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ABSTRACT: Bacteria isolated from organic mercury-contaminated sites have developed a system of two
enzymes that allows them to efficiently convert both ionic and organic mercury compounds to the less
toxic elemental mercury. Both enzymes are encoded omtéeoperon and require sulfhydryl-bound
substrates. The first enzyme is an organomercurial lyase (MerB), and the second enzyme is a mercuric
ion reductase (MerA). MerB catalyzes the protonolysis of the caflnoercury bond, resulting in the
formation of a reduced carbon compound and inorganic ionic mercury. Of several mercury-containing
MerB complexes that we attempted to prepare, the most stable was a complex consisting of the
organomercurial lyase (MerB), a mercuric ion, and a molecule of the MerB inhibitor dithiothreitol (DTT).
Nuclear magnetic resonance (NMR) spectroscopy and extended X-ray absorption fine structure spectroscopy
of the MerB/Hg/DTT complex have shown that the ligands to the mercuric ion in the complex consist of
both sulfurs from the DTT molecule and one cysteine ligand, C96, from the protein. The stability of the
MerB/Hg/DTT complex, even in the presence of a large excess of competing cysteine, has been
demonstrated by NMR and dialysis. We used an enzyme buffering test to determine that the MerB/Hg/
DTT complex acts as a substrate for the mercuric reductase MerA. The observed MerA activity is higher
than the expected activity assuming free diffusion of the mercuric ion from MerB to MerA. This suggests
that the mercuric ion can be transferred between the two enzymes by a direct transfer mechanism.

Mercury compounds, especially organomercurial com- tendency to biomagnify 6). These concerns have led to
pounds such as methylmercury (MeHg), have been respon-egulation of the uses of mercury as well as efforts to clean
sible for a significant amount of human poisoning and up mercury pollution 7).

environmental degradatiod); Mercury and its compounds A variety of methods for the remediation of mercury
are introduced into the environment by both natural and po”ution are proposed orin USB)( Some methods involve
anthropogenic processe, @). Although the highly toxic  physical removal or decontamination of soil or water. An
compound MeHg has been introduced into the environment gjternative is to use the naturally occurring mercury-
directly by industrial processes, this compound can also bedetoxifying capability of certain bacterial strains in bio-
produced from less toxic forms of mercury by bacteria in remediation schemes. Bioremediation schemes have been
aquatic sedimentgl(5). MeHg can appear in humans, fish, developed using the microorganisms themsel@f by
and other animals in high concentrations because of itsincorporating the bacterial mercury resistance genes into
plants @0, 11). The method of using plants to remediate
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MerT to MerA can occur by a direct protein-to-protein inthe MerB/Hg/DTT complex was characterized by extended
transfer mechanisnif). Organomercurials, because of their X-ray absorption fine structure spectroscopy (EXAFS) and
hydrophobicity, can enter the cytosol without the use of such NMR spectroscopy. We have determined the stability of the
a transport mechanism. Once in the cytosol, organomercurialsMerB/Hg/DTT complex under a variety of thiol conditions.
are cleaved by the enzyme organomercurial lyase (MerB), Because it has been suggested that product release from
yielding a mercuric ion and the reduced organic product. MerB occurs via a direct transfer mechanism, in which the
Then, MerA reduces the mercuric ion to a mercury atom. mercuric ion passes directly from the active site of MerB to
The elemental mercury atom produced by either process isthe active site of MerA without first diffusing through the
less toxic than either the organic mercury compound or the cytoplasm 23), we have also tested this hypothesis using
mercuric ion, and it can also easily leave the cell due to its the MerB/Hg/DTT complex as a substrate for MerA in a
volatility. kinetic assay.

MerB accepts a very wide variety of organomercurial
substrates 16). MerB also requires a thiol cofactor for MATERIALS AND METHODS
turnover in vitro. Many single sulfhydryl-containing thiol
compounds, including cysteine, glutathione, gatiercapto-
ethanol, are suitable, whereas the two sulfur-containing
compound DTTis highly inhibiting (L6, 17). There are many
knownmerBgenes from a variety of microorganisms. Mos
of the merB genes are very homologous to each other but
lack homology to any known nomerB prokaryotic or
eukaryotic genesl(). The biochemical challenge that MerB
must meet is to bind a variety of organomercurial compounds
tightly enough to be an effective catalyst, yet release the
product mercuric ion at a useful rat&gj.

MerA must meet a similar biochemical challenge: it must
compete effectively for mercuric ions with other tightly
bound thiol ligands; yet, it must not bind the mercuric ion
so tightly that reduction and turnover are not possiiig (
19). MerA is a flavoprotein similar in structure and sequence
to other disulfide oxidoreductase®j. The reduction of the

MerB Purification. The merBgene from plasmid R831b
(24) was amplified by polymerase chain reaction, and the
NdelXhol fragment was ligated into the expression vector
¢ pPET21b (Novagen). The resulting plasmid was identical to

pQZB1 (17) except for the insertion of a stop codon between
the Xhol site and the MerB-encoding sequence. This
construct prevented the expression of the histidine tag present
in pET21b.

The protein was purified from BL21(DE3) cells containing
the MerB-encoding plasmid. Unlabeled protein was produced
by growing cells in Luria-Bertani (LB) broth at 37C for
24 h. Uniform (98% '°N-labeled MerB protein was
produced by growing cells in modified minimal medium
containing!®N-labeled NHCI as the sole nitrogen source
and with continual induction by 020 uM isopropyl
p-thiogalactoside (IPTG). In LB broth, there was sufficient

mercuric ion is mediated by a pair of redox active cysteines expression without any 'T“?“_C“O” by_ IPTG. Al _medla
near the FAD binding site. One major structural feature found conta!r?ed _0'1 mg/mL ampicillin to retain the plasmid.

in MerA and not in related proteins is &15 residue Purification was based on the scheme of Begley e§). (
carboxyl-terminal extension containing two additional, ad- Al steps were performed at 4C, and DTT-containing
jacent cysteine residues. These carboxyl-terminal cysteineSolutions were freshly prepared before use. The cells from
residues are essential for catalytic turnover both in vitro and 3 L Of culture were harvested by centrifugation in a Beckman
in vivo (21). The function of the carboxyl-terminal cysteines JA-10 rotor at 500§ for 20 min and then suspended in 150
is to remove thiol ligands from the mercuric ion substrate ML of buffer A [20 mM Tris (pH 8.0), 1 mM DTT, and 1
(22). MerA also possesses an amino-terminal domain not MM EDTA] plus 1 mg/mL benzamidine. The suspension was
found in homologous disulfide oxidoreductases. The amino- Passed through a French press and centrifuged at 160000
terminal domain of MerA is homologous to MerP and for 1 h. The supernatant_was_ applied to a DEAE-sepharose
contains two conserved cysteine residues. Early experimentd st Flow (Amersham Biosciences) column (50 mm ikd.
showed that removal of these two cysteines does not affect40 ¢m length) equilibrated with buffer A, and MerB was
the catalytic turnover rate in vitr@(). However, it has more ~ €luted with a salt gradient of &1 M NaCl over 1.5 L. MerB-
recently been shown that a complex of the amino-terminal COntaining fractions were identified by polyacrylamide gel
domain and a mercuric ion can serve as a substrate for theEl€ctrophoresis, pooled, dialyzed with a 10K ultrafiltration
catalytic core {5). This finding suggests that the amino- Membrane (Millipore) into buffer B [20 mM sodium

terminal domain may actually have an important function Phosphate (pH7.2), 1 mM EDTA, and 1 mM DTT], applied
in vivo. to a Q-sepharose Fast Flow (Amersham Biosciences) column

