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Expression of the Tn21 mercury resistance (mer) operon is controlled by a metal-sensing repressor-activator,
MerR. When present, MerR always binds to the same position on the DNA (the operator merQ), repressing
transcription of the structural genes merTPCAD in the absence of Hg(II) and inducing their transcription in
the presence of Hg(II). Although it has two potential binding sites, the purified MerR homodimer binds only
one Hg(II) ion, employing Cys82 from one monomer and Cys117 and Cys126 from the other. When MerR binds
Hg(II), it changes allosterically and also distorts the merO DNA to facilitate transcriptional initiation by ¢”°
RNA polymerase. Wild-type MerR is highly specific for Hg(II) and is 100- and 1,000-fold less responsive to the
chemically related group 12 metals, Cd(II) and Zn(II), respectively. We sought merR mutants that respond to
Cd(IT) and obtained 11 Cd(II)-responsive and 5 constitutive mutants. The Cd(II)-responsive mutants, most of
which had only single-residue replacements, were also repression deficient and still Hg(II) responsive but, like
the wild type, were completely unresponsive to Zn(II). None of the Cd(II)-responsive mutations occurred in the
DNA binding domain or replaced any of the key Cys residues. Five Cd(II)-responsive single mutations lie in
the antiparallel coiled-coil domain between Cys82 and Cys117 which constitutes the dimer interface. These
mutations identify 10 new positions whose alteration significantly affect MerR’s metal responsiveness or its
repressor function. They give rise to specific predictions for how MerR distinguishes group 12 metals, and they
refine our model of the novel domain structure of MerR. Secondary-structure predictions suggest that certain

elements of this model also apply to other MerR family regulators.

One of the best-characterized mercury resistance (mer)
operons is located on transposon Tn2I from the Shigella flex-
neri IncFII plasmid R100 (26, 35). This operon consists of five
structural genes—merT, merP, merC, merA, and merD (49)—
and a regulatory gene, merR (72) (Fig. 1). MerT, MerP, and
MerC are involved in the transport of Hg(II) into the cell (36).
MerA is a cytosolic, NADPH-dependent, flavin adenine dinu-
cleotide-containing oxidoreductase which reduces Hg(II) to
Hg(0) (70). The merR gene is transcribed in the direction
opposite from that of the structural genes. Its product, MerR,
represses expression of the merTPCAD genes in the absence of
Hg(II), activates their expression in the presence of Hg(II),
and represses its own expression in the presence or absence of
Hg(II) (21, 38, 39, 45, 51). MerD plays a minor role in regu-
lation, possibly as an antagonist of MerR, which reestablishes
repression of merTPCAD once Hg(II) has been reduced to
Hg(0) (50).

Presently there is no three-dimensional (3-D) structure for
MerR; however, extensive genetic and biochemical data indi-
cate that the protein contains three domains (63, 67, 72): a
helix-turn-helix DNA-binding domain from 110 to R29 (14,
44); a “coupling” domain from K30 to H81 which may convey
the status of the Hg(II) binding site to the DNA binding site
(20, 37); and a long helical region from C82 to C117 which
constitutes both the dimer interface and, with the loop con-
taining C126, the Hg(II)-binding domain (84).

MerR binds a palindromic DNA sequence (rmerO) which lies
between the —10 and the —35 recognition sites for o’ RNA
polymerase at the merTPCAD promoter, P, and which also

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Georgia, Athens, GA 30602-2605. Phone: (706)
542-2669. Fax: (706) 542-6140. E-mail: summers@arches.uga.edu.

3462

lies exactly on the start site of its own divergent transcript (39,
54, 55). MerR fosters the binding of 67 RNA polymerase to
P, even in the absence of Hg(II) (39, 43, 44) but still represses
transcription, a phenomenon called active repression (24, 29)
to distinguish it from repression by simple occlusion of the
polymerase binding sites.

The MerR homodimer binds Hg(II) by using the thiols of
three conserved cysteines: cysteine 82 (C82) from one mono-
mer and cysteines 117 and 126 (C117 and C126) from the other
monomer. These ligands form a novel planar tricoordinate
complex with Hg(II) (37, 53, 75, 81). Upon binding Hg(II),
MerR undergoes a conformational change that leads to an
underwinding of the P, region and thereby enables RNA poly-
merase to form an open complex (3, 4, 30, 39, 43, 44). Curi-
ously, although the MerR homodimer contains two potential
Hg(II) binding sites, the purified protein binds only one Hg(1I)
per dimer. Moreover, although the two other group 12 metals,
Zn(II) and Cd(II), also form stable complexes with protein
thiols (12, 33, 64, 76), purified MerR binds Hg(II) preferen-
tially even in the presence of a 1,000-fold excess of Cd(II) or
Zn(II) (69) and also requires 100- to 1,000-fold higher concen-
trations of these metals for transcriptional activation (61).

Although several studies have described mutants altered in
either repression or activation (20, 56, 57, 63, 67), no genetic
study of merR has explicitly addressed the basis of its metal
specificity. This question is especially interesting in light of the
growing family of MerR-like regulators, many of which re-
spond not to metals but to hydrophobic cationic drugs (1, 2).
Here we report the first variants of MerR with an altered
response to a metal; the properties and locations of these
mutations shed light on the basis for metal-provoked activation
by MerR. They also led us to examine the possible occurrence
of similar secondary-structure elements in other members of
the MerR family, and our findings in the latter regard indicate
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FIG. 1. The Tn2I mer operon. Arrows indicate the direction of transcrip-
tion.

conservation of a novel structural domain in a subset of this
family.

