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Mercury-199 NMR of the Metal
Receptor Site in MerR and Its
Protein-DNA Complex

Lisa M. Utschig, James W. Bryson, Thomas V. O’Halloran*

Structural insights have been provided by mercury-199 nuclear magnetic resonance
(NMR) into the metal receptor site of the MerR metalloregulatory protein alone and in a
complex with the regulatory target, DNA. The one- and two-dimensional NMR data are
consistent with a trigonal planar Hg-thiolate coordination environment consisting only of
Cys side chains and resolve structural aspects of both metal ion recognition and the
allosteric mechanism. These studies establish '°*Hg NMR techniques as useful probes
of the metal coordination environment of regulatory proteins, copper enzymes, and zinc
transcription factor complexes as large as 50 kilodaltons.

The chemical attributes of mercuric ion
present unusual opportunities for study of
biopolymer structure and function. Mercuri-
als are d-block metal complexes that exhibit
an extraordinarily high affinity for organic
thiol-containing compounds known as mer-
captans (literally, mercury seizing). Al-
though mercurials are widely known pro-
tein-modifying agents that can inactivate
some cysteine-containing enzymes or form
heavy-metal derivatives with crystalline pro-
teins, it is less well appreciated that mercuric
ion binding does not always inactivate en-
zymes or disrupt protein structure (I). For
instance, Hg(II) can be substituted for the
native metal ion of several metalloenzymes
in a manner that preserves catalytic activity.
In the course of our attempts to understand
the chemistry of Hg(II) in biological envi-
ronments, we have focused on the mercuric
ion receptor MerR, a protein that senses
changes in the intracellular metal ion con-
centration and activates transcription of the
genes responsible for Hg(II) detoxification.
In this article we apply homonuclear and
heteronuclear °°Hg NMR methods to de-
lineate the metal ion receptor environment
of MerR and to provide insights into the
allostery of MerR-DNA interactions. We
show that Hg(II) can be substituted into a
wide range of copper and zinc metallopro-
teins and demonstrate that the native coor-
dination environments are readily deter-
mined by a combination of *’Hg NMR
methods. These results reveal several unex-
pected advantages relative to **Cd NMR in
structure-function studies of relatively large
metalloproteins.

The spin-1/2 °’Hg isotope exhibits sev-
eral favorable NMR properties for structural
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and functional studies, including a natural
abundance of 16.8%, a receptivity 5.4 times
that of 1*C, large coupling constants (2), and
a chemical shift range of more than 5000
parts per million (ppm) (3); however, meth-
ods based on it have found limited applica-
tion in probing the metal coordination en-
vironment in biologically relevant complex-
es (4, 5) and metalloproteins (2, 6, 7).

The MerR metalloregulatory protein
acts as a selective and sensitive metal ion
sensor that activates expression of the stress
responsive mercury detoxification (mer)
genes (8). MerR responds to nanomolar
Hg(II) concentrations and can stimulate
transcription at this threshold even in the
presence of a 10%-fold excess of competing
Hg(I1) ligands, such as the mercaptan di-
thiothreitol (9). MerR is also selective and
discriminates against gratuitous inducers
such as Zn(II), Cd(II), Ag(l), and Au(I)
that otherwise exhibit chemical similarities
to Hg(II) (9).

This regulatory protein binds Hg(II) spe-
cifically and with high affinity. Subsequent-
ly it does work on the DNA. In the absence
of Hg(II), MerR binds tightly to DNA and
represses transcription. Metal binding to
the protein/DNA complex stimulates tran-
scription by inducing changes in the con-
formation of the DNA, making the promot-
er a better template for the enzyme RNA
polymerase (RNAP) (10, 11).