(26 mm i.d. x 40 cm length) equilibrated with buffer B,
and eluted with a 61 M NacCl gradient over 700 mL. The
MerB-containing fractions were pooled. To prevent aggrega-
tion, the buffer of the pooled fractions was adjusted to a
final concentration of 20 mM Tris (pH 8.0) and 100 mM
NaCl. The pooled fractions were then concentrated to 10
mL and applied in 0.5 mL injections to a Superose-12

1 Abbreviations: DTT, dithiothreitol.-DTT, 2R,3R-dithiothreitol; ; ; ; AT
DTE, dithioerythritol; EDTA, ethylenediaminetetraacetic acid; HSQC, (Amersham Biosciences) molecular weight column equil

heteronuclear single quantum coherence spectroscopy; IPTG, isopropylbratecj with buffer C [10 mM sodium phosphate (pH 7.5),
S-thiogalactoside; merbromin, (2,7,-dibromo-9-(o-carboxyphenyl)-6-- 100 mM NaCl, 1 mM EDTA, and 1 mM DTT]. MerB-

hydrOXy)-32-0X0-tﬁH-Xamherll-‘l-yg)hydlroﬁymercury:tmersatj'yhE/I-deroi(y- containing fractions were stored at°’@ in buffer C.
mercuri)-2-methoxypropyl carbonyl phenoxyacetic acid; , nuclear e :
magnetic resonance; PHMB@:hydroxymercuri benzoic acid; PHM- MerA Purification. The Tn21 MerA gene was obtained

SA, p-hydroxymercuri benzenesulfonic acid. in the form of plasmid pNS210) from Dr. Richard Meagher

To further understand catalysis by the unique enzyme
MerB, we have explored several avenues for the preparation
of mercury-containing MerB complexes. The most stable and
reproducible complex prepared consisted of MerB, one
mercuric ion, and a molecule of DTT. Mercury coordination
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at the University of Georgia. Plasmid pGB5 was created by  X-ray Absorption Spectroscopy (XA8)MerB/Hg/DTT
ligating the Xba I/Hind Ill fragment of pNS2 into expression sample was prepared by adding 1.5 equiv of PHMSA in the
vector pET-21b (Novagen) cut with the same two restriction presence of 5 mM fresh DTT. This sample was concentrated
enzymesEscherichia colBL21-DE3 cells were transformed to 2 mM and a final volume of 0.5 mL in a 10K cutoff
with pGB5 and grown at 37C in LB broth with 0.1 mg/ Centricon device (Millipore). This sample was then ex-
mL ampicillin. Upon reaching an OD of 1.0, the cultures changed into 10 mM sodium phosphate (pH 7.5), 20% v/v
were induced with 0.4 mM IPTG and incubated for another glycerol, by increasing the volume to 2.5 mL and reconcen-
2—3 h before harvesting. Purification was based on the trating it three times. This procedure also separated unbound
procedure of Rinderle et al2§) with modifications. The mercury, PHMSA, and DTT from the protein. The sample
cells fram 6 L of culture were harvested by centrifugation was loaded into a 24 mmt 3 mm x 2 mm polycarbonate
in a Beckman JA-10 rotor at 508@or 20 min, suspended  cuvette (with one 24 mnx 3 mm wall consisting of 0.001
in 200 mL of buffer A [20 mM Tris (pH 8.0), 1 mM EDTA, in. Mylar tape) and immediately frozen in liquid nitrogen.
and 1 mM DTT] plus 1 mg/mL benzamidine, and then lysed X-ray absorption spectra were collected at the Stanford
by passage through a French press. The lysate was cleare@ynchrotron Radiation Laboratory (SSRL) on beamline 7-3
by centrifugation at 1000@0and applied to a DEAE-  with the SPEAR ring operating at 3.0 GeV and-600 mA.
sepharose Fast Flow (Amersham Biosciences) column (50The fluorescence excitation spectra were recorded with the
mm i.d. x 40 cm length) equilibrated with buffer A, and sample at 10K using 1 mm vertically apertured beam incident
MerA was eluted with a salt gradient of-@ M NaCl over on a Si[220] double-crystal monochromator that was detuned
1.5 L. MerA-containing fractions were identified by the to 50% maximum reflectivity for harmonic rejection. The
kinetic assay described below. Active fractions were pooled averaged XAS data represent eight scans, each of 21 min
and dialyzed with a 10K cutoff membrane into buffer B [20 duration. EXAFSPAK software (www-ssrl.slac.stanford.edu/
mM sodium phosphate (pH 7.2), 1 mM EDTA, and 1 mM exafspak.html) was used for data reduction and analysis,
DTT] and then applied to a Blue Sepharose Fast Flow according to standard proceduré®)( The Fourier trans-
(Amersham Biosciences) column (1.5 in. ixd 3 in. length) forms (FTs) of the EXAFS spectra were generated using
equilibrated with buffer B, and eluted with aQ M NaCl sulfur-based phase correction.
gradient over 700 mL. Active fractions were concentrated  Kinetic AssaysMerA activity was followed by monitoring
to 10 mL and separated on a 200 mL Superdex-75 gelthe consumption of NADPH:
filtration column equilibrated with buffer D [10 mM sodium _ .
phosphate (pH 7.3), 1 mM EDTA, 1 mM DTT, and 100 mM N(t) = [NADPH], — [NADPH] @)
NaCl]. MerA-containing fractions were reconcentrated to where N(t) is the total reaction progress. UV absorbance
5 mL, reduced with additional DTT, and then applied (Agsp=6.22 mMtcm1) was used to monitor the NADPH
in 0.5 mL batches to a disposable PD-10 sephadex G25concentration. The reaction mixtures contained 50 mM
desalting column (Amersham Biosciences) equilibrated sodium phosphate (pH 7.0), 100 mM NaCl, 1001
with a storage buffer consisting of 50 mM sodium phosphate NADPH, 1 mM cysteine, and varied concentrations-{0
(pH 7.0), 100 mM NaCl, and 30% glycerol. The column M) of Hg(ll) or MerB/Hg/DTT substrate. The assays were
eluent was immediately divided into 0.5 mL aliquots and performed at room temperature. The reactions were initiated
stored at—80 °C. by adding 20uL of a MerA aliquot to 1 mL of reaction
NMR Spectroscopyurified MerB samples were concen- mixture. The mixtures were well-mixed before recording
trated to 0.5 mL at a final concentration of 1 mM by began. Each MerA aliquot was thawed immediately before
centrifugation in a 10K cutoff Centricon ultrafiltration device use. One aliquot was used for a series of 10 experiments
(Millipore). The samples were exchanged into an NMR plus 2-3 control experiments. The control experiments
buffer consisting of 10 mM sodium phosphate (pH 7.5), 10 contained 4uM Hg(ll) as a substrate.
mM NaCl, 1 mM EDTA, and 510 mM DTT by three The MerB/Hg/DTT samples for use as MerA substrates
cycles of dilution to 2.5 mL and reconcentratiorddwas in kinetic assays were prepared by adding 1.5 equiv of
added to a final concentration of 10% to all samples before PHMSA to a sample of purified MerB in the presence of
NMR experiments were performed. The MerB/Hg/DTT fresh DTT. To remove excess mercury, organomercurial, and
complex was prepared by adding at least one equivalent ofDTT from the buffer, the complex was purified by injecting
an organomercurial substrate to an NMR sample of the 5—8 mL on a sephadex G-25 gel filtration column with a
free protein. Organomercurial substrates were all purchasedvoid volume of 12 mL. A 10 mL fraction after the void
from Sigma-Aldrich. The substrates used were as follows: volume was collected as the protein-containing fraction.
phenylmercuric acetate [PMA; (62-38-4)], mersalyl (492- Because residual DTT, mercury, or PHMSA in the MerB/
18-2), PHMBA (1126-48-3), merbromin (129-16-8), and Hg/DTT sample could potentially interfere with the assay
PHMSA (17781-34-9). MerB/Hg/DTT samples with opti- results, we indirectly determined the degree of separation
cally activeL.-DTT were prepared by diluting a MerB/Hg/  between protein and small molecules by using riboflavin as
DTT sample with.-DTT-containing buffer and reconcen- a tracer. Because riboflavin has a strong visible absorbance
trating it several times. The MerB/Hg/DTE samples were at ~450 nm, its concentration in the MerB-containing
prepared in the same way-DTT and DTE were from fraction was easily measured. By this measure, the degree
Sigma-Aldrich. Gradient-enhanced two-dimensional (2D) of separation between riboflavin and protein was at least
IH—15N HSQC spectrad?) were collected on a 600 MHz  1:1000. Other small molecules such as unbound mercury,
Varian Inova spectrometer. The NMR data were processedorganomercurials, and DTT should behave in a similar way.
with NMRPipe/NMRDraw 28). The contour plots were A stock of free MerB free of contaminating NADPH
prepared with gri (http://gri.sourceforge.net/). oxidase activity was prepared for use in enzyme buffering
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tests. A 10 mL sample of purified MerB was dialyzed into