MATERIALS AND METHODS

Bacterial strains and plasmids. All strains and plasmids used in this study are
listed in Table 1.

Media and reagents. Luria-Bertani (LB) broth and M-9 minimal salts medium
were prepared as described elsewhere (6), and media were supplemented as
needed with 100 g of ampicillin/ml, 60 g of kanamycin sulfate/ml, and/or 2 pM
metal salts. CdCl, (Fisher Scientific, Pittsburgh, Pa.) and HgCl, (J. T. Baker
Company, Phillipsburg, N.J.) were dissolved in deionized water. All agar plates
containing metal were made with M-9 minimal salts medium and BBL purified
agar (Becton Dickinson, Franklin Lakes, N.J.). All other agar plates were made
with Bacto Agar (Difco, Detroit, Mich.). The following high-purity metals were
used for reporter enzyme induction in liquid medium: CdCl, (Puratronic grade;
99.998% pure), AuCl; (65% Au), and ZnCl, (Puratronic grade; 99.999% pure),
all from Alfa Aesar (Ward Hill, Mass.); plasma pure Hg(II) (100 pwg/ml in 10%
nitric acid) from Leeman Laboratories, Inc. (Lowell, Mass.); potassium anti-
monyl tartrate (99.95% pure) from Aldrich (Milwaukee, Wis.); AgNO; (Baker
Analyzed Reagent) from the J. T. Baker Company; and CuSO, - SH,O (Amer-
ican Chemical Society certified) from Fisher Scientific (Fair Lawn, N.J.).

DNA purification. Plasmid DNA was isolated by alkaline lysis (10) and further
purified by using plasmid preparation kits from Promega Corporation (Madison,
Wis.) or Qiagen, Inc. (Santa Clara, Calif.).

PCR. PCR mixtures contained 20 pmol of each primer, various concentrations
of template, 0.2 mM (each) deoxyribonucleotide triphosphate, 2.5 mM MgCl,,
1.25 U of Tag DNA polymerase (Promega), and 1X Promega sample buffer (50
mM KCl, 0.1% [vol/vol] Triton X-100, 10 mM Tris-HCI [pH 9.0]). Target DNA
sequences were amplified by a modified hot-start technique employing wax beads
(77) and then amplified for 30 cycles of 94°C for 1.0 min, 59°C for 1 min, and
72°C for 2 min. After a final 72°C step for 5 min, the samples were cooled to 15°C
and treated with a Wizard PCR Prep kit (Promega). All primers for PCR and
sequencing were designed with OLIGO software (National Biosciences, Inc.,
Plymouth, Minn.) and synthesized by Genosys Biotechnologies, Inc. (The Wood-
lands, Tex.). For error-prone PCR (16, 31), 0.5 mM MnCl, - 4H,O (J. T. Baker
Company) was added to the PCR mixtures described above.

Plasmid construction. Plasmid pWR10 (63) was digested with restriction en-
zymes Aval and BamHI (New England Biolabs, Beverly, Mass.) and treated with
a Wizard Clean-up kit (Promega). The chloramphenicol acetyltransferase (cat)
gene was amplified from pACYC184 (18) by PCR using an annealing tempera-
ture of 55.7°C and the primers 5 GCGTTCTCGGGCACCAATAA 3’ (upper
primer, containing an Aval site [underlined]) and 5" ATCGGGATCCTCAGG
AGCTAA 3’ (lower primer, containing a BamHI site). The PCR amplicand was
digested with Aval and BamHI, treated with a Wizard Clean-up kit, and ligated

Cd(II)-RESPONSIVE MerR MUTANTS 3463

to the Aval- and BamHI-digested plasmid pWR10 with T, DNA ligase (Pro-
mega). The ligation product was digested with EcoRV (New England Biolabs) to
eliminate any remaining parent plasmid (83) and transformed into Escherichia
coli DH5a by a CaCl, method (6). Sequencing of both strands of the resulting
mer-cat fusion plasmid, pJC10, indicated recovery of the expected product.