Establishing the allosteric mechanism
and the molecular basis of metal ion recog-
nition in this heterotropic receptor requires
insights into the effect of MerR/DNA inter-
action on the structure of the metal binding
site. Because the protein must alter the
DNA structure in the metal-induced activa-
tion event, the final metal coordination en-
vironment may differ in the presence or
absence of the DNA. Physical-inorganic
(12), extended x-ray absorption fine struc-
ture (EXAFS) (13), and mutagenesis (14,
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15) studies have implicated the coordina-
tion of at least three Cys side chains to
Hg(Il) in the metal ion receptor site of
MerR when it is not bound to the DNA.
The presence of other ligands in the Hg(II)
coordination environment, such as His and
Met, have not been addressed by direct
methods. Given that other structurally char-
acterized Hg proteins exhibit higher coordi-
nation numbers, this aspect of the metal
recognition problem remains in question.
Multidimensional NMR approaches to
the three-dimensional (3D) structure of this
metalloprotein are not feasible given the
low solubility of the native protein (0.5
mM), the large size of the MerR dimer (32
kD), and the asymmetry of the stoichiomet-
ric complex [one Hg(Il) per dimer] (8).
Such limitations to physical probes are not
unique to the Hg-MerR system. The need
for structural insights about local metal co-
ordination environments is underscored by
the recent discoveries of new classes of pu-
tative metal binding motifs in enzymes,
transcription factors, and regulatory pro-
teins (16—18). After further establishing re-
lations between structures and *’Hg chem-
ical shifts for an array of model complexes
and Hg-substituted métalloproteins pre-
sented here, we conclude that the primary
Hg(II) coordination environment is Hg(S-
Cys); and remains unchanged when MerR
binds to its regulatory target DNA. This
work further demonstrates that 1D and 2D
19Hg NMR methods can establish the
identity and number of several types of
ligated side chains in Zn, Cu, and Fe
biopolymer complexes as large as 50 kD.
Metal-proton chemical shift correlation
in large proteins. Two-dimensional chemi-
cal-shift correlation methods allow direct
detection of protons coupled to a hetero-
nucleus. Heteronuclear multiple quantum
coherence (HMQC) experiments have pro-
vided independent identification of Cys
(19-21), His, and Met (22) as Cd(II) li-
gands in several !'3Cd-substituted proteins
(23). This method has the potential to re-
veal similar interactions in MerR (a 288—
amino acid dimer). Unfortunately, neither
TH{113Cd} or 'H{**’Hg} HMQC experiments
have been reported on proteins larger than
100 amino acids (23). Attempts to observe
TH{*3Cd} HMQC spectra for '3Cd-substi-
tuted MerR, by using delays established in
successful 13Cd-substituted plastocyanin
experiments, yielded no signal (24).
TH{'*°Hg} HMQC studies of a struc-
turally characterized protein. Given con-
cerns about the contributions of chemical
shift anisotropy (CSA) to ®°Hg linewidths
and relaxation times for complexes with
low coordination numbers (4), we opti-
mized acquisition parameters for the
IH{*°Hg} HMQC detection of Cys, Met,
and His protons on the '*’Hg form of a




Scheme 1.

smaller complex, Hg-plastocyanin (7). Mer-
curic ion, when substituted into this 99—
amino acid blue copper protein, adopts the
coordination environment of the native
metal ion, as shown by the absence of

marked structural differences in x-ray crys- -

tal structures of the Hg(II)-substituted and
native Cu(Il) forms of the protein (see
Scheme 1) (25).

The pulse sequence (26) w/2 (*H)-A-w/
2 (199Hg) t,/2-w (*H)-t,/2-7[2 (199Hg) A-
Acq ('H) (decouple 19Hg) was used to
obtain the 2D NMR spectra, where the
delay (A) is normally set to 1/(2]) (J is the
coupling constant). In the absence of ap-
propriate J values for Hg-His and Hg-Met
ligation, a series of preparation delays from
1.5 to 20 ms were examined (27) and two
were sufficient for resolving signals from all
of the established ligands to Hg(II): A 3-ms
delay provided maximal signal for the larger
Cys 'H-'"°Hg coupling, and 15 ms was op-
timal for the more weakly coupled His and
Met protons.

