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ABSTRACT

The mer operon confers bacterial resistance to inor-
ganic mercury (Hg2+) and organomercurials by en-
coding proteins involved in sensing, transport and
detoxification of these cytotoxic agents. Expression
of the mer operon is under tight control by the dual-
function transcriptional regulator MerR. The metal-
free, apo MerR binds to the mer operator/promoter
region as a repressor to block transcription initia-
tion, but is converted into an activator upon Hg2+-
binding. To understand how MerR interacts with Hg2+

and how Hg2+-binding modulates MerR function, we
report here the crystal structures of apo and Hg2+-
bound MerR from Bacillus megaterium, correspond-
ing respectively to the repressor and activator con-
formation of MerR. To our knowledge, the apo-MerR
structure represents the first visualization of a MerR
family member in its intact and inducer-free form.
And the Hg2+-MerR structure offers the first view of
a triligated Hg2+-thiolate center in a metalloprotein,
confirming that MerR binds Hg2+ via trigonal planar
coordination geometry. Structural comparison re-
vealed the conformational transition of MerR is cou-
pled to the assembly/disassembly of a buried Hg2+

binding site, thereby providing a structural basis for
the Hg2+-mediated functional switching of MerR. The
pronounced Hg2+-induced repositioning of the MerR
DNA-binding domains suggests a plausible mech-
anism for the transcriptional regulation of the mer
operon.

INTRODUCTION

Bacteria thriving in heavy metal-containing environments
rely on the activities of metal-specific resistance systems
for survival. While different heavy metals exhibit distinct
physical-chemical properties, the majority of these detox-
ification systems operate on a simple mechanism, consist-
ing of a plasma membrane-embedded efflux transporter for
removing its target metal ion from the cytoplasm, and a
metal-responsive transcriptional regulator for controlling
transporter expression (1,2). In this regard, the bacterial
mercury resistance operon (mer operon) appears exception-
ally delicate and sophisticated by harboring genes involved
in the sensing, capture, transport and transformation of in-
organic mercury (Hg2+) and organomercurials (3). Being lo-
cated on a transposable element, the mer operon is widely
distributed among Gram-positive and Gram-negative bac-
teria, and its expression effectively protects the hosts against
high-dose mercury exposure (4–6). Key components en-
coded by the Gram-negative mer operon include MerC,
MerP and MerT for recognition and uptake of Hg2+,
one (or more) mercurial lyase MerB that cleaves carbon-
mercury bond in organomercurials to yield Hg2+, a cytoso-
lic mercuric reductase MerA that catalyzes an NADPH-
dependent reduction of Hg2+ into the volatile and less toxic
elemental Hg0 (3,7) and a transcriptional regulatory protein
MerR that coordinates the expression of the operon (8–10).

With a capacity to undergo an Hg2+-dependent func-
tional switching from a transcriptional repressor to an ac-
tivator, MerR allows the expression of the mer operon to
be tightly regulated (11–14). Unlike typical bacterial pro-
moters whose −10 and −35 elements are spaced by 17±1
base pairs to favor a productive interaction with RNA
polymerase (15,16), the mer promoter contains a longer
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(19∼20 base pairs) spacer (17,18), which reduces the basal
transcription activity by misaligning the two polymerase-
binding elements. Binding of the metal-free, repressor form
of MerR to the operator sequence located between the
−10 and −35 elements further represses transcription by
interfering with open complex formation at the mer pro-
moter. Expression of the mer operon can be stimulated
upon the conversion of MerR into a transcriptional acti-
vator by Hg2+ (10,14,17,19). Various biochemical and bio-
physical studies indicate that Hg2+-binding likely triggers
a structural change in MerR, in turn affecting the confor-
mation of the bound DNA to facilitate transcription ini-
tiation by restoring the alignment between the two poly-
merase binding elements (14,20–22). Although MerR was
first identified over three decades ago, only low-resolution
solution structures derived from small-angle X-ray scatter-
ing data are currently available (20); its three-dimensional
structures have not yet been resolved by either X-ray crys-
tallography or nuclear magnetic resonance (NMR). There-
fore, several outstanding questions, such as the structure
and residue composition of the Hg2+ binding site, the nature
and mechanism of Hg2+-induced conformational change
of MerR and the structural basis of Hg2+-dependent tran-
scriptional regulation by MerR, have remained to be ad-
dressed in greater detail.

The uniqueness of MerR is further underscored by be-
ing a dual-function transcriptional regulator and the found-
ing member of the MerR family of transcription factors
(17,23–24). Members of the MerR family are best known
for their high sensitivity and selectivity toward environmen-
tal stimuli, ranging from heavy metals, xenobiotics, to reac-
tive oxygen species (17). Earlier structural studies of some
MerR family members revealed that the DNA and inducer-
binding domains are located at the N- and C-terminus, re-
spectively, and the two domains are connected by a long �-
helix which also acts as the dimerization helix (25–31). An-
tiparallel packing of the two dimerization helices produces
a functional homodimer for interacting with the pseudo-
palindromic operator sequences. Moreover, dimerization
allows the DNA-binding domain of one subunit to pair up
with the inducer-binding domain of the opposing subunit,
resulting in the formation of a composite inducer binding
site composed of residues from both subunits. The crystal
structures of BmrR and SoxR in complexes with the re-
spective inducer and operator DNA illustrate significantly
bending and twisting of the bound DNA, which reorients
and shortens the spacing between the −10 and −35 regions
to promote transcription initiation (26,29). Despite these
progresses, how MerR family members undergo conforma-
tional switching upon inducer binding has remained specu-
lative due to the lack of any three-dimensional structures of
the apo forms.