Mutagenesis. The merR gene was randomly mutagenized by two strategies.
The first strategy employed selection or screening for metal-dependent lactose
utilization. By error-prone PCR (16, 31) we targeted merR codons 17 to 144, a
sequence which includes the presumptive recognition helix of the DNA-binding
domain (57, 63), the putative coupling domain, and the Hg(IT)-binding—dimer-
ization domain. The merR gene from pWR?2 (63) (Table 1) was amplified in the
presence of MnCl,, using the upper primer 5" AACTGCAGAACGGAAAAT
AAAGCAC 3’ (introducing a PstI restriction enzyme site), and the lower primer
5" AACTGGAATGGATAGCGTAACCTTA 3'. The amplified DNA was used
to replace the corresponding portion of the wild-type merR gene lying between
the PstI and Eagl sites of pNH9 (36) (New England Biolabs), and the resulting
construct was electroporated into E. coli CB806 containing the mer-lac fusion
reporter plasmid pSJ43 (Table 1) (55). Note that the Eagl site lies within the
amplified region, not in the lower primer. For screening of mutants, transformant
colonies on LB agar containing kanamycin and ampicillin were screened by
replica plating on M-9 agar containing lactose as the sole carbon source and
either 2 uM metal chloride or no metal. We defined as Cd(II) responsive those
isolates which grew faster on Cd(II)-lactose plates than they did on plates lacking
any metal. For example, the Cd(IT)-responsive mutant K99T, in which the lysine
at position 99 was replaced by threonine, produced good-sized colonies on
M-9-lactose-Cd(II) agar in 2 days and on agar lacking metal in 3 days. In
comparison, on M-9-lactose—Hg(II) agar, colonies of the wild-type merR strain
and of the K99 mutant were fully grown up in 1 day. We also employed metal-
dependent lactose utilization as a direct selection technique, plating transfor-
mants on ditch gradient plates (71) containing lactose as the sole carbon source
and using a 1.0 mM metal salt solution in the ditch (8.0 mm by 8.5 cm), which was
located in the center of a square plate (100 by 15 mm). The gradient method was
employed so as not to limit our acquisition of mutants to those optimally induced
by 2 uM Cd(II). The Cd(II) inducibility of LacZ in colonies that grew on the
M-9-lactose-Cd(II) gradient plates was confirmed by replica plating as described
above.

The second mutagenesis strategy was based on metal-dependent expression of
the cat gene by the mer-cat transcriptional fusion reporter pJC10 described above
(Table 1). Mutagenesis targeted all 144 codons of merR and was effected by
transforming pNH9 into the mutator strain E. coli XL1-Red (25, 34, 59, 65)
(Stratagene, La Jolla, Calif.). Five different XL1-Red(pNHY) transformants were
grown in one culture overnight at 37°C, and the organisms were then subcultured
overnight three times. Plasmid DNA prepared from the final culture was elec-
troporated into CAG1574(pJC10), and transformants were selected on gradient
plates containing 50 pg of chloramphenicol/ml in M-9 medium, with a 1 mM
metal chloride solution or water in the ditch. All colonies were screened by
replica plating on M-9 agar containing 50 wg of chloramphenicol/ml and either
2 uM metal chloride or no metal. As noted above, the isolates that grew faster
on the Cd(II) plates than on the plates lacking metal were defined as Cd(II)
responsive.

All mutant derivatives of pNH9 were sequenced on both strands at the Uni-
versity of Georgia Molecular Genetics Instrumentation Facility, using an ABI
model 373 Stretch DNA sequencer (Perkin-Elmer Applied Biosystems, Foster
City, Calif.). Error-prone PCR mutagenesis yielded 50% transitions and 50%
transversions. XL1-Red mutagenesis yielded 84.6% transitions and 15.4% trans-
versions. Four transversions (G — C, C - A, C — G, and T — G) were not
observed with either method of mutagenesis. As expected, there were no frame-
shifts or deletions in these gain-of-function selections.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or phenotype Source Reference(s)
E. coli strains

CAG1574 araD139 A(ara lew)7697 AlacX74 galU galK hsdR rspL recA56 srl C. A. Gross 17, 55, 63

CB806 AlacZ lacY™ galK phoA8 rpsL thi recA56 C. Beck 66

DH5« F' endAl hsdR17 (ry~ my ") supE44 thi-1 recAl gyrA (Nal") relA] A(lacZYA-argF),;50 6

($80lacZAM15)
XL1-Red endAl gyrA96 thi-1 hsdR17 supE44 relAl lac mutD5 mutS mutT Tnl0 (Tet") Stratagene (La Jolla, 25, 34, 59, 65
Calif.)

Plasmids

pACYC177 AmpA  pl5A replicon; aph W. Ross 63

pACYC184 p15A replicon; fet cat 18

pNH9 p15A replicon; merR* merOP* aph N. Hamlett 36

pSJ43 pMBL replicon; phoA merRAIO merOP™ merT lacZ™ bla S.-J. Park 55

pWR2 pMBI replicon; merR merOP™ merT lacZ™ bla W. Ross 63

pWRI10 pMBI replicon; merRAI0 merOP™ merT lacZ™ bla W. Ross 63

pJC10 pMBI replicon; merRA10 merOP* merT cat bla This work This work
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FIG. 2. LacZ activity of Cd(II)-responsive merR mutants in the absence of metal or when treated with Hg(II), Cd(II), or Zn(II).