The 2D proton-detected HMQC spectra
of '»Hg-plastocyanin (Fig. 1) vyielded
HMQ coherences over three and four bonds
for two His, one Cys, and one Met ligand
coordinated to the '*Hg. Given the crystal
structure of Hg-plastocyanin, the 'H NMR
resonances at 8.07, 7.98, and 7.33 ppm,
were attributed to His ring protons of His*6
and His!'?. The 'H NMR resonance ob-
served at 3.01 ppm was assigned to Cys®*
Ce- 'H, and while the 0.67 ppm resonance
was assigned to Met®? C.-'H. The small
peak at 3.42 ppm could be attributed to
either the second Cys* Cg-'H or to Met™
C,-'H. Based on the optimal delays, the
H. 19Hg coupling constants for a C, pro-
ton of the Cys ligand (*Jii1y,) can be as
large as 160 Hz. Similarly, the °Jyy, or
4111 values for C, protons of Met or the 3-
or g-protons of His ligands can be as large as
30 Hz. Our estimated 3] 'HB(Cys)-*’Hg
values are consistent with those measured
for the structurally characterized 6-kD pro-
tein, »’Hg-rubredoxin (2). These latter
values vary in a Karplus-type manner from
13 to 116 Hz and are the only other 'H-
199Hg coupling constants reported for mer-
curic thiolate complexes or proteins.

'H{'*°Hg} HMQC of carbonic anhy-
drase (CA). The MerR protein, a 32-kD

dimer, binds a single Hg(II) and is approx-
imately three times the size of plastocyanin.
The HMQC transfer in the weakly coupled
'H(His)-1°°Hg spin system was tested with
the Hg-substituted form of bovine CA. This
255-amino acid protein (29.5 kD) has a
rotational correlation time comparable to
that of the MerR dimer. Three His side
chains bind a single Zn(II) ion in the native
form of CA (17).

The preparation delays determined for
199Hg-plastocyanin allowed acquisition of a
high signal-to-noise ratio (S/N) H{*°Hg}
HMQC spectrum for the *°Hg-substituted
form of CA. The 'H{***Hg} HMQC spec-
trum (Fig. 2), with A = 15 ms, reveals five
'H resonances at 8.88, 7.93, 7.52, 6.21, and
5.85 ppm corresponding to a —1270 ppm
19Hg chemical shift (v,, = 1050 Hz). This
199Hg resonance, also measured by “direct
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observe” 1*Hg NMR, occurs 40 ppm down-
field from the —1310 ppm resonance report-
ed for human CA in the first direct observe
study of a *’Hg-protein complex (6). The
'H resonances from three His ligands are
clearly observed in Fig. 2, demonstrating
that 'H{"*’Hg} HMQC experiments at this
field strength allow detection of weakly cou-
pled protons in a 29.5-kD protein.
TH{**°Hg} HMQC of the protein-DNA
complex. The preparation delays estab-
lished above allow acquisition of "H{!*°Hg}
HMQC spectra for both *’Hg-MerR (31.6
kD) and the higher molecular weight DNA
complex of ”’Hg-MerR. This complex was
prepared with a 34-bp oligonucleotide that
contains the complete MerR binding site
(52.4 kD). In the A = 3 ms spectrum, two
resolvable 'H chemical shifts correlate with
the —110 ppm '*’Hg resonance at 3.25 and
3 60 ppm, consistent with the coupling of
g~ H from Cys (Fig. 3). These same meth-
ylene 'H chemical shifts were observed for
19Hg-MerR in the absence of DNA, indi-
cating that the Hg coordination environ-
ment does not change when the complex is
bound to the DNA. Theé S/N of a proton
slice through the !%’Hg resonance is ~13
for these Cys signals. There is no sign of any
'H resonance arising from His or Met in the
A = 15 ms spectrum for both *’Hg-MerR
and ’Hg-MerR/DNA complex (Fig. 3).
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Fig. 1. Proton-detected heteronuclear 'H{'®*Hg} double-quantum coherence in Hg(ll)-substituted spin-
ach plastocyanin (43). All protein samples were prepared with 91% isotopically enriched '9°HgO obtained
from Oak Ridge National Laboratory. The contour plots are of two-dimensional (2D) Fourier transform
NMR spectra obtained as described in the text. 'H slices are shown at the top of each spectral region
displayed. Preparation delays were 15 ms for (A), 3 ms for (B), and 15 ms for (C). A spectral width of 7246
Hz for "H(F2) and 32,221 Hz for ®®Hg (F1) were used. For each of 64 t, blocks that were accumulated,

512 transients were collected in F2. The H 90° pulse used was 7.8 s, and the 19°Hg(90°)~

Twas 19 ps,

as measured with Hg(CH,),. Acquisition times were 12 hours total for the complete 2D spectrum at each
delay. The residual HOD signal was selectively presaturated during the relaxation delay. The spectra were
199Hg-decoupled with a GARP decoupling scheme.
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Based on the observed S/N for the Cys
protons in the Hg-MerR spectra, signals
from His or Met should be observable under
these experimental conditions if they are
coordinated to the Hg(II) center. Given the
Hg-CA results, it is unlikely that magneti-
zation was lost in the transfer processes
between ’Hg and weakly coupled protons
of coordinated His or Met side chains.

