment was isolated by electrophoretic transfer to DEAE
paper (NA-45; Schleicher & Schuell, Keene, N.H.) in a Bio-Rad mini transfer
apparatus with 0.5X TBE (190 mA for 1 h). Elution of the DNA from the
membrane was carried out by using the high-salt NET (1.0 M NaCl, 0.1 mM
EDTA, 20 mM Tris-HCI [pH 8.0]) buffer protocol provided by Schleicher &
Schuell. The final DNA preparation was resuspended in 100 wl of 1X binding
buffer.

Binding reaction mixtures (20 pl) contained 1X binding buffer and the range
of protein concentrations indicated in the figure legends. Protein dilutions were
carried out by sequential fourfold serial dilutions into 1X binding buffer. Probe
concentrations were determined spectrophotometrically by 4,4, and maintained
at <0.1 nM for apparent K, (K, .,,) determinations. Binding reaction mixtures
were treated as described above, the gels were dried and exposed to a Phospho-
rImage screen (Molecular Dynamics, Sunnyvale, Calif.), and the radioactive
bands were quantitated by using PhosphorImager SP and ImageQuant 3.3 soft-
ware (Molecular Dynamics). The data derived from the PhosphorImage quan-
titation were plotted and analyzed by using Kaleidagraph software (Synergy
Software, Reading, Pa.). The K, ,,,,, for each probe was determined by fitting the
protein titration plots to the Hill equation (26). The amount of AMT1 protein
active for DNA binding was determined as described previously (17), and the
AMT]1 protein concentrations indicated in the protein titration plots refer to the
amount of AMT1 used in the assay that was active for DNA binding.

For the determination of relative affinity comparisons using modified nucleo-
sides, the following oligonucleotides were produced: wt coding (5'-AGCTAATT
TGGCTGAC-3"), wt noncoding (5'-TTAAGTCAGCCAAATT-3"), C-mut cod-
ing (5'-AGCTAACTTGGCTGAC-3'), inosine noncoding (5'-TTAAGTCAGC
CAAITT-3"), and 3-nitropyrrole (3NP) noncoding [5'-TTAAGTCAGCCAA(3
NP)TT-3'] (a gift of Ruthann Nichols). Equal concentrations of the appropriate
oligonucleotide pairs were annealed, and the termini were 3?P labeled by using
the Klenow fragment of DNA polymerase I and [a-**P]dATP (3). The final con-
centration of each labeled probe was determined spectrophotometrically. Elec-
trophoretic mobility shift assays were performed as described above, and the
amounts of probes and proteins used are indicated in the figure legends. The
amounts of bound and free species were quantitated as described above.

Missing-nucleoside analysis. Digestion of the plasmid pAMNE with HindIII
revealed the 5’ end of the coding strand for labeling with 2P, and EcoRI
digestion revealed the 5’ end of the noncoding strand. In all cases in which the
oligonucleotides PCR-ABS-1 and PCR-ABS-2 were used to obtain mutant
AMT]I promoter plasmids, BarnHI digestion revealed the 5’ end of the coding
strand for labeling and EcoRI digestion exposed the 5" end of the noncoding
strand for labeling. After phenol-chloroform extraction and ethanol precipitation
of the digests, the DNA was subjected to treatment with calf intestinal alkaline
phosphatase. The dephosphorylated DNA was labeled on either the coding
strand or the noncoding strand by using T4 polynucleotide kinase and [y-3?P]
ATP (3). The 3?P-labeled DNA was phenol-chloroform extracted and ethanol
precipitated. To release the single-end-labeled fragments containing the AMT1
promoter MRE, the labeled DNA was subjected to a second restriction digest
using either EcoRI (for coding strand-labeled fragments) or HindIII (for non-
coding strand-labeled fragments) (BamHI was used for PCR-ABS-1- and PCR-
ABS-2-derived constructs). The digested single-end-labeled DNA was resolved
on a 7.5% native polyacrylamide gel, and the labeled fragments were isolated by
electrophoretic transfer of the DNA to DEAE paper as described above. The
final DNA preparation was resuspended in 5 mM HEPES (pH 7.9)-100 mM
NaCl.

Hydroxyl radical treatment of the single-end-labeled probes was carried out
essentially as described by Hayes and Tullius (24). Briefly, labeled probes
(~100,000 cpm) were subjected to in vitro hydroxyl radical treatment for 2 min
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at 25°C in a 100-pl reaction mixture containing 5 wM ammonium iron(II) sulfate
(Aldrich), 10 puM EDTA, 0.03% hydrogen peroxide, and 2.5 mM sodium ascor-
bate. The reactions were terminated by the addition of 100 .l of 0.1 M thiourea.
The DNA was then ethanol precipitated and resuspended in 1X binding buffer.
Between 150,000 and 200,000 cpm of the hydroxyl radical-treated DNA was used
in a 20-pl binding reaction mixture having a final concentration of 2 uM AMT1.
Binding was allowed to proceed as described above, and the bound and free
DNA species were resolved and isolated as described above by using DEAE
paper. Approximately 10,000 to 20,000 cpm of each purified sample was loaded
onto an 8% polyacrylamide-8 M urea gel and subjected to electrophoresis at 35
W of constant power to resolve its hydroxyl radical cleavage pattern. Chemical
sequencing reaction mixtures for each probe were prepared as previously de-
scribed (6) and electrophoretically resolved with these samples. The dried gel
was analyzed by using the PhosphorImager and software described above.