B-Galactosidase (LacZ) assays. All mutant derivatives of pNH9 were trans-
formed into CAG1574(pWR10) to measure the LacZ activity induced by 2 pM
Hg(IT), Cd(II), Zn(II), Au(III) (each as the chloride), or Sb(III). Overnight
cultures were diluted 1:40 in M-9 medium, grown at 37°C to mid-exponential
phase, transferred to nitric acid-washed sterile test tubes, induced for 30 min with
2 uM metal chloride, and assayed for B-galactosidase activity (48). The working
concentration of each metal was 0.5 mM. AgNO;, CdCl,, and potassium anti-
monyl tartrate were dissolved in water. To prevent precipitation, AuCl; and
ZnCl, stocks were made in 10% (vol/vol) HCI and diluted for use. For assess-
ment of induction with higher Zn(II) concentrations (2, 10, 100, and 500 uM),
growth and induction were performed in LB broth buffered with 0.1 M Tris-HCI
(pH 7.4) to avoid precipitation of the zinc phosphate. LacZ assays for each
mutant were done in duplicate at least twice, and the average and standard
deviation of all assays are reported. For assessment of induction with higher
Cu(I) concentrations (2, 10, 100, and 500 pM), cells were grown and induced in
a modified M-9 minimal medium in which the sodium phosphate was replaced by
100 mM Tris-HCI (pH 7.4) and Casamino Acids were replaced by 0.5% Proteose
Peptone no. 3 (Difco) as an amino acid and phosphate source (74). Dithiothre-
itol (10 mM; Fisher Scientific, Fair Lawn, N.J.) was added immediately before
induction to reduce Cu(II) (added as CuSO, - SH,0) to Cu(I).

Secondary-structure predictions. The propensities for formation of a coiled
coil by Tn27 MerR (GenBank protein accession no. P07044), Bacillus sp. strain
RC607 MerR (P22853), Staphylococcus aureus MerR (P22874), Haemophilus
influenzae YBBI-HAEIN (P44617), H. influenzae Y186-HAEIN (P44558), Synecho-
cystis sp. strain PCC6803 Y701-SYNY3 (Q55963), Escherichia coli SoxR (S72675),
E. coli ZntR (P36676), Bradyrhizobium japonicum NolA (P22537), Bacillus sub-
tilis BItR (P39842), B. subtilis BmrR (P39075), Thiobacillus ferrooxidans MerR
(GenBank nucleotide accession no. X57326 and sequence identification [ID] no.
48151), Streptomyces lividans TipA; (nucleotide accession no. S64314 and se-
quence ID no. 408223), and B. subtilis YwnD (nucleotide accession no. Z99122
and sequence ID no. 2636185) were determined with the programs COILS (46,
47, 58) and MultiCoil (80). For COILS, the weighted and unweighted MTK
(myosin, tropomyosin, and keratin) parameters (47a) were used to detect
antiparallel coiled coils. As recommended by the authors of COILS, a window of
28 was used to simply detect the presence of a coiled coil and a window of 21 was
used to define the N- and C-terminal ends of a predicted coiled coil. As recom-
mended by the authors of MultiCoil, a window of 28, dimeric scoring distances
of 1, 2, and 4, and a trimeric scoring distance of 4 were used to detect
antiparallel coiled coils (80a). The very small data set of antiparallel (as op-

posed to parallel) coiled coils among proteins with defined 3-D structures limits
the reliability with which antiparallel coiled coils can be detected by these
algorithms. For example, COILS was the only program that correctly predicted
the antiparallel coiled coil in the Thermus thermophilus seryl-tRNA synthetase
(32, 80).

RESULTS

Based on their behavior in LacZ assays, we defined the
mutant merR phenotypes obtained in this work as follows (Fig.
2 and 3): (i) a Cd(II)-responsive mutant has Cd(II)-induced
LacZ activity which is at least 50% of its Hg(II)-induced ac-
tivity; (ii) a repression-deficient mutant has uninduced LacZ
activity that is no more than 50% of its Hg(II)-induced activity;
and (iii) a constitutive mutant has uninduced LacZ activity that
is more than 50% of its Hg(II)-induced activity.

Cd(II)-responsive mutants. Selection or screening for metal-
dependent lactose utilization yielded only one Cd(II)-respon-
sive mutant, K99T (Fig. 2), and selection for metal-dependent
chloramphenicol resistance yielded 10 Cd(II)-responsive mu-
tants. All were single-residue mutants, and six of them (R53Q,
L76F, A85V, K99Q, S125P, and S131L) responded to Hg(II)
and Cd(II) almost equally well (Fig. 2). The other Cd(II)-re-
sponsive mutants (E72K, L74S, A89V, K99T, and M106V) had
Cd(II)-induced LacZ activities ranging from 64 to 79% of their
Hg(IT)-induced activities.

All 11 Cd(II)-responsive mutants were defective in the ac-
tive-repression function of the wild-type merR. Four of them
(E72K, A85V, A89V, and M106V) had uninduced LacZ activ-
ities ranging from 8 to 12% of their Hg(II)-induced activities,
comparable to the derepressed (merRA) strain, pWR10. The
other seven (R53Q, L74S, L76F, K99Q, K99T, S125P, and
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FIG. 3. LacZ activity of constitutive merR mutants in the absence of metal or when treated with Hg(IT), Cd(II), or Zn(II).

S131L) were much more leaky, having uninduced LacZ activ-
ities ranging from 20 to 37% of their Hg(II)-induced activities.
In the presence of 2 wM Sb(III), Au(III) (data not shown), or
Zn(II), none had a LacZ activity any greater than that achieved
without any metal inducer, so they were considered to be
unresponsive to these three metals.