These 2D chemical shift correlation ex-
periments indicate that Hg(Il) is coordinat-
ed to Cys with little or no primary bonding
to His or Met residues in either Hg-MetR or
its complex with DNA. Because of overlap
of methylene protons and variations in Kar-
plus-type coupling (2), the number of Cys
side chains is not readily obtained from
these experiments. Additional structural in-
formation is available in the 1°°Hg chemical
shift if structure-shielding correlations can
be established for coordination environ-
ments characteristic of biological systems.

199Hg-MerR chemical shift. Insights
into the metal ion receptor site are obtained
by comparing the *’Hg-MerR chemical
shift to those of structurally characterized
model complexes and metalloproteins. In
spite of large CSA contributions, *°Hg-
resonances are readily obtained for proteins
by direct methods as well as by indirect
detection in the 2D experiments described
above. In fact, the two methods comple-
ment each other. Relatively fast *’Hg lon-
gitudinal relaxation times (T,) allow the
use of 90° pulse widths that lead to-the
acquisition of good S/N ®°Hg spectra for
relatively large spectral windows in a few
hours with small quantities of protein (10 to
40 mg) (7). Thus the °’Hg chemical shift is
most efficiently obtained from the 1D ex-
periment. This determination then allows a
smaller window for the *’Hg dimension in
"H{!*°Hg} HMQC experiment, decreasing
the total accumulation time.

Fig. 2. The "H{'®°*Hg} HMQC
spectrum of 19°Hg-CA (44)
was obtained on the Bruker
600 as described for Fig. 1. A
preparation delay A = 15 ms
and spectral widths of 7246
Hz for "H(F2), and 32,207 Hz
for 19°Hg (F1) were used. The
spectra were collected at
20°C, and.the data set was
processed by using line

S

Direct observe *’Hg spectra (Fig. 4) re-
veal " Hg chemical shifts of —106 and
—109 ppm for Hg-MerR and its complex
with DNA, respectively. These 1*°Hg line-
widths are not unexpected given the rela-
tively large size of the MerR dimer (32 kD)
and the MerR-DNA complex (52 kD).
These chemical shifts fall within the —80
to —160 ppm range (Fig. 5) established for
structurally characterized three-coordinate
mercuric complexes of aliphatic thiolates
and significantly differ from the —300 to
—500 ppm (5, 28) range of solution shifts
reported for aliphatic Hg(SR),?~ complex-
es (R is generally an alkyl or aromatic
group).

The most definitive correlations be-
tween structure and chemical shift are ob-
tained from solid state Hg NMR studies
of crystallographically characterized Hg(II)
model compounds. Small Hg(II) complexes
can undergo dissociation or oligomerization
reactions in solution NMR experiments.
These relations are better established for
Hg(SR); complexes than for Hg(SR), ana-
logs: Little solid state data are available for
the latter, and complexes are typically gen-
erated in situ with no corroboration of
structure. Some solid state data are avail-
able for both Hg(II) complexes of alkyl (5,
29) and aromatic thiolate complexes (4,
29). Although the isotropic chemical shifts
of the latter provide insights into trends,
inductive effects of the aromatic ring can
lead to significant shielding, in some cases
amounting to 200 ppm (5), which make
them less useful as guides to Hg-Cys coor-
dination in proteins. Recently, solution
199Hg chemical shifts of crystallographically
characterized four-coordinate Hg com-
pounds of an aliphatic thiolate were report-
ed to be —126 and —134 ppm (30). These
solution shifts are outside the range of the
four-coordinate complexes described above

broadening (5 Hz in the F1 di-
mension and 200 Hz in the F2
dimension).
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but within that established for aliphatic
three-coordinate complexes. Until solid
state chemical shifts are reported, the spe-
cies giving rise to these two solution chem-
ical shifts remain in question. For instance,
partial dissociation of the chelating dithiol
ligand in solution or severe distortion of the
primary coordination sphere from T, geom-
etry could lead to deshielding. Further in-
sights into the Hg(SR),%~ chemical shift
range can be obtained from NMR studies of
structurally characterized Hg-substituted
metalloproteins.