20 mM sodium phosphate (pH 7.4), 1 mM EDTA, and 1 Hg+
mM DTT and then applied to a Blue Sepharose Fast Flow

(Amersham Biosciences) column (1.5 in. ixd 3 in. length)

equilibrated with the same buffer. MerB was collected from

the flow-through of this column. No significant NADPH

oxidase activity was detected in this MerB stock. Aliquots

were freshly reduced and separated from DTT before use in O:S\:O
kinetic assays by the following procedure. DTT was added o

to a final concentration of 4 mM to an 0.5 mL aliquot of 0.5
mM free MerB. The aliquot was then injected onto a PD-10

H OO
- e g+ Hg+
desalting column, and 1.5 mL of MerB-containing eluent j/ E
was collected for use in enzyme buffering tests. The free o
MerB stock was used withi4 h of preparation and kept on @
ice until use in the assays. ©/\
s H SN

Analysis of Kinetic DataAs noted in several other multiple
turnover studies of MerA activity, the reaction proceeds with

a rapid initial velocity, which decays to a slower, constant )
Ficure 1: Organomercurial substrates used to prepare the MerB/

final vel_ocny (§ee Discussion). The chqnge in velocity cannot Hg/DTT complex: (A) merbromin. (B) PHMSA. (C) PMA, (D)
be ascribed simply to substrate depletion or product buildup, pHvBa, and (E) mersaly!.

because it can happen before substrate concentrations change

significantly. The change can be explained by conversion A mercury-containing MerB complex was prepared by
of enzyme between a more active and a less active form,adding the organomercurial substrate PHMBA to a sample
the rate of conversion being dependent on thiol and substrateof free MerB in the presence of DTT. The resulting #D-
conditions. The reaction velocity will then follow an 5N HSQC spectrum (Figure 2B) is very similar to the

exponential course2): spectrum of the free form (Figure 2A); we observed
significant chemical shift changes for only a few signals.

v=1v+ (v, — Uf)e*kt (2) These results indicate that the global fold of the protein
remains the same upon interaction with the organomercurial

where v is the final steady state velocity, is the initial substrate. _ _
rapid velocity, andk is the net rate of conversion between ~ 1hiS procedure was repeated with a variety of organo-

the two MerA forms. The total reaction progress (which is merCL_Jriall sult:;strates (Figure 1). We expected that the
the quantity measured in MerA assays) is obtained by "€Sulting™H—"N HSQC spectra would display significant
integrating eq 2 to obtain: differences depending on which substrate was used, because

binding of these substrates with various aromatic ring
. v, — v v, — structures should have affected the chemical shifts of the
N(t) = fo u(t) = vt — ” e 4 " (3) MerB binding surface in different ways. Surprisingly, the
resulting *H—°N HSQC spectra were identical for all
substrates tested (Figure 2B), indicating that the organic
X . - portion of these organomercurial substrates was not present
”:eel .parar'netersf, Vor andl'<. The normalized, relative activity in the MerB complex. To confirm this result, we prepared a
v, is defined as the ratio af, for that assay to the average \erB complex using only free Hg(ll) as a substrate; the
vo for the control experiments [4M Hg(Il)] in that assay  yeguiting spectrum was identical to those obtained using
series. Th|§ ensures that any differences in MerA activity samples prepared with organomercurial substrates (Figure
between allquotls do_not affect. the comparison of measure-og) “\When complexes were prepared with substrate-to-
ments taken using different aliquots. protein ratios ranging from 1 to 2.5, the resulting spectra
RESULTS were also identical. Extensive buffer exchange or dilution
and reconcentration of the MerB complex in the absence of
Preparation of a Stable MerB/Hg/DTT CompleXo additional mercury or organomercurial did not change the
elucidate the structure and mechanism of MerB, we wanted spectrum either. Therefore, a mercuric ion binds to MerB to
to prepare a stable complex of MerB involving either an form a very stable complex with a 1:1 stoichiometry. Overall,
organomercurial substrate or a mercuric ion. At pH 7.5 and these results suggest a mechanism by which organomercurials
in the presence of fresh DTT, free MerB adopts a single, are cleaved rapidly by MerB to form a stable mercury-
well-folded conformation, as shown by the 2IBi—'5N containing MerB complex in the presence of DTT.
HSQC spectrum (Figure 2A). The spectral quality deterio-  Multiple NMR data demonstrate that DTT is also present
rated quickly in the absence of DTT, even in the presence in the MerB complex. We prepadea 1 mMMerB complex
of other reducing agents such as cysteine or glutathione.with 33C/**N-labeled MerB, unlabeled DTT, and PHMSA,
Because DTT was essential for the formation of a well-folded and this complex was extensively dialyzed to remove excess
stable NMR sample and because DTT is a known inhibitor DTT and PHMSA. The sample contained 1 mM EDTA. A
of MerB’s catalytic activity, we used the above conditions one-dimensionafC-filtered spectrum of this complex clearly
as a starting point for the formation of a stable mercury- shows a resonance at the chemical shift of the magnetically
containing MerB complex. equivalent H2 and H3 protons of free DTT (not shown). The

All measured reaction curves were fitted to eq 3 by adjusting
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Ficure 3: Evidence for the MerB/Hg/DTT complex. Region of
the 2D*H—15N HSQC spectrum of th®N-labeled MerB/Hg/DTT
complex at 27°C when it is prepared with (A) racemic DTT, (B)
L-DTT, or (C) DTE. The peak(s) shown correspond to the amide
signals of residue C96.