In this study, we determined the crystal structures of
MerR in both the metal-free as well as the Hg2+-bound
forms, which correspond to the repressor and activator state
of MerR, respectively. Structural comparison revealed how
Hg2+ drives the formation of the metal binding site, and
how Hg2+ regulates the conformational switching of MerR.
Modeling of the MerR-DNA interactions suggests a struc-
tural basis for the Hg2+-regulated expression of the mer
operon.

MATERIALS AND METHODS

Protein expression and purification

The construction of the expression plasmid for produc-
ing tag-free, full-length MerR from the Gram-positive bac-
terium Bacillus megaterium MB1 was described previously
(32). For expression, the plasmid-harboring Escherichia coli
BL21(DE3) was cultured in LB medium at 37◦C to OD600
= 0.8, IPTG was added to a final concentration of 1.0
mM, and protein expression was induced at 20◦C for 16
h. Bacteria were harvested by centrifugation and stored at
−80◦C until further use. For purification, bacteria were re-
suspended in buffer A (50 mM Tris (pH 7.5), 5% glycerol, 10
mM DTT) and the cells were disrupted by sonication. The
crude cell lysate was clarified by centrifugation at 27 216 x
g for an hour (repeat three times) at 4◦C and applied to a
pre-equilibrated heparin column. The column was washed
to baseline, and the protein was eluted in a linear gradient
over 10 column volumes with buffer B (buffer A containing
1 M ammonium sulfate). The eluted fractions were pooled
and applied to a phenyl column pre-equilibrated with buffer
C (buffer A containing 0.5 M ammonium sulfate). Buffer
A was used for elution. Eluted fractions containing MerR
were pooled and further purified on a size-exclusion column
(Hi-Load Superdex 200) in gel filtration buffer (50 mM Tris
(pH 7.5), 250 mM sodium chloride,1 mM PMSF, 5% glyc-
erol, 10 mM DTT). The dimer-form protein was collected
and concentrated to 5.0 mg/ml for crystallization. Expres-
sion of selenomethionyl MerR was achieved at 20◦C af-
ter inducing for 16 h with 1.0 mM IPTG in E. coli strain
B834(DE3) in M9 medium supplemented with 40 �g/ml
seleno-L-methionine.

Protein crystallization

For crystallization of apo-MerR, 1 �l of purified native or
selenomethionine-labeled MerR (5 mg/ml in gel filtration
buffer) was mixed with an equal amount of reservoir so-
lution (50 mM sodium citrate (pH 6.2), 0.1 M ammonium
phosphate) and equilibrated against 200–500 �l of reser-
voir solution at 4◦C. Native apo-MerR crystals of suitable
size (∼0.15 × 0.05 × 0.03 mm) can be obtained within two
weeks. For crystallization of Hg2+-MerR, 7.8 �l of HgCl2
stock (100 mM) was added into 1.0 ml of purified MerR
(5 mg/ml in gel filtration buffer). After 10 min incubation
on ice, 1 �l of native or selenomethionine-labeled Hg2+-
MerR sample was mixed with an equal amount of reser-
voir solution (0.2 M ammonium citrate dibasic (pH 5.1),
20% PEG3350) and equilibrated against 200 �l of reser-
voir solution at 4◦C. Native Hg2+-MerR crystals reached
full size (∼0.05 × 0.05 × 0.01 mm) in about two weeks. In
both cases, crystals of selenomethionine-labeled MerR used
for data collection were obtained using the microseeding
technique by adding seeds prepared from the respective na-
tive crystals to the crystallization drops. Crystals were har-
vested by transferring into mother liquor containing either
20% 1,6-hexanediol (for apo-MerR) or 25% ethylene glycol
(for Hg2+-MerR) for about 10 s before looping and flash-
freezing in liquid nitrogen for data collection.
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Structure determination