Benchmark !'°°Hg-protein chemical
shifts. The ”Hg-substituted form of the
zinc finger protein GAL4(1-65) serves as a
structural model for one type of four-coor-
dinate Hg(II) thiolate center. The 3D struc-
ture of the Zn(II) and Cd(II) complexes of
GAL4(1-65) DNA binding domain, deter-
mined by x-ray crystallography and NMR
spectroscopy (31-33), reveal a binuclear
center with two bridging and two terminal
Cys ligands per metal. Because the Hg,- and
Zn,-GAL4 complexes are isostructural
(31), the peptide tertiary structure remains
essentially unchanged when the larger
Hg(Il) ion is substituted for Zn(II). The
solution "’Hg NMR ‘spectrum of
199Hg,GAL4(1-65) (Fig. 4C) exhibits two
resonances of the same intensity at —243
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Fig. 3. "H{'*°*Hg} HMQC spectra of a Hg-MerR-
DNA complex. The spectra were acquired on Hg-
MerR/DNA sample (45) and displayed as de-
scribed in Fig. 1. Preparation delays A were 3 ms
for (A) and 15 ms for (B). Spectral widths of 7246
Hz for 'H(F2) and 32,243.8 Hz for 19°Hg(F1) were
used. For each of 64 t, blocks that were accumu-
lated, 1440 transients for (A) and 1800 transients
for (B) were collected in F2. Total acquisition times
were (A) 35 and (B) 48 hours. Both data sets were
processed by using line broadening (15 Hz in the
F1 dimension and 500 Hz in the F2 dimension).
The spectra were collected at 25°C.



and —308 ppm relative to neat Hg(CH,),
and provide a benchmark for shielding in a
thiolate-bridged binuclear "°Hg(II) site. In
the "3Cd NMR spectra of Cd,GAL4(1-
63), two resonances are separated by only
37 ppm (21), as expected for the narrower
range of '3Cd chemical shifts. Another
calibration of '"°Hg chemical shift for a
Hg(S-Cys), environment is provided from
the electron-transfer protein rubredoxin. A
199Hg chemical shift at —241 ppm, deter-
mined for this protein by indirect detection,
was assigned to a four-coordinate mercuric
thiolate center (2). These three *°Hg
chemical shifts of structurally characterized
Hg-protein complexes define a range for
distorted tetrahedral Hg(II) centers coordi-
nated to four Cys thiolates that is well
separated from that of Hg(SR);. The reso-
nance observed for MerR clearly does not
fall within this Hg(SR), range.

Several other coordination environments
for Hg-MerR can likewise be ruled out. For
example, the ’Hg-MerR chemical shift is
well outside the values observed when one or
two thiolates are joined by more shielding
ligands, such as a thioether sulfur of Met or
an imidazole nitrogen of His. The *°Hg
chemical shift for the structurally character-
ized, Hg-substituted form of plastocyanin at
=749 ppm (7) corresponds to a Hg(N-
His),(S-Cys)(S-Met) environment. Recent-
ly, 19°Hg NMR spectra of the Hg-substituted
LIM domain protein CRIP (34) have been
obtained (35). Two °’Hg chemical shifts of
—243 and —383 ppm were observed and are
consistent with Hg(S-Cys), and Hg(S-Cys)-
(N-His) environments, respectively (35).
Although " Hg chemical shifts have not