110 10.0 9.0 8.0 7.0 6.0
1
H 3 (ppm)
Ficure 2: (A) Two-dimensionallH—15N HSQC spectra of free
MerB (red) and of the MerB/Hg/DTT complex prepared with

L-DTT (black). (B) Two-dimensionalH—1N HSQC spectrum of o
the MerB/Hg/DTT complex prepared with racemic DTT. The boxes structure determination of the MerB/Hg/DTT complex by

indicate signals that appear as paired peaks in the presence oNMR (30). Eight of the paired peaks have been assigned to
racemic DTT but as single peaks in the presence-DiT T. the residues E64, L76, T77, W95, C96, T100, R155, and
ratio of the integration of the H2/H3 peak (two protons) from C160. No such pairing of peaks occurs in the free protein
DTT to the integration of the EDTA peak at 3.2 ppm (four spectrum in the presence of DTT (Figure 2A), which
protons) was 0.53, which is very near the ratio of 0.5 indicates that DTT does not associate with the free protein.
expected for a 1:1 mixture of DTT and EDTA. The MerB Furthermore, this implies that the association of the DTT
complex therefore contains 1 equiv of mercury as well as 1 molecule to the protein is mediated by the mercury atom.
equiv of DTT and is therefore termed the MerB/Hg/DTT The DTT molecule could associate with the mercury atom
complex. There is also indirect evidence from 2D-15N either through only one of its sulfurs in a linear conformation
HSQC spectra that DTT is present. One feature of the MerB/ or through both of its sulfurs in a cyclic conformation. To
Hg/DTT spectrum not seen in the free protein spectrum is distinguish between the cyclic and the linear binding modes,
the presence of several closely spaced pairs of peaks (Figureve have prepared analogous complexes with tieso
2B). The two peaks of each pair are of approximately equal compound DTE, which is not chiral, but otherwise chemi-
intensity. When the complex is prepared with pure optically cally equivalentto DTT. There are two possible linear MerB/
activeL-DTT instead of a 50/50 racemic mixture of DTT, Hg/DTE complexes but only one possible cyclic MerB/Hg/
only one member of each pair of peaks remains (Figure DTE complex (Figure 4). Because the two linear forms are
3A,B). The paired peaks belong to residues affected by the diastereomers, they would have different NMR spectra, and
binding of DTT and arise from the fact that MerB/Hg/ the MerB/Hg/DTE spectrum would exhibit paired peaks
DTT and MerB/Hgb-DTT have slightly different spectra.  similar to those seen in the presence of a racemic mixture
Sequence specific assignments of most backbone amideof DTT. The pairing of peaks does not occur in the MerB/
resonances have been obtained as part of the solutiorHg/DTE spectrum (Figure 3C). The observation of only a
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Ficure 5: FTs of the Hg kL EXAFS of MerB/Hg/DTT (solid) and
theoretical best fit (dashed) corresponding to a coordination shell
of HgS; using the parameters of fit 3, Table 1. Theweighted
EXAFS (solid) and theoretical best fit (dashed) are displayed as
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H OH Table 2: Hg-S Bond Distances of Representative 2-, 3-, and

4-Coordinate HgS Compourids

C
FiGure 4: (A) Two possible linear binding modes of DTE in CsD CSD CSD
the MerB/Hg/DTE complex. The two possible complexes are code Hg-S code HgSs code Hg-S4
diastereomers and lead to two distinct populations in the NMR BEPQAO 2.30 DELFIG 2.43  BULZUD 2.55
spectrum. (B) In the cyclic binding mode, only one MerB/Hg/DTE 2.30 2.40 2.53
complex is possible, leading to a single population in the NMR BINMIU 2.36 2.51 2.52
spectrum. (C) There are two possible linear MerB/Hg/DTT 236 JEFVIZ 2.45 2.55
complexes, leading to two populations in the spectrum. There are JETYOW 2.35 2.44  LAIJGUY 2.52
also two distinct cyclic MerB/Hg/DTT complexes (D), leading to 2.35 2.44 2.52
two populations in the spectrum. JAPROH 236  KELVUS 2.40 2.52
2.36 2.46 2.52
Table 1: Curve Fitting Results for Hg EXAFS of the MerB/Hg/ KELWEP 232 247 NIRJIH 2.51
DTT Complex 2.32 KINZAI 2.40 2.54
MECBHG 2.35 2.49 2.60
sample filename Ras 0ad AEg 2.35 2.40 2.53
(krange)k3y fit shell (&) A (ev) f'b NUCFIA 234 VOXTOR 246 TPTCHG 2.51
MerB/Hg/DTT 1 Hg-S 242 —00010 —393 0103 . ovo 0 Son o e
HBDTA (2—12 A1) 2 Hg-S, 2.42 0.0025 —1.91 0.091 2é3 ' 249
k¥ = 10.74 3 HgS 243 0.0051 —0.73 0.092 ; .
4 Hg-Si 243 00074 002 0099  MERSETOL - 234 WEMTOX - 254
aShell is the chemical unit defined for the multiple scattering MERMES 2.36 2.55
calculation. Subscripts denote the number of scatterers per metal. 2.36 2.57
Ras is the metatscatterer distancars, is a mean square deviation ~NEHDOT 2.33 SLINIK 2.56
in Russ AEy is the shift inE, for the theoretical scattering functions. 2.35 2.56
bf' is a normalized errory®): ' = ({ T[> — x*¥°91IN} )/ 2.55
[ max = (2 rmin]- 2.56
averageé 2.344+0.02 2.444+ 0.04 2.544+0.03

inal k with DTE i nl nsistent with li a Representative mononuclear mercuric thiolate compounds were
S gfe pe,? bt dt ?ho y cons if t ht b ?hcyclfc taken from the Cambridge Structural Database (CSD). Bond lengths
conitormation, bound 10 the mercury throug oth sullur e reported in angstrom&Mean bond lengtht standard deviation.

atoms (Figure 4B).
EXAFS Studies of the MerB/Hg/DTT Compleko with two, three, or four sulfurs all can provide good fits
determine the geometry of ligands associated with the Hg(ll), to the data, the DebyeWaller value §.&) for the HgS
EXAFS data were collected on the MerB/Hg/DTT complex. case is the most physically reasonable one. Taken together,
The EXAFS data of the MerB/Hg/DTT complex are most the NMR and EXAFS data are consistent with a model for
consistent with a coordination sphere for mercury consisting the MerB/Hg/DTT complex in which two sulfurs from DTT
of three sulfur atoms (Table 1 and Figure 5). The measuredand one sulfur from the protein bind to the mercuric ion.
Hg—S bond distance of 2.42 A coincides with other mono-  Cysteine ¢ Chemical ShiftThe chemical shifts of the £
nuclear, mercuriethiolate compounds that have a coordina- atoms of all four cysteine residues in the MerB/Hg/DTT
tion number of three 31). A search of the Cambridge complex have been determined as part of the three-
Structural Database has confirmed that the-Sdbond length dimensional structure determinatioBOf. The G chemical
is a sensitive indicator of coordination number: di-, tri-, and shifts of the cysteine residues provide evidence that C96 is
tetra-coordinate mononuclear mercurtbiolate complexes  the only cysteine involved in mercury binding in the MerB/
have Hg-S bond lengths of 2.34 0.02, 2.44+ 0.04, and Hg/DTT complex. This cysteine residue has been shown to
2.544 0.03 A, respectively (Table 2). Also, although models be critical for MerB catalysis(7). In the free protein, C117,
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Table 3: G Chemical Shift (ppm) for Cysteine Residues in the Table 4: Determination oKp for the MerB/Hg/DTT Complex by
MerB/Hg/DTT Complex and in Free MerB NMR?
residue MerB/Hg/DTT complex free MerB thiol f (%) Kp
C96 37.9 a none <15 <26 nM
C117 29.7 29.8 1 mM cysteine <15 <26 nM
C159 32.8 28.3 10 mM cysteine 65 1.6M
C160 26.7 27.0

aThe stability of the MerB/Hg/DTT complex was determined
aNot observed. by monitoring the equilibrium between the free MerB and the
MerB/Hg/DTT complex by NMR, under various thiol conditions.
f is defined as in eq 4.