Ethylation interference assays. Preparation of single-end-labeled probes from
the plasmid pAMNE was carried out as described above for the missing-nucle-
oside experiments. Approximately 500,000 cpm of each probe was subjected to
ethylation essentially as described previously (36). DNA probes were resus-
pended in 100 pl of 50 mM sodium cacodylate (pH 8.0) and mixed with an equal
volume of N-ethylnitrosourea-saturated ethanol. The reaction was allowed to
proceed for 1 h at 50°C, and the ethylated probes were precipitated by the
addition of 20 pl of 3 M sodium acetate (pH 5.3) and 550 pl of ethanol. The
DNA was washed twice with 70% ethanol and resuspended in 10 ul of 1X
binding buffer. Half of each ethylated probe was used in a gel mobility shift assay
as described above, with a final AMT1 concentration of 2 pM. Bound and free
DNA species were resolved and purified as mentioned above with the exception
that the Schleicher & Schuell formamide high-salt buffer was used to elute the
DNA from the DEAE paper. After ethanol precipitation of the eluted DNA,
each sample was resuspended in 43 pl of 20 mM sodium acetate (pH 5.3)
containing 2 mM EDTA, and 7 pl of 2 M NaOH was added to each reaction
mixture before the mixtures were placed at 90°C for 30 min. Each probe sample
was precipitated with an ethanol-butanol mixture (300 pl of 70% ethanol-600 wl
of n-butanol). The resulting pellets were resuspended in 100 pl of 1% SDS and
reprecipitated with the ethanol-butanol mixture. The final pellets were resus-
pended in 10 ul of formamide loading buffer (95% formamide, 20 mM EDTA,
0.05% bromophenol blue, 0.05% xylene cyanol). Approximately 6,000 cpm of
each sample was loaded onto an 8% polyacrylamide—8 M urea gel and subjected
to electrophoresis at 35 W of constant power. Chemical sequencing of the
labeled probes was carried out as before, and the sequencing reaction mixtures
were resolved alongside the ethylation interference samples. The gel was dried
and quantitated by using the PhosphorImager and software described above.

Analysis of wild-type and mutant AMTI-lacZ gene expression in vivo. The C.
glabrata ura3~ strain Q was transformed with plasmids pKTP-8G, pKTP-8A,
pKTP-8T, and pKTP-8C by use of the protocol of Ito et al. (31) and plated onto
SC-ura agar plates. Liquid cultures of single-colony purified transformants were
grown to mid-logarithmic phase (optical density at 650 nm = 1.0 to 2.0) in SC-ura
medium at 30°C, and AMT1-dependent transcription was induced by the addi-
tion of 100 M CuSO, (final concentration) to the medium. At the time points
indicated in the figure legends, 3.0-ml aliquots of each culture were removed and
briefly spun in two microcentrifuge tubes and the cell pellets were snap-frozen in
a dry ice-isopropanol bath. The cell pellets from each time point were kept
frozen at —80°C until total RNA was extracted by the hot phenol method
described previously (33). RNAs were quantitated spectrophotometrically, and
20 pg of RNA from each time point per sample was used in the RNase protec-
tion protocol described below to determine AMT1-lacZ and URA3 mRNA levels.

32P-labeled antisense AMTI and URA3 RNAs were produced from BamHI-
cleaved pAIRP2 and pURP, respectively, by using T7 RNA polymerase and
[«-*?PJUTP in an in vitro transcription protocol (3). The labeled probes were
purified on a 6% polyacrylamide-8 M urea gel and eluted at 37°C for 2 h with a
solution containing 2 M ammonium acetate, 1% SDS, and 200 wg of glycogen per
ml. The RNA probes were ethanol precipitated and resuspended in 50 pl of
diethyl pyrocarbonate (DEPC)-treated water. Approximately 1,000,000 cpm of
each probe was used in the RNase protection protocol described by Saccomanno
et al. (39), with the following modifications. A 20-pg portion of total RNA from
each time point was hybridized with approximately 1,000,000 cpm each of the
AMT1I probe and the URA3 probe for 15 h at 55°C in a 30-pl reaction mixture in
1X hybridization buffer (40 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic
acid); pH 6.4], 1 mM EDTA, 400 mM NaCl, 50% formamide). Subsequent to
hybridization, 250 wl of RNase digestion buffer (50 mM sodium acetate [pH 4.4],
400 mM NaCl, 10 mM EDTA) containing 40 U of RNase T2 (Bethesda Research
Laboratories, Grand Island, N.Y.) per ml was added and the reaction mixtures
were kept at 30°C for 90 min. The RNA was precipitated at —20°C for 30 min
with the addition of 265 pl of 4.0 M guanidine thiocyanate, 530 wl of isopropanol,
and 2 ul of 10-mg/ml tRNA. RNA pellets were washed twice with 70% ethanol
and resuspended in 10 pl of formamide loading buffer. Four microliters of each
sample was loaded per lane on a 6% polyacrylamide—-8 M urea gel and subjected
to electrophoresis at 35 W of constant power. Gels were dried, and the radio-
active bands were quantitated by the methods described above.
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FIG. 1. Comparison of AMT1 and ACE1 binding sites. The regions flanking
all of the known ACE1 and AMT1 MREs, from S. cerevisiae and C. glabrata, are
shown. Perfectly conserved residues are boxed. The genes in which the MREs are
found are indicated directly to the right of the table, and the corresponding
metalloregulatory transcription factor that utilizes the MRE is indicated at the
far right side of the table (13, 16, 21, 30, 49).