Fig. 4. '°°*Hg NMR spectra at 107.43 MHz of (A)
199Hg-MerR (46) (B) '9°Hg-MerR-DNA (45), and
(C) "%°Hg,GAL4(1-65) (47). These spectra were
obtained with a Bruker 600 spectrometer (14.09 T,
107.4 MHz for '9%Hg) equipped with a 5-mm
broadband tunable probe. The 90° '9°Hg pulse
was 10.6 ws. Spectrum (A) was collected in 46
hours with 770,273 scans, a pulse angle of 80°, a
sweep width of 71,428 Hz, an acquisition time of
115 ms, and a relaxation delay of 0.1 s. The data
were processed.by applying a 700-Hz line broad-
ening prior to Fourier transformation. The single
peak has a S/N of 11 with v, , = 1700 Hz. Spec-
trum (B) was collected in 63 hours with 1,142,717
scans, a pulse angle of 90°, a sweep width of
83,333 Hz, an acquisition time of 98 ms, and a
relaxation delay of 0.1 s. The data were processed
by applying an 800-Hz line broadening prior to Fou-
rier transformation. The single resonance has a S/N
of 9withav, ,, = 3600 Hz. Both MerR spectra were

been reported for other possible environ-
ments, including Hg(Cys);(S-Met) centers,
such four-coordinate complexes are expected
to be more shielded than °°Hg-MerR. If we
consider the HMQC results described above,
such coordination is unlikely.

A trigonal Hg(S-Cys); receptor com-
plex. Relative to the °’Hg chemical shifts
established for biologically relevant com-
plexes (Fig. 5), Hg-MerR falls in the middle
of a distinct group of trigonal-thiolate com-
plexes. These planar, three-coordinate
complexes of aliphatic thiolates are the
most deshielded mercuric-thiolate, -amine,
or -carboxalato complexes studied to date.
We propose that molecular recognition at
the metal site in the activated receptor
complex involves a mercuric ion coordinat-
ed to only three Cys side chains in a trigo-
nal planar environment as shown below.
An alternative that we cannot rule out at
this time is a pyramidal, three-coordinate
environment; however, the chemical shift
of such a species is expect to be outside of
the —80 to —160 ppm range characteristic
of the planar models.

S S~~~
Cys Cys
S——Hg
S
/
Cys

This Hg(II) configuration in the receptor-
DNA complex provides structural insights
into the metal ion sensitivity and selectivity
of MerR.

The reaction of nanomolar Hg(II) with

50 -100 -150 200 -250 -300 -350  -400
199Hg (ppm)

collected at 30°C. At this field strength, '9°Hg relaxation rates for these complexes are likely to be shorter
than the ~10-ms T, and ~0.1-ms T,* values reported for smaller '®®Hg-substituted proteins, such as
plastocyanin (10.5 kD) (7). Spectrum (C) for GAL4 was collected in 4 hours with 70,000 scans, a pulse
angle of 90°, a sweep width of 71,428 Hz, an acquisition time of 115 ms, and a relaxation delay of 0.1 s.
The data were processed by applying a 200-Hz line broadening prior to Fourier transformation. Both
peaks have a S/N of 22 with v, ,, = 500 Hz and were collected at 20°C. All spectra were collected without
proton decoupling because the '®®*Hg NMR line shape or line widths for smaller Hg(ll)-protein complexes
are unchanged upon decoupling (7). Chemical shifts are relative to neat (CH,),Hg at 25°C.
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the receptor in the presence of excess thiol
buffered at pH 7 is shown in Eq. 1. Under
these conditions, the predominate form of
Hg(Il) in the buffer is the two-coordinate
thiolate complex.

Hg(SR), + MerR — Hg-MerR + 2RSH

(1)
The driving force for tight binding of
Hg(II) by MerR apparently includes favor-
able entropic terms arising from the chelate
effect at this tridentate site and favorable
enthalpic factors arising from formation of a
third metal-thiolate bond. Given the ther-
modynamics of Hg-thiolate interactions,
this enthalpic contribution of the third Hg-
SR bond in the Hg-MerR complex can be
stabilizing by as much as ~8 kcal/mol if the
protein excludes protons or water from the
metal-receptor site (5).

These structural insights also provide a
basis for understanding the receptor’s pro-
nounced selectivity for Hg(Il). In the Fe,
Cu, and Zn proteins discussed above, the
native metal ion adopts a four- or five-
coordinate geometry. The Hg(II) receptor
site in MerR, however, adopts a three-co-
ordinate geometry that is uncommon for
most competing metal ions. Thus, the co-
ordination chemistry preferences of both
Hg(II) and the competing metal ion must
be taken into account to understand the
basis of MerR’s selectivity for Hg(II). For
example, when Zn(II) is the competing
metal, it may form a trigonal thiolate com-
plex or it may adopt higher coordination
numbers by conscripting other sidechains as
ligands.