While this work was in progress, a previously noted E. coli
chromosomal MerR homolog (formerly YhdM [19]) was de-
fined as ZntR, the regulator (15) of the gene for the Zn(II)/
Cd(II) exporter, ZntA (7, 62). ZntR responds only slightly to

Hg(II) or Cd(II) at concentrations below 10 or 100 pM, re-
spectively, but responds very strongly to Zn(II) in the 100 to
1,000 M range (15). Since we had used 2 uM Zn(II) in
assessment of our mutants, we revisited the possibility of a
Zn(II) response in them by examining the MerR allele A89V,
whose change brings it closer to ZntR, which has a valine at the
corresponding position (Fig. 4). We found that the MerR mu-
tant A89V responded very slightly at the highest Zn(II) con-
centration (1,000 wM), with activity only twice its normal re-
pression-defective level (data not shown), indicating that this
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FIG. 4. Alignment of a metal-binding subset of the MerR family of activator-repressor proteins. Residues highlighted in black are identical, and residues highlighted
in gray are functionally similar. ZntR contains a V instead of an A at the position corresponding to residue 89 in MerR (A89V). Gray lowercase letters a and d in the
heptad repeats identify residues that make contact between coiled strands. The beginning and end of each protein (~) and gaps in the alignment (.) are indicated.
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FIG. 5. Amino acid changes in MerR. Mutations described in this work are shown above the amino acid sequence. Previously described mutations (20, 56, 57, 63,
68) are shown below the sequence. The 32 residues conserved in all known MerR proteins in both gram-positive and gram-negative bacteria are shown in boldface.
Symbols: double underline, cysteines involved in Hg(II) binding; single underline, predicted helix; ooo, turn of predicted helix-turn-helix (DNA binding); dotted
underline, predicted coiled-coil region; O, repression deficient only; V, Cd(IT) responsive; O, fully constitutive; <, activation deficient; A, activation and repression
deficient; @, constitutive mutants constructed in an A89V or S131L background (R62Q and V124A individually combined with S131L, others each with A89V).
Superscripted numbers indicate sets of double mutations; e.g., set 2 includes VI109E and V124A.

change alone cannot confer Zn(II) responsiveness on MerR.
Moreover, neither wild-type MerR nor the A89V mutant re-
sponded at concentrations as high as 500 uM Cu(I) (data not
shown), which, like the group 12 dications, also has a filled d
shell (28).

Repression-deficient mutants. On finding that all of these
new Cd(II)-responsive mutants were also repression deficient,
we examined previously generated repression-deficient mu-
tants A89V, S131L (63), R53W, and M1061/G79S (62a) for
Cd(II) responsiveness. Assayed as originally isolated, in cis on
the pWR2 plasmid background, A89V and S131L had Cd(II)-
induced LacZ activities of 61 and 80% of their Hg(II)-induced
activities and uninduced LacZ activities that were 15 and 18%
of their Hg(II)-induced LacZ activities (data not shown), quite
comparable to the activities of those alleles isolated here (Fig.
2). The double mutant M1061/G79S had Cd(II)-induced activ-
ity of 90% of its Hg(II)-induced activity and uninduced activity
of 44% of its Hg(II)-induced activity (Fig. 2). The single mu-
tant R53W proved to be only repression deficient, with an
uninduced LacZ activity of 7% of its Hg(II)-induced activity
and a Cd(II)-induced activity of just 27% of its Hg(II)-induced
activity (Fig. 2). None of these earlier mutants responded to
Sb(III), Au(III) (data not shown), or Zn(II). Finally, we ex-
amined the effect of Cd(II) on the mutants which had first
defined the Hg(II) binding site of MerR: C82Y, C117Y, and
C126Y (63) (data not shown). Each remained repressed in the
presence of 2 uM Hg(II), Cd(II), or Zn(II).

Constitutive mutants. Three mutants, M106T, M106V/
G64W, and V109E/V124A, obtained by mer-lac selection were
constitutive; two other constitutive mutants, FS6I and S131L/
E84K, were obtained by mer-cat selection. The constitutive
double mutant M106V/G64W, with uninduced LacZ activity
of 60% of its Hg(II)-induced activity, was further activated by
Hg(II) or by Cd(II) but not by Zn(II) (Fig. 3). The other four
constitutive mutants, F56I, M106T, V109E/V124A, and S131L/

E84K, had uninduced LacZ activities ranging from 73 to 92%
of their Hg(II)-induced activities, but none of these was further
activated by Hg(II), Cd(II), Zn(II), Au(III), or Sb(III). Owing
to the stability of the LacZ protein, no direct quantitative
comparison of constitutive activity and inducible activity can be
made.

Locations of new and old MerR mutations. Of the 15 mu-
tagenized sites in this study, only five (R53, E84, A89, M106,
and S131) had been identified as significant in previous work
(20, 56, 57, 63, 67). Two previously noted alleles, A89V and
S131L, appeared again in response to the selection methods
used in this work (Fig. 5). Although both mutagenesis strate-
gies would have allowed alterations in all three domains of the
merR gene, none of these new mutations occurred in the DNA-
binding domain or in the Cys residues which constitute the
metal ligands. One Cd(II)-responsive mutation (S125P) was
adjacent to a key cysteine residue, but the rest were at least two
residues away from these Hg(II)-binding ligands. Only one
Cd(II)-responsive mutation (R53Q) and one constitutive mu-
tation (F56I) replaced any of the 32 residues conserved in all
known MerRs. However, six Cd(II)-responsive mutations
(E72K, L74S, M106V, S125P, S131L, and M1061/G79S) and
four constitutive mutations (M106T, M106V/G64W, V109E/
V124A, and S131L/E84K) were immediately adjacent to these
conserved residues.