RESULTS

High-resolution mapping of the AMT1-MRE interactions.
Several studies with both yeast cells and mammals have dem-
onstrated that potent metal-responsive transcription requires
the presence of multiple MREs in the promoters of target
genes. We previously demonstrated that the C. glabrata AMT1
gene, however, is rapidly transcriptionally induced 15- to 20-
fold via CuAMT1 and a single MRE. To begin to understand
the mechanisms which underlie this rapid response and to
understand the precise interactions of CAMRTFs with DNA,
we carried out a detailed investigation of the interactions be-
tween CuAMT]1 and the AMTI MRE. We first conducted a
sequence comparison between all known MREs found in tar-
get gene promoters which respond to either CuACEl in S.
cerevisiae or CWAMT1 in C. glabrata to guide us in these studies
(Fig. 1). This comparison demonstrated that for the 16 iden-
tified sites found in ACE1- or AMT1-responsive promoters,
two prominent features emerged. First, although each binding
site spans roughly 15 nucleotides, only five positions are per-
fectly conserved: the GCTG core element and a T located 4
nucleotides upstream of the first G in the GCTG core. Sec-
ondly, upstream of each core element a series of at least four
consecutive A or T residues is invariably found.

To investigate the details of the molecular interactions be-
tween AMT1 and the AMT1 promoter MRE, full-length AMT1
protein was expressed in E. coli and purified (Fig. 2). The
purified full-length AMT1 protein has an aberrant electro-
phoretic mobility during SDS-PAGE which for other proteins
has been attributed to high local concentrations of basic resi-
dues (27, 41). Amino acid analysis and amino-terminal se-
quencing of the purified protein established that the prepara-
tions were greater than 98% homogeneous and were used to
determine the precise protein concentration. DNA electro-
phoretic mobility shift assays demonstrated that the CuUAMT1
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protein preparations were fully metallated because of the lack
of stimulation of DNA binding by exogenous Cu. Our previous
experiments using DNase I footprinting established a region of
the AMTI promoter encompassing the MRE at relatively low
resolution because of the resistance of AT-rich DNA se-
quences to cleavage by DNase I (7). For example, the initial
DNase I footprinting studies could not determine if AMT1
contacted the stretch of 16 adenosine residues upstream of the
MRE consensus sequence because of a complete lack of cleav-
age in this region. To precisely map the boundaries of the
AMT1 MRE, and to determine which nucleotide positions
make energetically favorable contributions to AMT1 DNA
binding, high-resolution mapping studies using hydroxyl radi-
cal cleavage-based missing-nucleoside analysis were conducted
(24). The results of the missing-nucleoside experiments re-
vealed that a distribution of residues from A—187 to A—197
on the coding strand is critical for AMT1-MRE interactions
(Fig. 3A). On the noncoding strand a bipartite distribution of
nucleosides critical for AMT1 DNA binding, composed of
residues A—185 to C—191 and A—-193 to G—199, was ob-
served. Quantitation of the relative effects of these residues,
using the PhosphorImager and software described above, re-
vealed the relative importance of each nucleoside position in
the MRE for AMT1 binding (Fig. 3B). It should be noted that
the cleavage at position —181 in the coding strand was not
observed in the pool of free probe in other experiments and
therefore does not represent a nucleotide position critical for
AMT1-DNA interactions. The missing-nucleoside analysis
therefore defined the AMT1 binding site on the AMTI pro-
moter as consisting of 15 nucleotides from positions T—185 to
C—199 on the coding DNA strand.

Our previous methylation interference studies have impli-
cated the minor groove of the region from A—193 to A—195 as
being important for AMT1-DNA interactions (52). Interest-
ingly, the missing nucleoside analysis identified noncoding
strand residues A—193 to G—199 as the primary contacts
made in the AT-rich half of the AMT1 promoter MRE. These
data, taken together, indicate that some of the critical contacts
made on the noncoding strand are made in the minor groove.
Furthermore, additional experiments (see below) demonstrate
that A—195 plays a critical role in AMT1-DNA interactions in
this region, and this correlates well with its absolute conserva-
tion in all known yeast MREs.