For apo-MerR, a 2-wavelength multiwavelength anoma-
lous dispersion (MAD) data set and a higher resolution na-
tive data set were collected at SPring-8 beamline SP12B2.
For Hg2+-MerR, a 2-wavelength MAD data set and a
single-wavelength anomalous dispersion (SAD) data set
with optimized Hg anomalous signal were collected at
NSRRC beamlines 13B1 and 15A1, respectively (Table 1).
All diffraction data sets were processed using HKL2000
(33). For the MAD data sets, raw images from each wave-
length were indexed according to the same crystal orienta-
tion matrix, but integrated and scaled independently. Ini-
tial MAD phases of the apo-MerR data were determined
by SOLVE/RESOLVE at 2.75 Å and extended to 2.61 Å
by applying non-crystallographic symmetry (NCS) averag-
ing and solvent flattening implemented in RESOLVE (34–
36). A starting model for apo-MerR was obtained with RE-
SOLVE, which then underwent rounds of manual model
rebuilding, water assignment, and refinement with Coot
(37) and Phenix (38). The phase problem of the Hg2+-
MerR structure was solved by a combination of Se-MAD
and Hg-SAD at 2.56 Å using Phenix. The resulting elec-
tron density maps were of excellent quality and the bound
Hg2+ ions were readily added into the initial model pro-
duced by Phenix. Coot and Phenix were then used for
model rebuilding, water assignment and refinement. For
both structures, refinement was conducted by applying tor-
sion NCS and individual B-factor restraints in combination
with Translation–Libration–Screw (TLS) refinement, with
the parameters being selected based on TLSMD analysis
(39). The following residues are omitted from the final re-
fined structures due to disorder. For apo-MerR: 1–3, 34–39,
131–132 in chain A, 1–3, 12, 14, 31–39, 131–132 in chain B,
1–14, 25–43, 132 in chain C, 1–3, 11–14, 31–41, 132 in chain
D, 1–5, 34–39, 132 in chain E, 1–4, 32–39, 132 in chain F,
1–7, 32–39, 132 in chain G and 1–7, 13–15, 31–43 in chain
H. For Hg2+-MerR: 1–2, 32–34, 41–42, 132 in chain A and
1–2, 33–34, 41–42, 132 in chain B. The refinement statistics
are summarized in Table 1. The figures were generated in
Pymol (https://www.pymol.org/).

Structural modeling of the MerR-DNA and Hg2+-MerR-
DNA complexes

The structural models of the mer operator DNA in com-
plexes with either apo-MerR or Hg2+-MerR were con-
structed using Discovery Studio 4.1 (http://accelrys.com/).
Initial models of the protein-DNA binary complexes were
constructed by superimposing apo-MerR onto the TipAN
DNA taken from the TipAN-tipA promoter DNA complex
(PDBid: 2VZ4) and Hg2+-MerR onto the SoxR-soxS pro-
moter DNA complex (26), followed by manual adjustments
of the DNA backbone conformations to optimize the shape
complementarity and contacting surface between DNA and
the recognition helices of MerR. Energy minimization us-
ing CHARMm with harmonic restraints was then carried
out to improve the stereochemical quality of the models.
The flanking, non-operator DNA segments which extend
toward the −35 and −10 elements were modeled to adopt a
standard B-DNA conformation using the ‘Marcomolecules
module’ implemented in Discovery Studio.

RESULTS AND DISCUSSION

Structure determination of apo and Hg2+-bound MerR

To understand how MerR exhibits a high specificity to-
ward Hg2+ and how Hg2+-binding converts MerR from a
transcriptional repressor to an activator, we determined the
crystal structures of MerR in the absence or presence of
Hg2+, which correspond respectively to the repressed and
activated state of MerR. Due to the expected structural
similarity among the metal-binding subset of the MerR
family members, it was anticipated that molecular replace-
ment might be a feasible method for structure determina-
tion. However, in this study both the metal-free MerR (apo-
MerR) and Hg2+-bound MerR (Hg2+-MerR) structures
were solved by the MAD method using selenomethionine-
labeled MerR crystals to acquire unbiased structural infor-
mation regarding the Hg2+ binding sites and Hg2+-induced
protein structural rearrangement. Initial MAD phases for
apo-MerR and Hg2+-MerR were obtained to 2.75 and 3.7 Å
resolution and subsequently extended to 2.61 and 2.56 Å us-
ing higher resolution native data sets. The apo-MerR crys-
tallized with eight protomers per asymmetric unit arranged
into four non-crystallographic symmetry related dimers,
providing multiple crystallographically independent views
of apo-MerR in monomeric as well as dimeric forms (Sup-
plementary Figure S1). For the Hg2+-MerR crystal, the
asymmetric unit consists of one dimer with both metal bind-
ing sites fully occupied by Hg2+ (Supplementary Figure S2).
Data collection and structural determination statistics are
summarized in Table 1.

Overall structure of apo-MerR and Hg2+-bound MerR

The three-dimensional structures of the metal-responsive
MerR family members ZntR and CueR had been char-
acterized in the presence of their cognate metal ions (28).
In contrast, no corresponding apo structures are currently
available in the PDB. Even for the drug-binding and redox-
sensing subset of MerR family members (25–27,29–30),
the apo structures were determined with the C-terminal
inducer-binding motif being either absent or truncated
(PDBids: 3GPV, 3HH0 and 2VZ4). To our knowledge, the
apo-MerR structure reported here provides the first visual-
ization of a MerR family of transcriptional regulator in its
intact repressor form. Together with the Hg2+-MerR struc-
ture, which represents the transcriptionally active state of
MerR, makes it suitable to delineate the molecular basis of
Hg2+-induced structural and functional transition of MerR
in detail.