Several of the new mutations enrich clusters of previously
identified mutations. The first such cluster includes R53W,
R53Q, F561, and G64W, which flank the previously identified
position A60, whose alteration leads to the loss of activation
but not of repression (63). The next cluster bridges the cou-
pling domain and the N terminus of the Hg(II)-binding do-
main (E72K, L74S, L76F, G79S, E84K, and A85V), a region
already notable for repression-deficient (typically multiple)
mutations (20, 57, 63). The third cluster of old and new mu-
tations lies in or near the loop at the C terminus of the Hg(II)-
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binding domain (V124A and S125P), a region which has pre-
viously yielded repression-deficient mutants. The remaining
new mutations occur in a segment of MerR that was not re-
vealed as being functionally significant by prior genetic studies:
the center of the long helix between C82 and C117 (K99T,
K99Q, M106V, M1061, M106T, and V109E). The possible role
of each cluster or region will be discussed below.

Generality of the propensity for coiled-coil formation in
members of the MerR family. We have recently presented
biochemical data showing that Tn2/ MerR contains a long
helical domain from residues C82 to C117 (84) which consti-
tutes a major part of both the dimer interface and the Hg(II)-
binding domain. The possibility that this region assumes a
coiled-coil structure in the dimer was suggested by the occur-
rence of five nearly perfect heptad repeats within it (Fig. 4).

The use of the programs COILS (46, 47, 58) and MultiCoil
(80) to test this possibility revealed a clear propensity for
coiled-coil formation in MerR and in ZntR (15) and a very low
propensity for the formation of coiled coils, albeit in the cor-
responding region, in the 4Fe-4S redox response regulator
SoxR (41) (Fig. 6). Since the two programs employ different
algorithms, they differed in their absolute predictions, but the
trends were the same for MerR of Tn2/, ZntR, and SoxR with
both programs. In all three of these proteins, the region with
the highest propensity to form coils corresponds to the Hg(II)-
binding-dimerization domain of MerR (84). Moreover, the
loss- or gain-of-function mutations summarized here cluster
strikingly at the interface positions (a, a’ and d, d’ [8]) of two
helical-wheel projections of residues C82 through C117 of
MerR arranged in an antiparallel orientation (Fig. 7). This
representation also highlights the potential juxtaposition of
newly identified residues K99 and M106 within this interface.
In a conventional alpha-helical projection (not shown), the
mutant positions are diffuse and do not fall with such regularity
on one face of the helix.

The possible relevance of this putative coiled-coil structure
to the functions of this class of regulatory proteins is testable by
examination of its occurrence in three distantly related MerRs
and in five non-MerR members of this family (accession num-
bers are listed in Materials and Methods). The absolute amino
acid sequence is not well conserved in the corresponding re-

gion of these proteins (similarities range from 39 to 44% for
the MerRs and from 27 to 41% for YBBI, Y701, Y186, TipA,,
NolA, BltR, BmrR, and YwnD). However, the COILS pro-
gram predicted coiled-coil propensities ranging from 64.5 to
98.1% in the corresponding regions of Bacillus sp. strain
RC607 MerR, known regulators TipA; and BItR, and ho-
mologs of unknown function YBBI, Y701, Y186, and YwnD.
The MultiCoil algorithm predicted coil propensities of 60% for
TipA, and 61.6% for YBBI. While secondary-structure pre-
dictions must be treated with caution, the consistency of these
predictions for the same region of each protein suggests that
these MerR family members may also employ antiparallel
alpha-helices, possibly in a coiled-coil structure, as a dimer
interface, as has been demonstrated physically for Tn27 MerR.

DISCUSSION

MerR is unusual among metal-binding proteins in that its
metal site consists of residues from two distinct protein chains,
i.e., Cys82 from one monomer and Cys117 and Cys126 from
the other monomer, rather than from a single chain (37, 53, 75,
81). MerR is also unusual among DNA-binding metallopro-
teins in that unlike the Zn(II) finger proteins (42), the metal is
not required to form the DNA binding site. Finally, MerR is
unusually specific for its metal ligand (53, 60). By comparison,
among metal-binding proteins that have been well examined in
vitro, rat liver metallothionein binds Hg(II), Cd(II), Zn(II),
Cu(I), Ni(I), Co(I), and other metal ions (52) and rubredoxin
binds Fe(IIl) or Zn(II) in vivo and in vitro (27). The iron-
regulatory protein Fur cannot distinguish between Fe(II),
Cd(II), Co(II), and Mn(II) (53); the zinc finger domain of SP1
still binds to DNA when Zn(II) is replaced by Co(II), Cd(II),
Ni(II), or Mn(II) (73); and the Fe regulator DtxR binds and
responds equally well to Fe(II) or to Mn(II) (79). Our efforts
to alter MerR’s metal specificity have led us to several conclu-
sions concerning the metal binding site itself, the domain struc-
ture of the protein, and the family of proteins of which MerR
is a member.