The results of the missing-nucleoside experiments cannot
distinguish between interactions with the nucleotide bases and
interactions with the phosphate backbone, since a missing nu-
cleoside would generate a gap in DNA that would allow rota-
tion around the opposite strand, possibly leading to the dis-
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FIG. 2. SDS-PAGE of the purified full-length AMT1 protein. A 2-ug portion
of purified AMT1 was analyzed on an SDS-12% polyacrylamide gel stained with
Coomassie blue. Purified AMT1 is indicated by the arrowhead. Polypeptide size
markers are shown on the left (in kilodaltons).
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FIG. 3. Missing-nucleoside experiments for the wild-type AMTI promoter. (A) The hydroxyl radical cleavage patterns of coding- and noncoding-strand residues
critical for AMT1 binding. Lanes: G + A, chemical sequencing reactions of the coding- and noncoding-strand probes; Input, hydroxyl radical-treated DNA that was
used in the DNA binding assay with AMT1; Bound, hydroxyl radical-treated DNA that was bound by AMT]1; Free, hydroxyl radical-treated DNA that was unable to
be bound by AMT1. Critical residues for AMT1 binding are indicated on the right of each gel. (B) Quantitative representation of the data derived from Phosphorlmager

analysis of the gels in panel A encompassing nucleosides T—184 through A—202.

ruption of the stability of protein-phosphate backbone contacts
made around the position of the gap. To more thoroughly
characterize the nature of AMT1-MRE interactions, phos-
phate backbone interactions important for AMT1 DNA bind-
ing were mapped by ethylation interference assays using N-
ethylnitrosourea as previously described (36). As shown in Fig.
4A, ethylation of the 3’ phosphate on AMT1 promoter coding-
strand residues G—188, G—191, G—192, and T—193 and non-
coding-strand residues G—186, T—187, A—189, G—190,
A—194, and A—195 prevented or severely reduced the forma-
tion of a stable AMT1-DNA complex. Quantitation of the
relative effect of each of the ethylation events demonstrated
that the critical phosphate backbone interactions were com-
pletely encompassed within the AMT1 binding site as deter-
mined by the missing-nucleoside analysis (Fig. 4B). Further-
more, the critical contacts that are made at the 3’ phosphates
of noncoding-strand residues A—194 and A—195 effectively
flank residue A—195, which is the perfectly conserved adeno-
sine residue within the AT-rich half of the MRE.

Using purified full-length CuAMT1 in quantitative electro-
phoretic mobility shift assays, we determined the dissociation
constant for the complex between AMT1 and the AMTI pro-
moter. As shown in Fig. 5, AMT1 binds to the wild-type AMT1
promoter MRE with a K, ., of 3 X 107'° M, which is not
altered by the presence or absence of the unusual stretch of 16
adenosine residues located 10 nucleotides upstream of the
MRE. Therefore, AMT1 binds to the AMTI promoter MRE
with very high affinity. Circular permutation electrophoretic
mobility shift experiments did not reveal a large amount of
DNA distortion by bound AMT1 (data not shown).

The data from previous methylation interference studies
(52), the missing-nucleoside experiments, and the ethylation
interference assays described above have been compiled in a
computer graphics simulation of the AMTI promoter MRE
(Fig. 6). The residues indicated in Fig. 6 comprise all of the
nucleosides determined to be critical for AMT1-DNA interac-
tions by the missing-nucleoside experiments. In this three-
dimensional depiction of the AMT1 promoter MRE, the loca-
tion of AMT1 on DNA becomes apparent. The compiled data
are consistent with monomeric AMT1 interacting with one
face of the DNA double helix at adjacent major and minor
grooves, with critical phosphate backbone contacts being made
at sites in both grooves as well as at sites along the bridging
phosphate backbone that AMT1 must traverse to make these
adjacent contacts.

A contact in the MRE minor groove is critical for DNA
binding. As summarized in Fig. 6, the binding of AMT]1 to the
AMTI MRE involves contacts in the minor groove at the con-
served T - A base pair positioned 4 nucleotides upstream of the
GCTG core element. The A residue on the noncoding strand
opposite this T—195 is flanked by phosphates which make
critical contributions to AMT1 binding. To ascertain the im-
portance of this minor groove contact for AMT1 binding in
vitro and the requirement, if any, for the conservation of an A
residue at this position, AMT] promoter fragments having
each of the four possible base pairs at this position were >?P
labeled and used in quantitative electrophoretic mobility shift
assays (Fig. 7). PhosphorImager analysis of the binding reac-
tion mixtures demonstrated that mutagenesis of the conserved
T at position —195 on the coding strand to A, C, or G resulted
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FIG. 4. Ethylation interference assay of AMT1 bound to the AMTI MRE. (A) Lanes: G+A, chemical sequencing reactions of the coding- and noncoding-strand
probes; Input, ethylated DNA that was used in the DNA binding assay with AMT1; Bound, ethylated DNA that was bound by AMT1; Free, ethylated DNA that was
unable to be bound by AMTI. Residues that interfere with AMT1 binding when ethylated are indicated on the right of each gel. (B) Quantitative representation of

the data shown in panel A for residues T—178 through A—201.