Similar to the previously determined structures of CueR,
ZntR and SoxR (26,28), the secondary structure connec-
tivity ‘H1-H2-�1-�2-H3-H4-H5-(H6)-H7’ is largely pre-
served in MerR, except that H2 and H3 is connected by a
hairpin-like loop structure. The MerR N-terminal fragment
(H1 through H4) adopts a DNA-binding winged helix-
turn-helix fold in which H2 functions as the recognition
helix (19,21), followed by a long dimerization helix (H5)
and a C-terminal metal binding motif (H6–H7) (Figure 1)
(17,19,40). Two MerR subunits associate to form a sta-
ble homodimer via an antiparallel coiled-coil packing be-
tween the two H5 helices (Figure 2). Dimerization is essen-

https://www.pymol.org/
http://accelrys.com/
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Table 1. Summary of crystallographic analysis for MerR

Protein Se MerR apo-MerR Se Hg2+-MerR Hg2+-MerR

Space group P21 P21 P222 P222
Unit cell dimensions
a (Å) 80.63 80.54 70.00 69.89
b (Å) 94.89 94.80 70.55 70.96
c (Å) 86.88 87.06 71.61 71.38
Data collection Se-inflection Se-remote Se-inflection Se-remote
Wavelength (Å) 0.9791 0.9537 1.0000 0.9792 0.9610 0.9224
Resolution (Å) 30–2.75 30–2.75 30–2.61 30–3.7 30–3.7 30–2.56
No. of observed reflections 140,766 151,989 137,710 37,272 37,100 137,888
Unique reflections 28,526 28,752 38,485 3.957 3.937 11,808
Completeness (last shell)a (%) 85.4(66.0) 86.1(70.5) 99.0(99.9) 97.1(98.6) 96.9(98.6) 99.7(98.5)
Multiplicity 5.3 5.3 3.6 9.4 9.4 11.7
Rsym (last shell)a,b (%) 8.3(40.5) 8.7(37.5) 8.3(40.5) 21.8(48.9) 23.2(50.1) 13(52.1)
Refinement
Resolution range (Å) 30–2.61 30–2.56
No. of reflection in working set
(test set)

36,559(1962) 10630(1178)

Rcryst (last shell)c 22.5(28.5) 22.5(22.3)
Rfree (last shell)c 25.7(30.7) 28.7(34.5)
Rmsd from ideal
Bond lengths (Å) 0.003 0.011
Bond angle (deg.) 0.67 1.67
Ramachandran outliers (%) 0 0
Number of macromolecules 7166 1943
Ligands 0 2
H2O 97 38
Average B-factor
(protein/water/ligand)

58.4(58.5/50.3/NA) 39.5(39.6/36.9/37.7)

aStatistics for data from the resolution shell of 2.85–2.75 Å (Se apo-MerR data), 2.68–2.61 Å (apo-MerR data), 3.99–3.7 Å (Se Hg2+-MerR data) and
2.68–2.56 Å (Hg2+-MerR data).
bRsym = (�|Ihkl - <I>|)/(�Ihkl), where the average intensity <I>is taken overall symmetry equivalent measurements and Ihkl is the measured intensity
for any given refection.
cRcryst = (�‖Fo| - k|Fc‖)/(�|Fo|). Rfree = Rcryst for a randomly selected subset (5%) of the data that were not used for minimization of the crystallographic
residual.

tial for MerR to exert its regulatory function by defining
the spacing and orientation between the two DNA-binding
domains, which allows MerR to interact with the pseudo-
palindromic mer operator sequence as well as modulate
the operator DNA conformation upon binding. More-
over, dimerization leads to the assembly of two compos-
ite and structurally equivalent Hg2+ binding sites; each site
is consisted of three strictly conserved Hg2+-ligating cys-
teine residues (Supplementary Table S1), with Cys79 origi-
nating from one subunit and Cys114 and Cys123 from the
other subunit. The juxtaposition between the DNA-binding
domain and the Hg2+ binding site (Supplementary Fig-
ure S3A) appears well suited for mediating metal-induced
repositioning of the DNA-binding domain. Indeed, struc-
tural comparison of apo- and Hg2+-MerR revealed exten-
sive Hg2+-induced rearrangement of the metal and DNA-
binding modules (Supplementary Figure S3B). A detailed
description of this metal-dependent conformational change
and the possible causes and functional significance of the
structural transition will be provided in the following sec-
tions.

MerR undergoes extensive secondary, tertiary and quater-
nary structural changes upon Hg2+ binding

Consistent with the notion that MerR undergoes Hg2+-
induced functional switching from a transcription repressor
to an activator (11–13,20–21,41), pronounced differences in

secondary, tertiary and quaternary structures were recog-
nized between apo-MerR and Hg2+-MerR (Figures 1 and
2). Specifically, compared to the apo structure, in Hg2+-
MerR the N-terminus of H5 where Cys79 resides extends
by one helical turn, the H6 which flanks Cys114 undergoes
a helix-to-loop transition and residues adjacent to Cys123
form an alternative loop structure by adopting a new set of
main-chain dihedral angles. The lengthening of H5 upon
Hg2+-binding is further accompanied by the straighten-
ing of the helical axis, increasing the surface area of the
dimer interface from 1794 to 2153 Å2 (calculated with the
PISA server, http://www.ebi.ac.uk/pdbe/pisa/). Additional
changes in the MerR tertiary and quaternary structure in-
clude a rigid body movement of the DNA-binding domain
and significant relocation of the metal-binding motif with
respect to the H5 coiled-coil dimerization domain (Figure 1
and Supplementary Figure S4). As a result, the spacing and
orientation between the two DNA-binding domains are sig-
nificantly altered (Supplementary Figure S5), and the two
MerR conformers would interact differently with the mer
operator DNA (Supplementary Figure S6).