Although mercuric ion has the propen-
sity to form complexes with low coordina-
tion numbers, it can bind additional ligands
if the coordination environment is mandat-
ed by the conformation of a relatively rigid
chelation site in a protein. The best exam-
ple of this phenomenon is seen in the series
of crystallographic and NMR structures of
the blue copper proteins where, in the pres-
ence or absence of a range of metal ions, the
configuration of the ligands or the local
geometry at the metal center remains rela-
tively constant (25, 36, 37). MerR may
impose a rigid coordination environinent
on all metals in a similar manner.

On the other hand, the coordination
number and geometry at the metal may not
be restricted by the tertiary structure of the
receptor. In this scenario, MerR may exhib-
it conformational flexibility in. metal bind-
ing. Selectivity in this case arises only if a
few of the resulting metal-induced MerR
conformations are competent to activate
transcription. Resolution of these mecha-
nisms for metal ion discrimination will re-
quire determination of the coordination en-
vironment in MerR complexes with other
metal ions.
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Allostery of metal and DNA binding to
the receptor. We have shown that allosteric
signaling by MerR requires the metal-recep-
tor complex to change the local structure of
the promoter (10, 11), but does DNA bind-
ing to its receptor site lead to a structural
change in the metal-receptor site? The
19Hg chemical shift of Hg-MerR and the
19Hg-coupled 'H chemical shifts of coor-
dinated Cys protons do not change within
experimental error upon protein-DNA
complex formation. We conclude that the
Hg(II) coordination environment is not al-
losterically modulated by DNA binding to
the receptor: No significant difference in
the number, geometry, or types of primary
ligands to the Hg(II) exist between the two
states. '

The driving force for conformational
changes in DNA induced by Hg-MerR
come in part at the expense of the DNA-
protein binding free energy (8) and from
the coordination of Hg(II) to a single high-
affinity site in MerR. Hg-MerR binds less

Hg environment

w

/Hg\s

Hg(NRH,)," o
Hg(SR),!
Hg(SRHN,),*

Hg,(SR)g" |
(Binuclear)

Coordination compounds

Hg(SR),**
Y

XXX

Hg(SR)3*

tightly to DNA than apo-MerR by ~0.5
kcal/mol, and as expected for a thermody-
namic cycle, the affinity of Hg(II) for the
MerR-DNA complex drops by a reciprocal
amount (38). Given the negligible effect of
DNA binding to MerR on the Hg(II) coor-
dination environment, we conclude that
the structural changes in this allosteric sys-
tem are vectorial: Hg(II) coordination in
the trigonal receptor site drives the protein,
and thus the bound DNA, into a new con-
formation, but binding of DNA to MerR
does not lead to an alteration in the primary
Hg(II) coordination environment. The en-
ergetic linkage described above must be ac-
counted for by changes in conformation at
other sites in the protein-DNA complex.
The allosteric effector, Hg(II), thus binds to
its receptor site in the same geometry
whether or not MerR is bound to its regu-
latory target, the mer operator.

199Hg spectroscopy as a probe of coor-
dination environments in other metallo-
proteins. We have resolved four fundamen-

NH_
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Fig. 5. '9°Hg chemical shifts of aliphatic amine/thiol model complexes and '9°Hg-substituted proteins.
The solution shifts (x, “x’’ generated in situ) and isotropic solid state (I) '®®*Hg shifts are for model
complexes with various coordmatlon environments, where NRH, represents a primary amine and SR
represents a thiolate. The coordination environments of the Hg proteins (where solution chemical shifts =
1) include His imidazole N-His, Cys thiolate S-Cys, and Met thioether S*-Met ligands. For futher informa-