in a 20, 80, or 97% reduction in DNA binding by AMT1,
respectively. Furthermore, replacement of the T - A base pair
at this position by a C - I (where I represents inosine) base pair
in a synthetic oligonucleotide resulted in wild-type AMT1
binding affinity (Fig. 7, lanes C:I). Given that a C - I base pair
is chemically identical to an A - T base pair in the minor groove
but distinct from A-T in the major groove, these results
strongly support the prediction that AMT1 interacts only in the
minor groove of the perfectly conserved T - A base pair. The
introduction of a guanine exocyclic amine in the minor groove
by placement of a G- C or C-G base pair at this position,
much like the methylation of the A residue at the N-3 position,
would likely present steric hindrance to minor groove access
and perhaps interfere with access to the phosphate backbone.
Moreover, substitution of 3NP, which offers no hydrogen bond
acceptors in either the major groove or the minor groove, for
the A on the noncoding strand at this position resulted in only
a twofold reduction in AMT1 DNA binding affinity (Fig. 7,
lanes T:3NP). This observation may suggest that AMT1 inter-
acts with the N-3 atom of A in the minor groove but that this
is not a major stabilizing interaction or that 3NP causes a
subtle distortion of the minor groove structure in this region
that affects the ability of AMT1 to interact with adjacent bases.

AMTI transcription requires the conserved minor groove
interaction. The in vitro DNA binding studies described above

establish the important contribution of the minor groove in-
teraction at the A-T base pair at position —195. To test
whether this contact is critical for CuUAMT1-dependent tran-
scriptional activation from this MRE, the wild type and three
mutant derivative promoters were fused to the E. coli lacZ
gene, as a translational fusion, and introduced into the ura3™-
AMTI wild-type C. glabrata strain Q (50). Figure 8 shows the
results of RNase protection experiments in which steady-state
mRNA levels, driven from the wild-type or mutant AMT1-lacZ
fusion genes and the chromosomal C. glabrata URA3 gene as
an internal control, were assessed as a function of time after
exposure to Cu. Consistent with our previous observations,
AMT1I-lacZ mRNA levels driven from the wild-type promoter
increased rapidly after Cu administration, with an approxi-
mately 13-fold induction after 30 min, whereas the A mutant-
lacZ mRNA levels were maximally induced less than fourfold.
We observed very little, if any, induction of AMT1-lacZ mRNA
driven from promoters containing either C or G on the coding
strand at position —195. Therefore, the induction of AMTI-
lacZ mRNA from the wild-type and mutant AMTI promoters
parallels their relative in vitro DNA binding affinities. These
data strongly suggest a critical role of the minor groove contact
at this position in the AMT1 MRE and support the theory that
the conservation of a T - A base pair minor groove interaction
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FIG. 5. AMT]1 binding site affinity determination. (Top) The left panel is a
representative 6% electrophoretic mobility shift gel of the wild-type 3*P-labeled
AMT]I promoter fragment titrated with increasing amounts of purified AMT1.
AMT1 concentrations used were 8.0 X 107* M, 32 X 1072 M, 1.3 X 10~ '' M,
52X 1071 M, 2.1 X 1071°M, 83 X 1071°M, 3.3 X 107° M, 1.3 X 10~% M, and
5.4 X 1078 M for lanes 1 to 9, respectively. The right panel represents the protein
titration plots derived from three replicate titration experiments. (Bottom) The
left panel is a representative 6% electrophoretic mobility shift gel of the 32P-
labeled AMTI promoter fragment lacking the 16-adenosine (A16) tract titrated
with increasing amounts of purified AMT1. Concentrations of AMT1 used were
the same as those used for the top left panel. The right panel represents the
protein titration plot derived from three replicate titration experiments.
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at position —195 is optimal for Cu-responsive transcriptional
activation by CauMRTFs.

A conserved minor groove binding motif in AMT1. The use
of both major groove and minor groove DNA contacts for
AMT1 DNA binding is relatively rare among sequence-specific
DNA-binding proteins. However, a number of proteins of both
prokaryotic and eukaryotic origin are now known to utilize
both types of contacts. A minor groove binding motif which
harbors the critical core sequence glycine-arginine-proline
(GRP) is known to interact with A - T base pairs in the minor
groove of AT-rich DNA (20, 47). Recent studies have demon-
strated that a peptide corresponding to the GRP domain of the
high mobility group I protein (HMG-I) selectively binds to the
minor groove within the sequence 5'-AATT-3'; however, the
same peptide in which lysine was substituted for arginine failed
to bind to this sequence (20). Figure 9A demonstrates that this
motif is conserved in both known CuMRTFs, AMT1 and
ACE], as well as in the MACI protein, a nuclear factor im-
portant for the expression of the FREI gene encoding an
iron/copper reductase (32). To test the possibility that this
region of AMT1 plays an important role in MRE binding, the
arginine at position 38 was altered to lysine (R38K) by site-
directed mutagenesis of the AMT1 gene and the protein was
expressed in and purified from E. coli. Comparison of the
wild-type AMT1 protein with the R38K mutant protein in
quantitative electrophoretic mobility shift assays revealed that
R38K had at least a fivefold reduction in DNA binding affinity
for the MRE (Fig. 9B). These results suggest that the GRP
motif in AMT]1 plays an important role in DNA binding and
may specifically interact with the conserved T - A base pair in
the MRE minor groove; however, the question of whether