Minimal role for DNA-binding domain in metal recognition.
To be recovered in the screens and selections used here, a
MerR mutant protein must undergo a metal-provoked alloste-
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ric change to effect open-complex formation and, thus, must
retain the ability to bind DNA. Although both mutagenesis
strategies used could have altered the DNA-binding domain
(residues 10 to 29), we recovered no mutants with variations in
this region. Thus, the metal-specific response of MerR is not
materially influenced by the DNA-binding domain of the pro-
tein.

Metal properties important in discrimination. The metals
examined in this study were chosen on the basis of three
properties which might influence their ability to bind to and to
provoke an allosteric change in MerR: ionic and covalent size,
relative electronegativity, and preferred coordination number.
Our working hypotheses were as follows: (i) steric constraints
on the protein’s thiol ligands might preclude their stable as-
sociation with smaller metal ions, which would simply slip
through the possible contacts; (ii) electronegativity might in-
fluence the length and strength of the bonds formed with the
thiol sulfurs and, thus, the consequent conformational changes
in the protein; and (iii) coordination preferences might influ-
ence the degree to which the metal ion is stably bound by the
ligands which the protein can contribute, as opposed to com-
peting buffer or cytosolic ligands, including water or thiols.

The ionic and covalent radii of Hg(II) are 112 and 144 pm,
respectively. Wild-type MerR did not respond in vivo to Ag(I)
(113 and 134 pm), Sb(IIT) (89 and 141 pm), Au(III) (91 and
134 pm), or Zn(II) (83 and 125 pm) (28) and responded only
weakly to Cd(II) (103 and 141 pm). While conclusions about
interactions of metals and MerR in vivo must be tempered by
possible (unknown) differences in the cellular uptake of these
metals, the fact that others (60) have found similar response
patterns for Ag, Au, Zn, Cd, and Hg in vitro suggests that
transport bias is negligible for these metals. Thus, these obser-
vations suggest that for the metal cations [all but Sb(III), which

is likely present as an oxyanion], the covalent radius contrib-
utes more than does the ionic radius to provoking a response
by MerR. In contrast, the Pauling relative electronegativities
(28) of the metals examined were 1.93 for Ag, 2.05 for Sb, 2.54
for Au, 1.65 for Zn, 1.69 for Cd, and 2.0 for Hg. Sb and Ag,
whose electronegativities are closest to that of Hg, did not
induce a response by MerR, suggesting that electronegativity is
of less significance in provoking MerR to undergo an allosteric
change. Finally, the preferred coordination geometries of
these metals and their ligands differ extensively (22); however,
within group 12 (Zn, Cd, and Hg) there is a definite trend from
Zn(II), which prefers four to six ligands (9, 23), to Hg(II),
which prefers two. (The tricoordinate HgS; site in MerR is the
only biological example of its type.) Although nothing is yet
known of the metal binding site in ZntR, many well-defined
Zn-binding proteins provide the metal with four nucleophilic
protein ligands, as in the Cys, or Cys,His, Zn finger proteins
(42). The replacement of the electrophile arginine at position
121 in ZntR by the nucleophile histidine [a common Zn(IT)
ligand] in the loop region between the counterparts of C117
and C126 of MerR might also provide a fourth ligand for
Zn(1l) in ZntR.

Although many single, widely distributed changes increased
the response to Cd(II), none led to greater response even to
the closely related metal Zn(II), suggesting that the structure
of MerR resists facile changes to accommodate other metals.
Additionally, as seen in other work (20, 56, 57, 63), multiple
changes, including combinations of those in Cd(II) response
variants, led to constitutive activity (i.e., loss of specificity)
rather than to a distinct metal specificity. This resilience of
MerR’s preference for Hg(II), even under conditions of heavy
mutagenesis and selection, was unexpected, given the lack of
metal specificity in the several metal-binding proteins noted
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above, and suggests that the unique intersubunit, tricoordinate
metal-binding domain of MerR is poised to prevent the protein
from mistaking other metals for Hg(II). Indeed, this makes
good biological sense since MerR must ignore the much higher
intracellular concentrations of Zn(II) and of Cu(I).

Refinement of the coupling and metal-binding domains. The
clusters of mutations noted above (Fig. 5) indicate five sepa-
rate regions of MerR (residues 53 to 64, residues 72 to 89,
residue 99, residues 106 to 109, and residues 113 to 131) where
changes can shift the conformer distribution toward a popula-
tion that is able to take equal advantage of Cd(II) or Hg(II)
chemistry to stabilize the activating conformation of the pro-
tein. Moreover, certain single-residue changes in these regions
(e.g., F56I) or changes in two of these (often remote) regions
(e.g., M106V and G64W or S131L and E84K) can dispose the
conformer equilibrium strongly toward the activated configu-
ration, making expression essentially metal independent.

The conservation or divergence in the MerR homologs
ZntR and SoxR allows us to discern which regions or residues
might be involved in the common (repression and activation)
or the unique (metal-binding) functions of these three pro-
teins. MerR and ZntR are identical at 47 positions and func-
tionally similar at 31 positions, while MerR and its more dis-
tant cousin, SoxR, are identical in 37 positions and functionally
similar in 21 positions (Fig. 4). Most obviously, MerR’s three
Hg(II)-binding cysteines (C82, C117, and C126) align with
three cysteines (C79, C115, and C124) of ZntR but with only
one (C124) of the four Fe(II/III)-binding cysteines of SoxR
(13, 40) (Fig. 4), suggesting that the ZntR metal binding site is
more similar to the Hg(II) binding site of MerR than either is
to the Fe(II/IIT) binding site of SoxR.