C159, and C160 all display standarg ¢hemical shifts for
reduced cysteines, and the chemical shift of C9év@s not

assigned. In the MerB/Hg/DTT complex, the 6hifts of Enzyme Buffering Testé/e performed a series of experi-
C117. C159. and C160 are also in the 1standard range forments designed to test the hypothesis that the mercuric ion

reduced cysteine, but for C96, the, €hift (37.9 ppm) is product of MerB can pass directly to MerA without diffusing
unusually downfield (Table 3). The downfield; Ghift of ~ through the cytosol. A variety of methods have been
C96 could be explained by formation of a disulfide bond developed to identify this type of transfer. The method that
involving this residue 32), but it is unlikely that such a we use here has been termed the enzyme buffering3st (

disulfide bond is present given the absence of available thiol There are thrge components to this test, which in our case
groups. Indeed, no free thiol is available in the buffer, there are as .fOI.IOWS' a measurement of th_s of_MerB for the

is no evidence that other cysteines in the MerB monomer mercuric ion, a measurement of the _k|net|c parameteys (
form a disulfide bond, and there is no evidence from our and vma) Of MerA with a mercuric ion substrate, and a

studies that the MerB/Hg/DTT complex forms a dimer. The measurement of MerA activity with the MerB/Hg/DTT .
more likely explanation for the chemical shift of C96 C complex as a substrate. We performed these experiments in

is coordination to the mercuric ion. Cysteing themical thhe sl?(r)?seizgle s?Iuzlati?nMa%lStsleT:Zubseeczlljlsfetk:)lrsterdeﬂnewﬁtlfi tlf;e
shifts are sensitive to mercuric ion binding at the thiolate phy 9 P P

group. In solution NMR studies of Hg(SR¢omplexes, € tcursllzyr?(er cs)':u:r']%i’hgfr g{lr?rlAe ts gﬁtzrrfiﬂae”tgfc)lggeslgnce of
generally shifts downfield as the number of thiol ligand ( VMe;suremem o ﬂﬁl ?he gissz’)dgﬁon Constam“ o the
increases 3). The observed chemical shift of C9¢ @ MerB/Hg/DTT complex was measured under several thiol
the MerB/Hg/DTT complex is consistent with a population Mg P .
: : conditions (Table 4). An aliquot of 1 mL of1 mM MerB/
of essentially 100% HgS(see Table 3). The f£chemical . .
. o ' Hg/DTT was dialyzed ird 1 L of buffer, and the appear-
shift of C159 is slightly downfield from the standard range .
. ance of free MerB was monitored by NMR spectroscopy.
for reduced cysteine (Table 3) but much less so than that of _ . . ;
) . L Prior to dialysis, all unbound DTT was removed from the
C96. This observation allows the possibility of a small degree ;
. MerB/Hg/DTT sample by several rinses and reconcen-
of exchange between C96 and C159. In the solution structuretrations with DTT-free buffer. A 2DH—'N HSQC
of the MerB/Hg/DTT complex (Benison, G. C., Di Lello, y

Con . spectrum was collected at this point to ensure that the
P., Legault, P., and Omichinski, J. G. Unpublished results), . . . : .
the distance between the sulfur atoms of C159 and C96 is gMerB/Hg/DTT complex was intact before dialysis. Dialysis

A, which is close enough to allow for some exchange was performed in a disposable, 2 mL, 10K cutoff tube
' ' (Spectrum Laboratories). The concentrations of free protein,

Other MerB/Hg/Thiol ComplexesBecause DTT is @  pound protein, and free mercury are controlled by the
known inhibitor of MerB but it is not a naturally occurring  dissociation constarp:

molecule, we performed several experiments designed to
produce a mercury-containing MerB complex involving a [MerB] x [Hg/DTT]
physiological thiol such as cysteine or glutathione. When Kp = =
. : [MerB/Hg/DTT]
an organomercurial substrate is added to a MerB sample
in the presence of one of these monothiols and in the
presence of oxygen, the result i$k—15N HSQC spectrum @a-"f) v,
with very poor chemical shift dispersion (not shown). This
is probably because these thiols are not able to keep thewheref is the fraction of MerB/Hg/DTT that has dissociated,
protein in a fully reduced state at the high concentrations u; is the volume containing proteim, is the volume of the
needed for NMR studies. We also performed experiments dialysis buffer, and [merB/Hg/DTT]s the initial concentra-
in which organomercurial substrates were added to ation of MerB/Hg/DTT being dialyzed. The fractidrcan be
mixture of reduced MerB and cysteine or glutathione in measured by NMR because free MerB and MerB/Hg/DTT
an anaerobic environment. This resulted in spectra with have distinct 2D'H—N HSQC spectra. The dialysis was
improved chemical shift dispersion nearly equivalent to that allowed to proceed for 24 h before NMR measurements
seen in the MerB/Hg/DTT complex, but the spectra were were made. When none of the free form was observed
not as reproducible as that of the MerB/Hg/DTT complex. in a spectrum, the parametewas set to a lower bound of
The exact composition of these complexes also is not 15%. This number is based on the minimum reversion to
clear, as it is for the MerB/Hg/DTT complex. Because of the free form that would be clearly visible in the spectrum
its excellent stability, homogeneity, and reproducibility, we given its signal-to-noise ratio. Because the total amount of
used the MerB/Hg/DTT complex for further kinetic and MerB present in the system remains constant, the quantity
structural studies. [MerB/Hg/DTT]o - v in eq 4 is constant; i.e., a change

2y

[MerB/Hg/DTT], (4)
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3 I I I I I Table 5: MerA Velocity Using MerB/Hg/DTT as a Substrate
[MerB/Hg/DTT] (uM) vo (NM s7Y) n

10 6.9+ 1.2 3
15 7.8+1.2 4
20 6.3+ 2.2 3

a Assays contained 14 nM MerAy, is the initial velocity, reported
RMSD = 0.03 uM as mean and standard deviations the number of replicates.