FIG. 6. Computer graphics image of the AMT1 promoter MRE compiling the data from missing-nucleoside experiments, ethylation interference assays, and
methylation interference assays (49). Methylated residues that interfere with AMT1 binding are shown in white. Ethylated backbone phosphates that interfere with
AMT]1 binding are indicated in yellow. Coding-strand conserved residues are indicated in red, and noncoding-strand conserved residues are indicated in blue. This
image was produced by using Biopolymer and Insight II software on an Indigo II Silicon Graphics workstation.
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FIG. 7. Binding of AMT1 to the mutant AMT] promoter MREs. (Top) Six
percent mobility shift gel of AMT1 binding to the wild-type (WT) base (T) and
to A, C, and G base substitutions at position —195 of the AMTI promoter. In
each case, the concentration of the 3?P-labeled DNA probe was 3.3 uM and the
concentration of purified AMT1 used was 20 nM. (Middle) Six percent mobility
shift gel of AMT1 binding to probes having a T - A (wild-type) base pair, a C-1
(where I represents inosine) base pair (C:I), or a T - 3NP base pair (T:3NP) at
position —195. (Bottom) Sequence of the T+ A 20-bp oligonucleotide binding
site that was used in the middle gel; the C-1 and T - 3NP binding sites had the
same composition except for the base change at position —195.

there is a direct interaction between the R-38 residue and the
minor groove must await structural information on the AMT1-
DNA complex. The change from arginine to lysine has con-
served the basic nature of this residue and therefore has not
changed the overall charge of the AMT1 DNA binding do-
main. Furthermore, on the basis of co-crystal structures of
other proteins which utilize the GRP motif, such as E. coli Hin
recombinase and Drosophila melanogaster prd, it is clear that
other amino acid residues within the GRP domain make im-
portant contributions to minor groove binding.

Since the AMTI gene both is autoactivated and serves to
activate transcription of the family of C. glabrata MT genes, we
tested the functional consequences of the AMT1 R38K muta-
tion for the ability of C. glabrata cells to mount a copper detox-
ification response. To test the biological consequences of the
R38K mutation in the AMT1 GRP motif, the AMT1 wild-type
and AMTI R38K alleles were independently integrated at the
C. glabrata ura3~ locus, in single copies, in a strain harboring
an insertionally inactivated AMT1 allele (amti-1) and tested
for resistance to increasing concentrations of Cu. Western blot
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FIG. 8. RNase protection analysis of transcriptional induction of the wild-
type AMTI promoter (WT) and AMTI promoter mutants with mutations (to A,
C, or G) at position —195. URA3 and AMT1-lacZ mRNA levels were analyzed in
a time course of induction with 100 pM CuSO, by using the RNase protection
protocol described in Materials and Methods. Quantitation was carried out with
a PhosphorImager, and in each case the AMT1-lacZ mRNA level was normalized
to the respective URA3 mRNA level. The fold induction for each fusion gene is
indicated at the bottom of the figure.
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FIG. 9. Mutational analysis of a potential AMT1 minor groove binding do-
main. (A) Amino acid sequence alignment of the amino-terminal 50 amino acids
of the AMT1 (51), ACE1 (43), and MACI (32) proteins with the conserved GRP
motif boxed. The conserved cysteine residues are indicated with bold lines, and
the critical arginine-38 residue is indicated by the asterisk. Also included are the
10 amino acid peptides that encompass GRP motifs in the E. coli Hin recombi-
nase (53), Drosophila prd (8), mouse Pax-1 (14), and human HMG-I proteins
(35). (B) Comparison of the relative DNA binding affinities of the wild-type
AMT1 and AMT1 R38K proteins. Electrophoretic mobility shift analysis was
performed with the indicated amounts of wild-type AMT1 or AMT1 R38K
protein purified from E. coli and the T+ A (wild type) probe used for Fig. 8.
Bound (B) and free (F) species are indicated, and the concentration of probe in
each case was 3.3 pM. (C) The copper resistance phenotypes for the amtI-1,
AMTI::URA3, and AMTI R38K::URA3 strains grown on synthetic complete
medium supplemented with 50 puM CuSO,.

(immunoblot) analysis demonstrated that the basal steady-
state levels of the wild-type and AMT1 R38K proteins were
comparable (data not shown). As previously observed (52),
Fig. 9C demonstrates that C. glabrata cells harboring the wild-
type AMT1 gene were resistant to Cu; however, cells contain-
ing both the AMT1 R38K and amtI-1 alleles were defective in
mounting a response to very low levels of Cu. These results
demonstrate that the R-38 residue, which is known to play an
important role in minor groove recognition in proteins with the
GRP motif, is important for high-affinity binding of AMT1 to
the MRE, for activation of AMT1 MRE-dependent transcrip-
tion, and for the ability of C. glabrata cells to mount a normal
detoxification response to elevated environmental Cu concen-
trations.