Of 11 positions described here at which single changes led to
Cd(II) responsiveness in MerR (Fig. 5), only R53, E72, L74,
and M106 are exactly conserved and only L761 and K99R are
functionally conserved in ZntR. SoxR also conserves E72 ex-
actly, and K99R and M106L are functionally conserved in this
Fe-binding regulator. Of the positions affecting constitutivity in
MerR, ZntR retains F56, G64, E84, and V124 exactly and
diverges functionally (V—S) at the position 109 equivalent.
SoxR also retains G64 and E84 exactly and diverges slightly at
F56I and completely at VI09E and V124P. Thus, the highly
conserved residues G64, E72, and E84, whose alteration alone
(E72) or in combination with other changes (G64 and E84) led
to Cd(II)-responsive (E72) or constitutive (G64 and E84) be-
havior in MerR, may stabilize the repressed conformation in
these proteins. Only E84, which lies in the core metal-binding
domain (84), has been noted previously to have a role in
repression (20); mutations at positions 64 and 72 reveal new
aspects of the repressor conformation of MerR. Finally, among
the highly conserved residues, changes at K99 and M106 occur
repeatedly, with distinct alleles in both Cd(II)-responsive and
constitutive variants, suggesting that they may have key roles in
the repressor-activator equilibrium.

ZntR and SoxR diverge to a greater or lesser degree at
positions corresponding to G79, AS85, A89, V109, S125, and
S131 of MerR; of these positions, G79, A85, A89, and S131
were identified here, and also previously (20, 57, 63), as being
functionally important to MerR. It is tempting to theorize that
some of these six residues play a role in what is unique in each
of these proteins: metal recognition. Indeed, the single non-
conservative changes A85V, A89V, S131L, and S125P all en-
hance MerR’s response to Cd(II). The nonconservative change
V109E occurs only with V124A in a constitutive mutant, so its
contribution to metal-specific behavior cannot be assessed
here. The fact that single changes in four of six divergent
positions led to an enhanced Cd(II) response but not to con-
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stitutive behavior suggests that although they are not direct
metal ligands, A85, A89, S125, and S131 contribute to metal
recognition by MerR.

Finally, Eisenberg and colleagues (82) have shown that
metal binding sites contain a highly polar metal-binding region
surrounded by a shell of hydrophobic residues. If such a hy-
dropathy contrast exists in the tertiary structure of MerR, it
likely persists in the mutants described here since changes in
the core Hg(II)-binding domain (84) which conferred Cd(II)
responsiveness generally maintained the hydropathic character
of the replaced residue. The exceptions, S125P and S131L, the
two most C-terminal Cd(II)-responsive mutations, lie outside
the coiled-coil region, in or just beyond the predicted loop
between C117 and C126 (84), where they might affect the
orientation of C126 and its interaction with Cd(II).

A novel domain in a subset of MerR-type regulators. Our
biochemical observations (84), the structure predictions for the
wild-type MerR and its closest relatives (Fig. 4), and the posi-
tions of merR mutations (Fig. 7) suggested that a coiled-coil
structure might be characteristic of such repressors-activators.
There is growing evidence that the coiled-coil motif occurs in
bacterial regulatory proteins (see reference 11 and references
cited therein). Indeed, the Bacillus MerR and 7 (ZntR, YBBI-
HAEIN, Y701-SYNY3, Y186-HAEIN, TipA, , BItR, and YwnD)
of 10 other presently defined MerR family members (all listed
in Materials and Methods) were predicted by one or both of
the most widely used algorithms to form a coiled coil in their
regions which correspond to the coiled region of Tn2/ MerR
(data not shown). All of these proteins act at operators lying in
overly long (19- to 20-bp) spacers between the —10 and —35
hexamers of their target o’ RNAP promoters. Apart from
MerR, nothing is known about the interactions of these pro-
teins with their cognate operators during repression or activa-
tion. It remains to be determined what (if any) unique role
these putative coiled structures play in controlling expression
from these promoters. Interestingly, coil formation propensity
does not sort with the type of inducer; i.e., a high propensity for
coil formation is predicted for metal-binding MerR and ZntR
and also for TipA,, which is not known to bind a metal.
Similarly, a low propensity to form coiled coils is seen with
metal-binding SoxR and with Bacillus BmrR, which binds or-
ganic acids. The latter protein is the only one for which there
is a 3-D structure of the ligand-binding domain (85), and ob-
servations confirm the prediction that it lacks a coil structure.

In summary, the selections and screens employed here have
revealed several positions in MerR, not previously identified,
which play a role in repression-activation or in metal recogni-
tion. The properties of these mutants and those previously
described and comparisons with homologs indicate that as seen
with antigen-antibody recognition (5, 78), changes remote
from the immediate binding site can subtly influence the
specificity of a protein for its ligand. In the case of MerR, the
agents of metal recognition lie not only immediately adjacent
to the known metal ligand thiols but throughout the core
metal-binding domain and the putative coupling region be-
tween it and the DNA-binding domain.
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