N (uM)

. The kinetic parameters of MerA with a mercuric chloride
substrate were measured in a series of assays. All assays
contained 1 mM cysteine, and a series of mercuric chloride
substrate concentrations from 0 touM were used. The
results are shown in Figure 6B. The activity was fit to a
1.5 I T T T Michaelis-Menten model with parametet§y = 1.0 uM,
L B 1 s = 1.2. 48 is in the unitless scale described in the

: Materials and Methods (i.e., the activity agd Hg(ll) is

T+ 1.0 by definition).
09 -1+ Although it is the relative velocity, and not the absolute
> 06 -F// _ velocity, that is needed for the enzyme buffering tests, we
‘ - also measured the absolute velocity for the purpose of

B _93'4 comparison with other studies. A MerA concentration of 0.7
/
s

| ] ] ] |
0
0 100 200 300 400 500 600
time (sec)

rel

03 uM was measured in one aliquot by absorbance at 455 nm,

using a value ot4ss = 11.3 mM cm™! (26). Because the
0 1 2 3 4 aliquots were diluted by a factor of 50 in the assays, the
Hg(ll) (uM) final concentration of MerA in the assays was 14 nM. The

. _ average value of, in the control experiments with 4M
FiGure 6: (A) Typical reaction curve for the MerA assay. The rel

reaction contained 1 mM cysteine and Q® MerB/Hg/DTT Hg(ll) was 24 nM s'. The value Of Uy Was 1.2 (see
complex as a substrate, plus standard components described in th&igure 6B), so the absolute value @faxis 28.8 nM s,
Materials and Methods. The fitted line corresponds to eq 3 with The specific activity, obtained by dividing the absolufgyx

the parameters, = 23.3 nM s, »s = 2.1 nM s}, k= 0.015 s, ;
The RMSD between the observédt) and the calculatedN(t) by the MerA concentration, was 123 minfor our MerA

for this particular curve is 0.0aM. (B) Measurement of MerA  Preparation.
kinetic properties with Hg(ll) substrate. The initial velocity was MerA Assays with MerB/Hg/DTT SubstraiBvo series

determined using eq 3 and normalized to a control experiment as :
described in the Materials and Methods. Assays contained 1 mM of MerA assays were performed using the MerB/Hg/DTT

cysteine. The fitted line correspondsKe = 1.04M, o, = 1.2. complex as a substrate. As descnbed.m the Materials and
s is a unitless ratio as described in the Materials and Methods. Methods, the only source of mercury in these assays was

max

that bound to MerB. Excess free mercury was removed

in i due to a change of buffer volume during dialysis is from the MerB/Hg/DTT complex by gel filtration prior

exactly counteracted by an opposite change in dialysateto the assays, and no free mercuric substrate was added to
concentration. the assays. The MerB/Hg/DTT concentration B0 «M)

Table 4 shows the results of the measurements under Was several orders of magnitude larger than the MerA
several thiol conditions. The condition with 1 mM cysteine C€Oncentration (14 nM). In the first series of assays, several

is the most important for this study, because that is the MerB/Hg/DTT Concentration_s were tested in several repli-
condition used in the enzyme buffering tests to follow. No Cates (Table 5). On the basis of these results, the velocity

dissociation was detected in the presence ofl OmM measurements under these conditions are accurate to within
cysteine, leading to an upper bound of 26 nM for the apparentapproximately 20%. In the second series of assays, the
Kp (Tab|e 4)_ The measurement of an apparéptof 1.6 reaction mixtures contained an initial concentration of

uM in the presence of 10 mM cysteine indicates that the 9.3 uM MerB/Hg/DTT and varied amounts of free excess
dialysis method is capable of showing dissociation and that MerB. These assays were done in parallel with control assays
at a sufficiently high concentration, cysteine is capable of using 4uM Hg(ll) as a substrate, to allow the calculation of
removing mercury from the MerB/Hg/DTT complex. a normalizedu[,e'. For each assay, an expected free mercury

MerA Assays with Hg(ll) Substratall kinetic traces were ~ concentration [Hg(II){aca Was calculated on the basis of
fit to eq 3 as described in the Materials and Methods. The €q 4 and theKp value in Table 4. Note that “free” Hg(ll)
quality of fit was determined from the sum of squared in this sense means Hg(ll) not bound to protein, although it
residuals between the data and the predicted values from edgs bound to whatever small thiol is present. We then
3. For all experiments used in the kinetic analysis, the RMSD calculated an expected MerA velocity based on [Hg{]
between the observed and the expected values was belowror all concentrations of free MerB used, the observed
0.05uM (i.e. 2 < 1 for a 0.05uM error in NADPH velocity was higher than what is expected from a purely
concentration measurement.) A typical fit with an RMSD dissociative mechanism, sometimes by a factor of as high
value of 0.03«M is shown in Figure 6A. as 9 (Table 6).
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Table 6: Enzyme Buffering Tests of MerA Velocity in the Presence Dissociative E1+S-E1-X Channeling
of MerB/Hg/DTT and Free MerB /
free MerB  Hg(Il)carca | | el E1-X=E1+X \

(uM) (um) Veaed  Vobs Y obd? caled X+ EpeE2-X E1-X + E2=E1-X-E2=X-E2 + E{
0 0.47 0.38 0.69 1.82 ;
0.9 0.21 0.20 0.43 2.15 ~N
1.8 0.12 0.13 0.37 2.87 E2-X-~>E2+P
2.7 0.08 0.09 0.46 5.11 Ficure 7: Dissociative vs channeling mechanism for metabolite
ig 882 88; 83% gig transfer in sequential reactions, using the notation of Ova@i (
54 0.04 0.05 045 9.00 The initial substrate S is converted into the final product P by two
91 002 003 028 933 sequential enzymatic reactions catalyzed by enzymes E1 and E2.

The intermediate metabolite X is the product of the reaction
a All assays contained 14 nM MerA, 94 MerB/Hg/DTT, and catalyzed by the enzyme E1. X is also the substrate for the reaction

varied amounts of free excess MerB—@.1 uM). Hg(ll)caca Was catalyzed by the enzyme E2. In the dissociative mechanism (left),

determined from th&p reported for 1 mM cysteine in Table 4 the EX-X complex dissociates, yielding free X in solution. X then

‘caled

was determined as described in the texfl, is the measured MerA  diffuses to and binds E2 in the second step. In the channeling
velocity (reported as a unitless ratio as described in the Materials and Mechanism (right), the E1X complex binds E2 to yield a transient

Methods). E1-X—E2 complex. E1 then dissociates from this complex to yield
the X—E2 complex. In no part of the channeling mechanism does
metabolite X exist freely in solution. In the present study=S
DISCUSSION HgR, E1= MerB, X = Hg(ll), E2 = MerA, and P= Hg(0).

DTT Inhibits MerB.It has been observed previously that N )
DTT inhibits MerB (L6, 17), but the mechanism of the Under these conditions, approximately 50% of the enzyme
inhibition was not clearly understood. Using NMR experi- accumulates in the inactivated state, and the other 50%
ments, we have demonstrated that the inhibition is due to c0mpletes a full catalytic cycle. It is probably because of
the formation of a stable MerB/Hg/DTT complex. Our results this type of inactivation that no multiple turnover activity is
demonstrate that DTT does not inhibit the cleavage of the Observable in the absence of thiols. In the presence of thiols,
carbor-mercury bond but rather prevents the release of the multiple turnover activity is seen; however, it has been
mercuric ion product. On the basis of EXAFS and NMR ©observed that the rate undergoes a steady decline, continuing
spectroscopy experiments, we conclude that the mercury inOver many turnovers, which cannot be explained by the
the MerB/Hg/DTT complex is bound in a coordination sphere Simple depletion of substrate2q). One likely explanation
consisting of three sulfur atoms and that two of the sulfur for this behavior is that during each catalytic cycle, a
atoms originate from DTT. The third sulfur atom is from Small portion of the enzyme accumulates in an inactivated
C96 of MerB. The MerB/Hg/DTT complex is extremely State similar to that seen in the mercuric cyanide experiment.
stable. Our attempts to competitively remove the bound DTT [N the present study, this change in rate was also observed.
with the naturally occurring monosulfhydryl-containing For example, in the typical trace seen in Figure 6A, by
compound cysteine required extremely high ratios of cysteine th€ time 50 turnovers are complete (corresponding to a
to DTT (Table 4). substrate consumption of 0uiM), the rate has dropped to