Most unexpectedly, in apo-MerR the Hg2+-ligating cys-
teine residues are located apart from each other and not
suitable for coordinating simultaneously to Hg2+ (Fig-
ure 3A). In contrast, these residues become juxtaposed in
Hg2+-MerR with the three side-chain thiolate groups being
triangularly arranged around the bound Hg2+ (Figure 3B).

http://www.ebi.ac.uk/pdbe/pisa/
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Figure 1. Secondary and tertiary structures of apo and Hg2+-bound MerR. Ribbon representations of the MerR protomer in apo (A) and Hg2+-bound (B)
states. For both structures, the DNA-binding domain, dimerization helix and metal-binding motif are in purple, orange and red, respectively. The H4–H5
loop is highlighted in blue. The apo and Hg2+-bound MerR structures were first aligned by superimposing on the backbone atoms of the dimerization
helices (H5) before being displayed in separate panels. (C) Secondary structures of MerR in the apo and Hg2+-bound state. The Hg2+-ligating cysteine
residues are marked cyan in the MerR sequence. The �-helices and �-strands suggested by the PredictProtein server (https://www.predictprotein.org/) are
colored red and green in the sequence for comparison.

Since the formation of metal binding site is strictly Hg2+-
dependent, it can be inferred that the conformational transi-
tion of MerR is coupled to the assembly of the Hg2+ binding
site, and that the presence or absence of Hg2+ would specify
the structural state of MerR.

Superposition of the two structures revealed a plausible
molecular mechanism by which the tertiary and quaternary
conformational changes of MerR can be triggered upon
Hg2+ binding (Figure 3C). Specifically, among the three
Hg2+-ligating cysteine residues, Cys79 and Cys114’ (the
‘prime’ symbol specifies a residue from the other subunit)
are more closely spaced (∼9.2 Å) and most likely respon-
sible for mediating the initial engagement with Hg2+ (Fig-
ure 3A). Compared to Cys114’, which is structurally more
constrained by being attached to the coiled-coil dimeriza-
tion module, Cys79 is located in the more flexible H4–H5
loop in apo-MerR and may thus be more suitable to re-
locate, such as moving toward Cys114’ (Figure 3C). The
resultant presentation of two thiolate groups in proximity
is expected to facilitate the capture of incoming Hg2+ via
the formation of a transient bidentate binding site, likely
with a linear coordination geometry observed in the MerP-
Hg2+ complex (42,43). The H4–H5 loop may then undergo
a metal-induced loop-to-helix transition to adopt the con-
formation seen in Hg2+-MerR, extending the N-terminus of

H5 by an extra helical turn. In the context of the apo-MerR
dimer, the elongated H5 would clash with the N-terminal
portion (H6 and H5–H6 loop) of the metal-binding motif
from the opposing MerR subunit and cause its detachment
from the coiled-coil module, thus allowing Cys123’ to ap-
proach the bound Hg2+ to complete the assembly of the
composite and tridentate binding site (Figure 3D).

Because Cys123 is located at the N-terminus of H7, the
coordination of this residue to Hg2+ would bring H7 to-
ward the bound metal ion (Figure 3C and D). Being sur-
rounded by three negatively charged thiolate groups, the tri-
coordinated Hg2+-thiolate center is expected to carry one
net negative charge (28), which appears ideal for mediating
the positioning of H7 via a charge-helix dipole interaction
(Figure 3B). Such an interaction between the positive helix
dipole and negatively charged metal-sulfur center has been
suggested as a secondary metal-binding component (44).
Importantly, the presence of H7 at this new position cannot
be accommodated in the apo-MerR structure due to steric
clashes with H3 and H4, which explains why the DNA-
binding domain must undergo an Hg2+-induced rigid body
movement in Hg2+-MerR (Figure 4A and B). The interac-
tions observed between H3 and H7 in Hg2+-MerR indicate
that H7, besides its role in driving the Hg2+-induced con-
formational change, also assists the anchoring of the DNA-

https://www.predictprotein.org/
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Figure 2. Overall structures of apo and Hg2+-bound MerR homodimer. Ribbon representations of the MerR homodimer in apo (A) and Hg2+-bound (B)
state. Two orthogonal views of each structure related by a 90◦ rotation about the coiled-coil dimerization region are provided. For both structures, the
DNA-binding domain, dimerization helix and metal-binding motif of one subunit are in purple, orange and red, respectively, the second subunit is in gray.
The H4–H5 loop is highlighted in blue. The two metal ions (Hg2+) in Hg2+-MerR are shown as yellow spheres. Labels belonging to the second protein
subunit are flagged by a prime. The apo and Hg2+-bound MerR structures were first aligned by superimposing on the backbone atoms of the dimerization
helices (H5 and H5’) before being displayed in separate panels.

binding domain (Figure 4C). Taken together, the structural
rearrangement of the metal-binding motif not only enables
the assembly of Hg2+ binding site but also triggers the func-
tional switching of MerR by reorienting the DNA-binding
domain. The identification of two distinct conformational
states of MerR also allows the functional consequences of
known MerR mutants (45–47) to be explained in structural
terms (Supplementary Table S1).