DISCUSSION

The CuMRTFs AMT1 and ACE1 are members of a unique
class of transcriptional activator proteins which utilize a ligand-
activated DNA binding domain, through the formation of a
polynuclear Cu cluster, to sense and transcriptionally respond
to elevations in Cu levels. The binding of CuMRTF proteins
delivers a potent transcriptional activation domain to the pro-
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moters of Cu-responsive genes to activate gene expression.
Therefore, the rapidity and stability with which CuMRTFs
bind to MRE sequences are critical rate-limiting factors in
target gene activation in the face of potentially toxic Cu levels.
Since the CuMRTTFs are structurally distinct from other known
classes of DNA-binding proteins, determination of the mech-
anisms by which CuMRTFs interact with MRE elements, and
the biological importance of these interactions, is important in
formulating a comprehensive understanding of metal-respon-
sive cell signalling and Cu homeostasis.

Taken together, the results of missing-nucleoside analysis,
ethylation interference, methylation interference, and site-di-
rected mutagenesis demonstrate that the AMT1 protein binds
to MRE sequences via critical contacts in both the major and
minor grooves. The observation that AMT1 binds to both MT
gene MREs and the single AMTI MRE (32a) as a monomer
may suggest that two subdomains exist in the AMT1 Cu-acti-
vated DNA binding domain to engage in these contacts with
the asymmetric MRE binding site. The two subdomains could
represent two independent Cu clusters with distinct DNA
binding specificities or a single Cu cluster that simply has two
DNA interaction domains present in its overall structure. Al-
ternatively, since it has been observed that truncated versions
of both AMT1 and ACEI1 purified from E. coli contain a single
Zn atom (46), it is possible that Zn coordination forms or
assists in the formation of one of the putative subdomains. The
biological role of a bound Zn atom in CuMRTF function has
not yet been established.

Although the AMT1 and ACE1 proteins have 50% amino
acid sequence identity in the first 122 amino acids encompass-
ing the copper coordination-DNA binding domain, there are
subtle differences in the contacts that the proteins utilize in
interacting with their respective MREs. A truncated ACE1
protein was shown to interact with additional upstream major
groove sites 5’ to the AT-rich portion in the left arm of CUPI
upstream activation sequence C (UAS(). Our previous meth-
ylation interference studies (52), as well as the results of the
missing-nucleoside analysis and ethylation interference assays
presented here, clearly show that the full-length AMT]1 protein
does not make additional upstream major groove contacts with
the AMT1 MRE. This point is further supported by the obser-
vation that there are no absolutely conserved residues among
the known yeast MREs in the region of the upstream major
groove contacts made by the truncated ACE1 protein. Addi-
tionally, minor groove methylation of the N-3 of adenine
across from the conserved T in the GCTG core was shown to
interfere with the binding of the truncated ACE1 protein to
the UAS( (15). Again, the experiments shown here and our
previous studies using the full-length AMT1 protein have not
detected AMT1-DNA interactions on the minor groove face of
the GCTG core.

Three lines of evidence support the possibility that ACE1
and AMT1 make direct protein-nucleotide edge contacts at the
conserved T - A base pair at position —195. First, this base pair
is absolutely conserved in all known yeast MREs, even though
the minor groove environments for T+ A and A - T base pairs
are essentially identical. Second, a transversion mutation that
generates an A - T base pair results in a 20% reduction in DNA
binding in vitro and a 70% reduction in transcription from a
promoter harboring this point mutation in vivo. This is partic-
ularly strong evidence in light of the fact that a transversion
from T+ A to AT would not affect the phosphate backbone
contacts made on either side of noncoding-strand position
—195. Finally, replacement of the adenine in the T - A base
pair with 3NP, which effectively removes the N-3 of adenine
from potential contacts with AMT1, results in a 43% reduction
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in DNA binding in vitro, although we cannot preclude subtle
structural changes that the 3NP may impose on double-
stranded DNA as the cause of the decreased binding affinity.

One possible explanation for the differences between the
effect that the base substitutions have on DNA binding in vitro
and the more dramatic effects on transcription in vivo is that
DNA binding could be followed by a distortion in DNA that is
necessary for transcription. This phenomenon has been ele-
gantly described for the metalloregulation of the E. coli Mer
operon by the MerR protein (1). In this view, the mutant
MREs would be able to be bound by AMT1 with weakened
affinity in vitro but might be incapable of being distorted prop-
erly, resulting in the more dramatic effects seen in vivo. It
should be noted that many of the paired-domain proteins that
use the GRP motif distort DNA (12, 47). We have therefore
tested the possibility that AMT1 distorts DNA upon binding to
the AMT1 promoter MRE by circular permutation analysis
(data not shown). By this analysis, we were unable to detect
significant DNA distortion upon AMT1 binding. Therefore,
the differences seen in vivo may represent differences between
the binding of AMT1 to naked DNA and binding to the DNA
and its associated proteins found in the cell nucleus, which may
be influenced by other, as yet unidentified auxiliary factors.