tion, see the following references: * (5, 28); T (48);
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tal and sometimes controversial issues con-
cerning application of '*?Hg NMR methods
to biopolymers and conclude that such
methods will be useful in an array of prob-
lems in structural biology and inorganic
biochemistry. Contrary to previous specula-
tion (4), '°Hg spectra with reasonable line
widths can be obtained in direct-observe
experiments on three-coordinate Hg(II)
centers in large proteins. Second, the cou-
pling of 1’Hg to side chain 'H-spin systems
can be used in high-field experiments on
relatively large proteins, at least up to the
50-kD range, even in experiments at high
field strength where CSA effects are likely
to dominate relaxation processes and relax-
ation rates are expected to be rapid. In the
absence of additional details on relaxation
mechanisms in each of the coordination
environments, it is difficult to specify the
optimal field strength for ’Hg-protein ex-
periments. We have also shown that the
isotropic chemical shift reflects the geome-
try, the number, and the type of ligating
side chains in the limited number of model
complexes and '®?Hg-substituted proteins
characterized to date, and we have estab-
lished a preliminary map of the shielding
trends for these Hg(II) environments. As
noted previously, the sometimes competing
effects of the geometry, ligand type, and
coordination number can influence the
199Hg chemical shift tensor (4, 5, 29) and
must be considered before extrapolation of
the shielding trends described here. Addi-
tional data on characterized model com-
pounds and proteins are desirable in this
regard. Finally, these results underscore oth-
er observations that Hg(II) can readily dis-
place and subsequently adopt the coordina-
tion environment of the native metal in
several types of Fe, Cu, and Zn metallopro-
teins. Thus, we anticipate that direct ob-
serve— and 2D "’Hg-based methods will be
useful structural probes of Fe, Cu, and Zn
transcription factors or metalloproteins of
moderate size.

Since its introduction as a biological
probe by Armitage, Coleman, and co-work-
ers in 1976 (39), 13Cd NMR methods have
been valuable tools in the characterization
of metal-binding sites and structures of a
variety of proteins (40, 41). The *°Hg
NMR methods described here provide an
alternative to, and in some cases advantages
over, the well-established !'*Cd-based
methods. For instance, the large chemical
shift dispersion for 1*?Hg allows clear differ-
entiation between a variety of M(SR), en-
vironments. In comparison, the coordina-
tion environments of CdS; and CdS, com-
plexes are difficult to assign based on the
solution or isotropic *Cd chemical shifts
of the available model complexes (4). Also,
the short relaxation times for °’Hg com-
plexes allow for a rapid rate of data accu-



mulation in direct-observe experiments (7).
Intriguingly, T, relaxation processes for the
various *’Hg-proteins studied to date are
not so fast as to allow significant spin-
diffusion in the magnetization transfer ex-
periments. Apparently, a favorable combi-
nation of rapid relaxation rates at high field
strength and large 'H-"°Hg coupling con-
stants allow application of the coherence
transfer methods to metalloproteins fivefold
larger than those reported in 'Hf!'*Cd}
HMQC experiments. Finally, Hg(II) is
readily exchanged for the native metal in
many Cu, Zn, and Fe metalloproteins (42).
These attributes suggest that *Hg NMR
methods can play a wider role in structural,
spectroscopic, and chemical studies of metal
binding domains in biopolymers where the
tertiary structure of the folded polymer dic-
tates the coordination geometry of the met-
al ion.
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Bovine CA Il was purchased from Sigma. The native
zinc metal was removed by dialysis against 75 mM
pyridine-2,6-dicarboxylic acid, pH 7.0. The apo-pro-
tein was then dialyzed into a 50 mM tris-acetate, pH
8.0 buffer. The Hg(ll) derivative of the protein was
prepared by addition of 3 eq of "9°Hg(ll) with stirring
under N, for 3 hours. Unbound metal ion was re-
moved by size-exclusion chromatography on a
Sephadex G-25 column. The protein was analyzed
for Hg content by ICP-AES. The protein content was
estimated by using an extinction coefficient e,q, =
57,000 M~ cm~7, which indicated a fraction of 0.5
Hg atoms bound per protein molecule. The sample
was concentrated by using Centriprep-10 filtration
devices and exchanged into 96% D,0, 50 mM tris-
acetate, pH 8.0. The final concentration of this sam-

VOL. 268 « 21 APRIL 1995

45,

46.

47.

48.

49.

50.

51.

RESEARCH ARTICLE

ple was 2.5 mM 19°Hg-CA.
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