Structure of the Hg2+ binding site and structural basis of
metal selectivity

While sequence analysis and mutagenesis studies of MerR
have long established that each Hg2+ binding site is
composed of three strictly conserved cysteine residues
(28,31,48–50), it has remained unresolved whether the three
metal-ligating residues are arranged in trigonal planar, trig-
onal pyramid or T-shaped coordination geometry. NMR
analysis of MerR in complex with a stable magnetic mer-
cury isotope (199Hg) indicated that, compared to the pyra-
midal coordination geometry, the trigonal planar model
appears more consistent with the observed chemical shift
values (50). By determining the crystal structure of Hg2+-
MerR, we provide unequivocal evidence that MerR binds
Hg2+ via trigonal planar coordination geometry and offer
the first visualization of tricoordinated Hg2+ in a metallo-
protein in two crystallographically independent views (Fig-
ure 5A).

The structures of the two Hg2+ binding sites are essen-
tially identical; superimposition of equivalent residues con-
stituting or flanking the binding site (residues 69∼85 and
109∼128) produced an RMSD of ∼0.2 Å (Figure 5B). The
3-fold symmetry specified by the trigonal planar coordina-
tion geometry applies to the positions of the three Hg2+-
chelating thiolate groups and the S-Hg2+ bond lengths (all
refined to ∼2.4 Å), but not the thiolate-bearing C� atoms
and beyond owing to the unique set of main-chain and side-
chain dihedral angles adopted by each metal-ligating cys-
teine (Supplementary Table S2). Unlike MerR family mem-
bers ZntR and SoxR in which the metal ions are located in
partially exposed environments (26,28), in MerR the bound
Hg2+ is fully buried and secluded from solvent by having
the pyrrolidine rings (of Pro115’ and Pro124’) and helices
(H4 and H5) blocking the axial faces and the N-terminus
of H7 covering the side (Figure 5C). Similar arrangement
of proline residues and helices around the bound metal ion
is reminiscent of the Cu+ binding site of CueR (28). Since
the N-terminus of H7 is the only polar element around the
negatively charged trithiolate-Hg2+ center, the charge-helix
dipole interaction observed in MerR and CueR may be
further strengthened by the surrounding non-polar groups,
thus fixing H7’ in position to drive the relocation of the
DNA-binding domain.

Earlier studies measuring the MerR-dependent mer pro-
moter activity showed that nanomolar level of Hg2+ is suf-
ficient to activate transcription, whereas much higher con-
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Figure 3. Detailed views of the Hg2+-induced movement of the metal-
binding motif and assembly of the Hg2+ binding site. (A) Ribbon represen-
tation of apo-MerR homodimer (left) with an enlarged view (right) show-
ing residues involved in the anchoring of the metal-binding motif as well
as the spatial arrangement of the three Hg2+-ligating cysteine residues. (B)
Ribbon representation of Hg2+-MerR homodimer (left) with an enlarged
view (right) showing the coordination of Hg2+ (yellow sphere) by three
cysteine residues and the involvement of H7 in Hg2+-binding. (C) Super-
imposition of apo-MerR (green) and Hg2+-MerR (cyan) shows that H7
and the three Hg2+-ligating cysteine residues undergo large repositioning
upon Hg2+-binding. (D) The Hg2+-induced lengthening of H5 would result
in steric clashes with the H5–H6 loop and H6 seen in apo-MerR structure
(indicated by the orange arrowhead), causing conformational change in
the metal-binding motif (highlighted by the red arrow). Labels belonging
to the second protein subunit are flagged by a prime.

centrations of other metal ions (such as Cd2+, Zn2+, Au+,
Au3+, Cu+, Cu2+) are required to produce even marginal
activation (51). Theoretical calculations suggested that the
high sensitivity and selectivity of MerR toward Hg2+ may
be explained in part by the valance state, ionic radius and
charge-accepting ability of the metal ion, as well as the
net charge, charge-donating ability, dipole moment, polar-
izability and number of the metal-ligating atoms (44). Be-
sides these physical-chemical considerations, the involve-
ment of protein milieu has also been implicated, with
the number of metal-ligating residues, environment of the
metal binding site and length of the metal-binding mo-
tif being the potential determinants of binding specificity

(28,52–53). Therefore, the preference of MerR in forming
a buried and tricoordinated metal-binding center may fa-
vor the binding of Hg2+, which differs from the formation
of bidentate Cu+ in CueR and binuclear metal clusters in
ZntR and SoxR (26,28). Moreover, structural comparison
between Hg2+-MerR and Cu+-bound CueR explains the
length variation in the metal-binding loop (Supplementary
Figure S7A), as measured by the spacing between the cor-
responding metal-ligating residues (Cys114 and Cys123 for
MerR; Cys112 and Cys120 for CueR). The 7-residue spacer
of CueR appears ideal to enclose the bithiolate-Cu+ cen-
ter but cannot accommodate the bulkier trithiolate-Hg2+

center. In contrast, the 8-residue spacer of MerR favors
the presence of tridentate Hg2+ by allowing the loop to
bulge around the extra Hg2+-ligating residue (Cys79), such
that potential steric clashes between Cys79 and Pro115’
can be avoided. A hydrogen bond formed between the �-
amino group of a MerR-specific and highly conserved lysine
residue (Lys118’) and the main-chain carbonyl of Pro115’
may indirectly contribute to Hg2+-binding by stabilizing the
bulge conformation (Supplementary Figure S7B–D). Al-
though the metal binding site of MerR can sterically admit
Cu+, the binding affinity may be significantly reduced due
to the loss of tight packing around the metal center, which
would disrupt the hydrophobic environment of the binding
pocket and consequently destabilize the charge-dipole in-
teraction with H7. The corresponding loops are even longer
in ZntR and SoxR, hence extra metal-ligating residues (Cys
and His) can be introduced to form the binuclear metal cen-
ters. Our work thus implicates the structural basis for the
correlation between the length of metal-binding loop and
the metal ion selectivity.