To date, the phenotype of mice bearing a homozygous un-
dulated mutation represents the clearest example of the bio-
logical ramifications of mutations within a GRP motif in higher
eukaryotic organisms. A mouse homozygous for the undulated
mutation exhibits severe vertebral malformations that are the
consequence of a point mutation within the paired-box-con-
taining gene Pax-1 (5). The point mutation that results in the
undulated phenotype converts the conserved glycine within the
GRP motif to serine in the Pax-1 paired domain. Other mis-
sense mutations that map to the region of the GRP within the
paired domains of other Pax proteins include PAX-3(BU47),
in which a conserved Asn adjacent to the GRP is changed to
His, and PAX(BU26), which has the conserved Pro residue in
the GRP changed to Leu (4, 28). The X-ray co-crystal structure
between the Drosophila prd protein and its cognate DNA bind-
ing site has provided critical insight into the interactions made
by the paired-domain GRP motif with DNA and has conse-
quently furthered our understanding of the implications that
each of the aforementioned Pax developmental mutations has
for the ability of the mutant protein to interact with DNA (47).
The GRP motif of the Drosophila prd protein resides within a
type II B turn that lies deep within the minor groove of its
cognate DNA binding site (47). On the basis of the X-ray
co-crystal structure, each of the previously described Pax de-
velopmental mutations would likely result in disruption of crit-
ical protein-DNA contacts and/or impose steric constraints
preventing the ability of the type II B turn to enter deep into
the minor groove, ultimately affecting DNA binding by the
mutant proteins.

A series of nuclear magnetic resonance studies investigating
the interactions of peptides, which contain the GRP domain,
from the HMG-I protein have shown that the Arg at the center
of this motif is absolutely critical for sequence-specific DNA
interactions within the minor groove (20). When the Arg was
changed to Lys, sequence-specific DNA interactions were lost.
Furthermore, the nuclear magnetic resonance results con-
firmed that the GRP motif resides deep within the minor
groove. With this information, we investigated the effect of an
Arg-to-Lys substitution within the AMT1 GRP motif on DNA
binding both in vitro and in vivo in the context of the Cu
resistance afforded by the mutant protein. In a manner similar
to that observed for the Arg-to-Lys substitution in the HMG-I
peptides, the DNA binding affinity of the AMT1 R38K protein
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was reduced by nearly 80%. The more severe biological con-
sequences of this mutation (Fig. 9C) are likely the result of
four factors. First, at its basal level the AMT1 R38K protein
that is made constitutively has a weakened affinity for DNA,
which would reduce its capacity to autoregulate its own tran-
scription during Cu exposure. Secondly, the diminished auto-
activation provided by AMT1 R38K would result in less AMT1
R38K protein being made and consequently reduced Cu resis-
tance as was shown for the AMTI(m)::URA3 allele (52).
Thirdly, the small amount of AMT1 R38K that is ultimately
made through autoregulation would also have a weakened
affinity for the MREs found in each of the MT gene promoters,
resulting in greatly reduced MT production. Finally, since
AMT]1 has been shown to be either directly or indirectly in-
volved in supporting the steady-state levels of mRNA from
the MT-1 and MT-II genes (49), it is possible that the AMT]1
R38K protein would also be defective in this role, making cells
acutely sensitive to instantaneous Cu exposure. Therefore, the
AMTI R38K mutation, like undulated in mice, has severe bio-
logical consequences with respect to the development of an
appropriate response to a stimulus.

This report provides the first evidence that a known DNA
binding motif is utilized by yeast CuMRTFs. The observation
that many GRP-utilizing proteins from higher eukaryotes have
two distinct domains that interact with adjacent major and mi-
nor grooves suggests that the GRP domain may be a modular
entity, and as with E. coli Hin recombinase, yeast CuMRTFs
may be evolutionary precursors to the higher eukaryotic tran-
scription factors that utilize the GRP motif. Consistent with
the hypothesis that the GRP domain is part of a modular
entity, Ashar et al. have recently discovered human lipomas
having chromosome 12 rearrangements that fuse the three
amino-terminal human HMGI-C GRP domains with transcrip-
tional regulatory domains (2). The normally inactive HMGI-C
acidic domain is replaced by a functional transcriptional acti-
vation domain in these chromosomal rearrangements. This
mutation may result in a gain-of-function for the fusion protein
with concomitant deregulation of the HMGI-C downstream
target genes, presumably leading to lipoma formation. The
GRP motif found in both AMT1 and ACE1 may constitute a
functionally distinct subdomain within the DNA binding do-
main that is used to interact with the AT-rich minor groove.
Our ability to draw upon the HM G-I peptide nuclear magnetic
resonance data and the X-ray co-crystal structure of either E.
coli Hin recombinase or Drosophila prd to assign a direct
interaction between the AMT1 R-38 residue and a specific
nucleotide or phosphate in the MRE is severely limited by the
lack of a consensus for the GRP interactions. For example, the
guanidinium protons of Arg-6 in a GRP of HMG-I make
hydrogen bond contacts with N-3 of an adenosine residue (20),
whereas Arg-16 in the Drosophila prd GRP makes both a
water-mediated hydrogen bond to the O-2 of a thymidine res-
idue and van der Waals interactions with the phosphate back-
bone (47). The data presented here provide strong evidence
supporting the use of the GRP motif by the AMT1 protein in
its interactions with the AT-rich minor groove of MREs. How-
ever, given the lack of a clear consensus for GRP-DNA inter-
actions, the assignment of specific contacts made between the
amino acids of the AMT]1 protein and the nucleosides within
the MRE must await determination of the structure of the
AMT1-DNA complex.
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