The two isomers of DTT form the MerB/Hg/DTT complex approximately hglf of its initial value. Th|s would be the
with approximately equal affinity as judged by the HSQC result expected if, upon each patqut|c c.ycle,. 1% of the
spectrum. In other words, MerB exhibits little if any chiral €nhzyme were lost to accumulation in an inactivated form.
specificity for its DTT cofactor. This is consistent with the ~ The derivation of eq 3 does not take into account the fact
idea that the primary interaction between the DTT molecule that substrate and product concentrations are changing during
and the protein is through the mercuric ion and the sulfur the course of the reaction. However, analysis of kinetic data
atoms and that the interaction of the remainder of the DTT and the enzyme buffering test was based entirely on
molecule and the protein is of minor importance for binding. consideration of initial reaction rates. So, the conclusions
The ability of MerB to accept both enantiomers suggests that depend mainly on the ability of eq 3 to accurately describe
the binding site for DTT is larger than DTT or is not very the initial part of the reaction. For the initial part of the curve,
well-ordered, which is consistent with the wide thiol cofactor the assumption that substrate concentrations are not very
acceptance of MerB. different from their initial values is valid. For example, in

Kinetics of MerA ReactionMerA is very similar in Figure 6A, it is apparent that the initial reaction rate is well-
structure and mechanism to the other members of theestablished when less than 10% of the substrate has been
disulfide oxidoreductase family, but what distinguishes MerA consumed. Equation 3 may indeed be a poor model for the
is its ability to reduce mercuric ions at a catalytically useful reaction at longer times-2 min) at low substrate concentra-
rate. Mercuric ions rapidly inactivate other members of this tions. However, the RMSD measure and examination of the
enzyme family by binding to the sulfhydryl groups. It has curves showed that eq 3 provided a good fit to the initial
been shown that mercuric ions can also inactivate MerA in reaction velocity at all concentrations.
this fashion to a smaller degree, with the degree of inactiva- Reaction Scheme for MerA and MefBiven the evidence
tion depending on the conditions. An inactivated form of presented here and evidence from previous studies, we
MerA was isolated in a single turnover experiment in which present the model shown in Figure 8 for the detoxification
mercuric cyanide was the substrate, and there were no thiolsof organomercurials by MerB and MerA. In a previous
present 22). The inactivated form was shown to involve model, on the basis of a variety of biochemical experiments
mercuric ions simultaneously bound to both the inner, active (17), the organomercurial substrate makes initial contact with
site cysteine pair and the carboxyl-terminal cysteine pair. C159 of MerB. C96 of MerB is then involved in cleavage




8342 Biochemistry, Vol. 43, No. 26, 2004 Benison et al.

A R D HS Substrate Channelinguch direct transfer of mercuric ions
0159/S—H9\SR may occur in at least two (_)ther st(_eps of_ the mercury
HO detoxification process. MerP is a periplasmic protein that
OH sequesters mercuric ions, and MerT is a transmembrane
G - SH protein that transports mercuric ions across the cell mem-
B R MerB S brane. There is evidence that mercuric ions are transferred
3159 —S~Hg” I directly from MerP to MerT through a trigonal intermediate,
MerB ~ N\ similar to the one observed in the MerB/Hg/DTT complex
3 ] (35). It has also been proposed that the mercuric ion is
©558 transferred directly from the cytosolic side of MerT to MerA
C oo HS/ \ (39. .
/ MerA Direct transfer of mercuric ions between MerB and MerA,
MerB S OH and between other proteins in the mercury resistance system,
has important biological implications, as it would minimize
OH MerB s—\ the toxic effects of the intermediate mercuric ion on other
b6 _S—Hg C5|59 cellular components. In fact, in the case of MerT and MerB,
~ Y \/0553 free release of mercuric ions seems counterproductive to the
function of the proteins. For both proteins, the only known
MerA destination of the product is MerA. Furthermore, the product

Ficure 8: Proposed reaction mechanism including direct transfer of MerB (a mercuric ion) is actually more reactive than the

of the mercuric ion to MerA. (A) C159 of MerB displaces the buffer Substrate (an organomercurial.) Direct transfer to MerA
thiol bound to the organomercurial substrate. (B) C96 catalyzes would prevent the need for free release of the toxic product
cleavage of the carbermercury bond. (C) The MerB/Hg/DTT  of MerB.

complex forms with a molecule of DTT from the buffer. (D) The ; ; ; ;
carboxyl-terminal cysteines of MerA displace the bound DTT The type of mechanism in which a metabolite passes

molecule from the MerB/Hg/DTT complex. (E) The mercuric ion  directly between enzymes is known as substrate channeling
is transferred to MerA through a trigonal intermediate similar to (36). In the substrate channeling mechanism, the first enzyme

the MerB/Hg/DTT complex. E1l (using the notation in Figure 7) converts the initial
substrate S into the intermediate X. X is then transferred
of the carbor-mercury bond. In the present study, the directly to the active site of a second enzyme, E2, via an
mercuric ion then remains bound to C96 in the MerB/Hg/ E1-X—E2 intermediate. The second enzyme E2 then
DTT complex (Figure 8C). Because the initial organo- completes its reaction to yield the final product P. The known
mercurial substrate is certain to exist as an HgR/DTT degree of association between enzyme pairs involved in
complex, the question arises whether the DTT molecule substrate channeling ranges all the way from covalent
present in the MerB/Hg/DTT complex is the same one attachment to very transient association. In the enzyme
present in the initial organomercurial/DTT substrate or carbamoyl phosphate synthase, channeling of ammonia
whether it is a new one derived from the buffer. The present occurs between active sites that are on the same monomer
data are not sufficient to distinguish these possibilities. yet separated by many tens of angstror@g).(In other
However, it has been shown that MerB can support a single examples, the active sites involved in channeling are on
turnover even in the absence of buffer thiols)( This at  different subunits of tightly associated quaternary structures.
least suggests that it is not necessary for the DTT moleculeThis is the case in tryptophan synthas@6)( lumazine
to remain bound to the organomercurial substrate throughoutsynthase/riboflavin synthas@8), and the pyruvate dehy-
the reaction course and that the DTT molecule present in drogenase complesd9). For most of the proposed channel-
the MerB/Hg/DTT complex may be a new one derived from ing pairs among glycolytic enzymes, no stable complex has
the buffer rather than the one initially bound to the HgR  been isolated, but transient association can be detected using
substrate. gel filtration (40, 41).