Functional implications for the MerR from Gram-negative
bacteria and the prospective transcriptional regulator MerR2
of TnMERI1

The Bacillus MerR structures reported here suggest how the
relocation of its DNA-binding domain is coupled to the for-
mation of the Hg2+ binding site, and how the DNA-binding
domain can be differentially oriented about the coiled-coil
dimerization interface (Figure 2). Multiple sequence align-
ment of MerRs from Gram-positive and Gram-negative
bacteria shows that residues involve in anchoring the DNA-
binding domain, as seen in the apo and Hg2+-MerR struc-
tures, are largely conserved (Supplementary Figure S8).
Thus, it appears that, regardless of their origin, the DNA-
binding domain of all MerRs can adopt two spatially dis-
tinct positions. In addition, homology modeling of MerRs
from Gram-negative bacteria indicated a buried Hg2+ bind-
ing site can be assembled in all MerRs (Supplementary Fig-
ure S9), thus H7 can be effectively tethered to the Hg2+-
thiolate center to drive the movement of the DNA-binding
domain. Taken together, we conclude that the molecu-
lar mechanism underlying the Hg2+-dependent conforma-
tional and functional switching of the Bacillus MerR is ap-
plicable to Gram-negative MerRs.

Intriguingly, unlike the Tn21 and Tn501 mer operons of
Gram-negative bacteria whose expression is exclusively reg-
ulated by MerR, the mer operon of Gram-positive bac-
teria encodes a second transcriptional regulatory protein
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Figure 4. The DNA-binding domains of MerR homodimer undergo Hg2+-induced repositioning. (A) Superimposition of apo-MerR (green) and Hg2+-
MerR (cyan) shows the Hg2+-thiolate-tethered H7 in Hg2+-MerR would clash with H3 and H4 seen in apo-MerR (indicated by the orange arrowhead),
which is expected to trigger the Hg2+-induced relocation of the DNA-binding domain. The DNA-binding domain is anchored by distinct set of stabilization
interactions in apo-MerR (B) and Hg2+-MerR (C). Yellow sphere represents the bound Hg2+.

termed MerR2 (10,18). Despite sharing ∼60% overall se-
quence similarity, the DNA- and metal-binding proper-
ties of MerR2 differ substantially from MerR. Sequence
comparison and homology modeling analysis both reveal
the replacement of the three Hg2+-ligating cysteines by
residues with no metal-coordinating activities (Ile, Pro, Gly)
in MerR2 (Supplementary Figure S10), consistent with its
lack of affinity for Hg2+. Also we recognize significant
divergence in residues involved in DNA-binding between
MerR and MerR2, explaining their preference for binding
to operator/promoter R1 and R2, respectively (32). The
physiological role and the cognate ligand(s) of MerR2 re-
main to be explored.

Structural basis of MerR-mediated regulation of the mer
operon

One of the most prominent structural differences between
the apo-MerR and Hg2+-MerR structure is the reposi-
tioning of the two DNA-binding domains with respect to
the coiled-coil region, which shortens the distance between
the two symmetry-related DNA-recognition helices H2 and
H2’ from 34 (apo) to 29 Å (Hg2+-bound) (Supplemen-
tary Figure S5). To understand how the expression of mer
operon may be regulated by the conformational switch-
ing of MerR, modeling analysis was performed to inves-
tigate the functional consequences resulted from the bind-
ing of mer operator/promoter DNA by either apo-MerR or
Hg2+-MerR. A solution NMR analysis of 199Hg2+-bound
MerR revealed that the coordination environment was not
affected by the addition of mer operator DNA (50), suggest-
ing that DNA-binding does not significantly alter the over-
all structure of Hg2+-MerR. The lack of significant DNA-
induced conformational changes implicates intrinsic struc-
tural rigidity of MerR family members, which may con-
tribute to their activity in shaping DNA structure. There-
fore, we constructed structural models of MerR-DNA com-
plexes by keeping the structures of apo-MerR and Hg2+-
MerR fixed while allowing adjustments of the DNA back-
bone conformations, such that shape complementarity and

interacting surface between DNA and the recognition he-
lices of MerR are optimized. In support of the validity of
this approach, the Hg2+-MerR can be readily docked, with-
out additional adjustment of the DNA conformation, onto
a duplex taken from the binary complex formed by oxidized
(activated) SoxR and DNA (26) with both recognition he-
lices fitting snugly into the major groove to contact the op-
erator sequences (Supplementary Figure S6).

For bacterial promoters, the typical spacing between the
−10 and −35 elements is 17±1 base pairs, which favors pro-
ductive binding by the RNA polymerase to initiate tran-
scription (15,16,54,55) (Figure 6A). In contrast, optimal in-
teraction between the mer promoter region and polymerase
is perturbed by the longer (19∼20 base pairs) spacer, result-
ing in offsetting of the two polymerase-binding elements
and much reduced transcription efficiency (14,19,41,56)
(Figure 6B). The binding of apo-MerR to the mer opera-
tor sequence that is located within the spacer region appar-
ently allows MerR to interact with and recruit RNA poly-
merase to the promoter to form a stable pre-initiation com-
plex, suggesting that transcription of the mer operon can be
promptly engaged once Hg2+ is present (57–60). Notably,
our modeling analysis shows the bound apo-MerR may
clash with the −10 element-binding region of the �-factor
(Figure 6C), which explains why only the −35, but not the
−10 element, was protected in the presence of both apo-
MerR and RNA polymerase (11). Therefore, the recruit-
ment and preloading of RNA polymerase to the mer pro-
moter by apo-MerR is mainly achieved via enhanced poly-
merase association with the −35 element. Binding of Hg2+

induces repositioning of the two DNA-binding domains of
MerR, causing the bound DNA to be bent and twisted (Fig-
ure 6D) (14,19,22). The new DNA conformation restores
the optimal spacing and alignment between the −10 and
−35 elements to allow transcription initiation. In addition,
Hg2+-MerR may enhance transcriptional efficiency by be-
ing properly positioned for mediating polymerase recruit-
ment (57–60). Collectively, our modeling analysis suggests
how MerR acts as an Hg2+-dependent switch to regulate the
expression of mer operon.
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Figure 5. MerR binds Hg2+ in a trigonal planar coordination geometry. (A) Structures and electron density map of the two crystallographically in-
dependent Hg2+ binding sites in the MerR homodimer; each Hg2+ (yellow sphere) is coordinated by three cysteine residues to form a trigonal-planar
Hg2+-thiolate complex. The averaged Hg2+-S bond length (red dashed lines) is ∼2.4 Å. The 2mFo-DFc map (middle, purple meshes) and the anomalous
difference maps (right, purple spheres) are contoured at 1.5 and 3/6 �, respectively, above mean level. (B) The two Hg2+ binding sites are structurally
similar and can be superimposed with an RMSD of 0.2 Å over all equivalent atom pairs. (C) Being surrounded by the pyrrolidine rings of Pro115 and
Pro124 (indicated by the orange arrowheads), H3, H4, H7 and H5-H7 loop, the Hg2+-thiolate center is fully buried inside MerR and thus shielded from
the solvent. Except for the N-terminus of H7, all other second shell Hg2+-contacting atoms are predominantly hydrophobic.
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Figure 6. Structural basis of the Hg2+-mediated transcriptional regulation of the mer operon by MerR. (A) A typical bacterial promoter with the −10
and −35 elements (colored in yellow) being spaced by 17±1 base pairs, which allows productive association with the � subunit of the RNA polymerase
holoenzyme. The �2/�3 (red) and �4 (gray) domains of the � subunit are modeled onto the −10 and −35 elements, respectively, based on the crystal
structures of the binary complexes formed by � subunit and DNA.
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It was proposed in earlier studies that the binding of one
Hg2+ to MerR is sufficient to activate mer operon expres-
sion (49). However, the physiological significance of this
claim is not obvious because no other MerR family mem-
bers exhibit such a property, and all inducer-bound struc-
tures show the simultaneous presence of ligands in both
binding sites (26,28–29). Given that the two Hg2+ binding
sites are fully occupied in the Hg2+-MerR (Figure 5A), the
validity and a structural explanation for the speculated anti-
cooperativity between the two Hg2+-binding events remain
unanswered. Nevertheless, it is conceivable that the confor-
mational change resulted from the binding of one Hg2+ may
produce a moderate transcription stimulation by partially
restoring the alignment between the −10 and −35 elements.

CONCLUSION

This work reports the apo and Hg2+-bound conformation
of the transcriptional regulatory protein MerR from B.
megaterium, which correspond to the repressor and acti-
vator state of this dual-function transcription factor, re-
spectively. The apo-MerR structure provides the first visu-
alization of a MerR family member in its intact repressor
form. And the Hg2+-MerR structure offers the first obser-
vation of tricoordinated Hg2+-thiolate center in protein and
provides unequivocal evidence that MerR binds Hg2+ via
trigonal planar coordination geometry. Structural compar-
ison revealed that the conformational transition of MerR
is tightly coupled to the assembly/disassembly of the metal
binding site, and thus the structural state of MerR can be
specified by the presence or absence of Hg2+. The Hg2+-
induced relocation of the DNA-binding domains nicely
explains how MerR may affect the conformation of mer
operator-promoter DNA to regulate transcription. Never-
theless, due to the lack of DNA in our structures, we can-
not rule out completely that the apo-MerR and Hg2+-MerR
structures reported here may undergo additional conforma-
tional changes upon DNA binding. Structural characteriza-
tions of the mer operator DNA in complexes with either apo
or Hg2+-bound MerR, or the ternary complexes formed by
mer promoter, RNA polymerase, and either apo or Hg2+-
bound MerR would serve as ultimate tests for our proposal.
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