We propose that the direct transfer of the mercuric ion A variety of kinetic methods have been developed to test
from MerB to MerA is achieved through a trigonal inter- for substrate channeling. The approach that we use here is
mediate involving the carboxyl-terminal cysteines of MerA the enzyme buffering tesB4), which has been used most
(Figure 8D,E). The highly conserved carboxyl-terminal extensively for the study of NADH channeling between
cysteine pair of MerA has been shown to be required for glycolytic enzymes 42, 43) and between mitochondrial
the removal of tightly bound thiol ligands from mercuric ion dehydrogenases and NADH:ubiquinone oxidoreductase com-
substrates22). Because MerB can be thought of as a very plex | (44, 45). In the enzyme buffering method, the activity
large, tightly bound thiol ligand, it is a reasonable hypothesis of E2 is measured in the presence of X and an excess of E1.
that the carboxyl-terminal cysteines of MerA are involved An expected activity is calculated assuming that only the
in removing the mercuric ion directly from MerB. Further- dissociative mechanism is operating. If the observed activity
more, the MerB/Hg/DTT complex demonstrates that MerB is higher than expected, then the assumption must be wrong,
can accommodate a trigonal intermediate involving C96 of and the most plausible alternative explanation is the chan-
MerB and two exogenous sulfur atoms from another neling mechanism. In general, the higher the ratiogf{to
molecule (Figure 8C). An analogous intermediate may exist vcacq the stronger the conclusion of substrate channeling.
during MerB-MerA transfer, where the two carboxyl- The ratios in this study are similar to the ratios10)
terminal cysteines of MerA are the two exogenous sulfur reported for NADH channeling in the NADH:ubiquinone
atoms (Figure 8E). complex | @4), which are among the highest reported using
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the enzyme buffering test. The enzyme buffering results for thoroughly separated from excess mercury and thiols by gel
the MerB/Hg/DTT complex are somewhat unusual in that filtration. The only way a mercuric ion can make it to the
the observed E2 activity is higher than what is expected basedenzyme buffering assay is as part of a MerB/Hg/DTT
on a dissociative mechanism even in the complete absenceomplex. This ensures that the E1/X ratio is at least 1:1.
of excess free enzyme E1 (Table 6). Often, conclusive The addition of excess free MerB increases the ratio above
evidence for substrate channeling does not appear until therel:1. Even if the MerB preparation used were only 50%
is sufficient excess E1 to buffer down the expected amount pure, the final results would not be greatly altered. Still, it
of free intermediate metabolite X. However, the MerB/Hg/ should be noted that our MerB preparations appeared at least
DTT complex is stable enough that the expected amount of 95% pure on a Coomassie Blue-stained gel, and this pure
free Hg(ll) is very low even in the absence of excess MerB. band represents a protein population which adopts a single
A prerequisite for the enzyme buffering test is knowledge conformation, as judged by NMR spectroscopy.
of the behavior of E2 using free X as a substrate. This is In enzyme buffering experiments, a relatively large
needed in order to calculate the expected activity. This concentration (several micromolar) of E1 is used, whereas
information can be taken from the literature, but it is better only a catalytic amount (nanomolar) of E2 is used. Because
to redetermine the kinetic parameters in the same laboratoryof this, minor contaminants in E1 that have enzymatic
where the enzyme buffering experiments are done, to controlactivity similar to E2 can cause problems. An E1 contaminant
for laboratory specific influences on the kinetic parameters. that produces false E2 activity will raise the observed activity,
Many factors influence the activity of MerA, such as the but not the expected activity, and can therefore lead to a
purity of the preparation, the exact gene sequence, the storagéalse conclusion of channeling?). Fortunately, this problem
conditions, the temperature of the assays, the fraction of theis easily detected by control assays in which E2 is omitted.
enzyme bound to the flavin cofactor, and the buffer condi- In this study, no significant MerA-like activity was detected
tions. However, because these factors will influence the in the absence of MerA.
control and the enzyme buffering experiments equally, they  Other Tests for ChannelindRecently, Geck and Kirsch
will not affect the final conclusion of experiments done in (48) have developed a new test for substrate channeling based
tandem. on inactivated forms of the E1 enzyme. This test avoids some
It is also important that the model for E2 activity of the potential problems associated with the need for large
corresponds to the conditions and range of X concentrationsamounts of E1 in the enzyme buffering test. Also, the Geck
likely to be encountered in the enzyme buffering test. Over Kirsch method can disprove the channeling hypothesis,
a Hg(ll) concentration range of-% uM, we measured a  whereas the enzyme buffering test can only disprove the
specificvmax 0f 123 mint and aKy of 1.0uM (Figure 6B). dissociative mechanism and is inconclusive in cases where
This concentration range corresponds to the free Hg(ll) channeling does not occur. The Gedkirsch method
expected in the enzyme buffering test (Table 6). Becauserequires a variant of E1 that is unable to complete its reaction
MerA is a dimeric enzyme with a fairly complicated but interacts with E2 in the same way normal E1 does
mechanism 19, 26), this simple Michaelis Menten model (assuming such interaction occurs at all). It may be difficult
cannot be expected to accurately describe the behavior ofto meet both of these conditions simultaneously in the case
MerA outside of this concentration range. This is probably of the MerA—MerB pair, because the proposed interaction
the most important reason that our measurement of theoccurs indirectly through the mercuric ion itself (Figure 8E).

absolutevmax (123 min?) is lower than the absolutemax There are several catalytically impaired variants of MerB
(1044 mint) measured in the realm of 1Q0M mercuric available 17), but it is not clear if they bind mercury in the
ion substrate 26). Another measurement placeg.x of same way or could be expected to interact with MerA in the

MerA at 340 mint (18), which may be higher than our same way, as wild-type MerB.
measurement largely due to the higher temperature used in  Summary.We have shown that simple addition of an
that study (37 vs 2TC). The laboratory specific factors organomercurial substrate to MerB in the presence of DTT
mentioned above also certainly contribute to the differencesresults in a very stable, reproducible MerB/Hg/DTT complex.
observed between this measurement of the MerA kinetic The spectra of free MerB and of the MerB/Hg/DTT complex
parameters and the previous measurements. The differenceare very similar, showing that the two forms have the same
also illustrate the necessity of performing independent overall fold. The evidence that the complex includes a DTT
measurements of E2 kinetic parameters when doing enzymemolecule bound in cyclic fashion includes consideration of
buffering experiments. 2D *H—'5N spectra. In the presence of a racemic mixture of
The enzyme buffering method is subject to several known DTT, the resonances of several amide groups appear as sets
artifacts relating to enzyme impurity. We have already of closely paired peaks. In the presence of a single optically
discussed how E2 (MerA) impurity can be controlled by pure enantiomer of DTT, these resonances appear as single
measuring the kinetic constants in the same laboratory. Therepeaks. In the presence of theesoisomer of DTT, DTE,
are also issues related to E1 (MerB) impuridgy. If the E1 these resonances appear as single peaks. These observations
preparation is impure, i.e., the true E1 concentration is lower are only consistent with a single DTT molecule bound to
than what is reported, then the calculated free X concentrationthe mercury atom through both sulfur atoms. EXAFS studies
(second column in Table 6) will be artificially low. Thisin  of the MerB/Hg/DTT complex indicate that mercury is
turn leads to an underestimation@fics which can leadto  coordinated by three sulfurs. Theg @hemical shifts of
a false conclusion of substrate channeling. This potential cysteine residues in the MerB/Hg/DTT complex indicate that
problem is mitigated in our study by the way in which the the mercury atom is bound to C96. Taken together, the data
E1/X (MerB/Hg/DTT) complex is prepared. The MerB/Hg/ are consistent with a model for the MerB/Hg/DTT complex
DTT complex used in enzyme buffering experiments was in which the mercuric ion is bound by both sulfurs from
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DTT and the sulfur of C96. We have used an enzyme 19
buffering test to show that the MerB/Hg/DTT complex can
act as a substrate for MerA. We have determined the solution

structure of free MerB by NMR49) and are currently 20.

determining the solution structure of the MerB/Hg/DTT
complex in order to better understand the structure and
mechanism of this unique enzyme. 21
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