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ABSTRACT. Conditions are described under which the nonphysiological substrate mercuric bromidg) (HgBr

is rapidly turned over, both by the wild type (CCCC) and by an active site double mutant (CCAA) of
mercuric reductase in which the C-terminal cysteines &5d 558 are replaced by alanine and only the
redox-active pair Cys135 and Cys140 are available for catalysis. A maximum rate of tukag¥eof

~18 s'1 (at 3°C) for both enzymes is observed, and at high [HdfB¥nzyme] ratios, inhibition is found.

The UV—vis spectral changes during turnover are closely similar in both enzymes, indicating that catalysis
follows the same enzymatic mechanism. Single-turnover analysis of the mutant enzyme shows that after
binding of HgBek, two further rapid events ensue, followed by reduction of the metal key & 23.5

s1). It is shown that under multiple-turnover conditions, completion of the catalytic cycle must occur
via an ordered mechanism where rapid binding of a new molecule of HgBEH,"NADP* precedes
exchange of the pyridine nucleotide. Binding of HgBw the active site triple mutant C135A/C557A/
C558A (ACAA) is ca. 100-fold slower compared to that of the CCAA mutant and results in no detectable
turnover. It is concluded that in the reducible enzyrggll) complex, the metal ion is coordinated to
Cys135 and Cys140 and that for efficient catalysis both residues are required. Furthermore, the data
imply that binding to EH-NADPH occurs via initial rate-limiting attack of Cys135, followed by reaction

with Cys140.

Mercuric reductase (MR)pne of the key components in  Not all of them are catalytically relevant; during regular
the predominant bacterial detoxification pathway of mercu- turnover, the enzyme cycles only between the Eim, in
rials, catalyzes the two-electron reduction of Hg(ll) shown which all four cysteines are reduced and the flavin is

ineq 1. oxidized, and the Eldform, which carries two additional
redox equivalents that reside on either the flavin or the
Hg(SR), + NADPH + H* — Hg® + NADP" + 2RSH reduced pyridine nucleotidet), A view of the reaction

(1) center derived from crystallographic da& for the enzyme
from Bacillus sp. RC607 is shown in Scheme 2. The four

The enzyme is a pyridine nucleotide:disulfide oxidoreductase cysteine residues in this enzyme (207, 212,'6d8d 629

and shares many structural and spectroscopic similarities with&'€ located on the si side of the flavin and reflect the main

: ts of the Hg(ll) binding site. Of these cysteines,
other group members such as glutathione reductase andomponen h . .
lipoamide dehydrogenase. As part of their active sites, all residue 212 (analogous to 140 in TN501) lies immediately

members contain an FAD cofactor and a redox-active below the flavin ring [2.97 A, sulfurflavin C(4a)] and

disulfide (cysteines 135 and 140 in MR frddseudomonas dC_y?207 IS foTurr:d a”Oth.eF 3.7t2 Afurthtq belov;;%uj%uzlgjr
aeruginosa,TN501). MR is unique in that in addition to istance). € remaining two cysteines ( ),

this fully conserved cysteine pair, a second cysteine IOairWhich belong to the other subunit, are significantly further

cysteines 557 and 558), conserved only in mercuric ion away from the flavin center; their sulfwflavin C(4a)”
Ee)éuctases, is present ir)1 the active sitp )(/As shown in distances are 10.25 and 14.05 A, respectively. In addition

Scheme 1, MR can assume four distinct redox states, WhiCh:)Of ttr:]g r%ﬁ:'gjégﬁg& tkglil;)(:isilggsslié?‘lT?]ng’\??ail ?(l);%lggg
are readily discernible with spectroscopic techniquss) of the binding pocket suggests at least two potential binding

modes for Hg(ll) close to the flavin ring that may occur
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Scheme 1: Schematic View of the Redox States of Mercuric Red@ctase
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a2 The numbers refer to the active site cysteines in the sequence of MR from TN501. The corresponding residues in the sequence of the enzyme
from Bacillus sp. RC607 are 207, 212, 62&nd 629 The interrupted line between FAD and Cys140 in the, Epecies symbolizes a charge
transfer interaction.

Scheme 2: Schematic View of the Active Site of Mercuric Reductase (MR) Banillus sp. RC607 As Derived from
Crystallographic Dafa

a (Left) Below the flavin ring, the four cysteine and two tyrosine residues which are part of the binding site of Hg(ll) are shown. The green cross
between Cys207 and Cys212 denotes a possible binding site for the metal ion. The intersection of the green lines connecting Cys207,and Cys628
and Tyr264 and Tyr605is the approximate position in which a Cd(lIl) ion was found, after soaking crystals with this metal ion. Above the flavin
ring, the nicotinamide portion of the pyridine nucleotide is shown. (Right) View of the four active site cysteines as seen from the nicotinamide
binding site through the plane of the flavin ring system. Note that the Tyr residues are omitted for clarity.

To understand the role of the four active site cysteines, a active Cys to Ala mutants, the double mutant C557A/C558A
series of single, double, and triple Cys to Ala mutants have (CCAA)? is essentially inactive using Hg(SRps the
previously been generated, 6—8). Removal of either or  substrate in typical in vitro assays.1% of the wild type
both of the redox-active thiols (cysteine 135 or 140) activity; 7). However, the single mutants C557A (CCAC)
essentially abolishes the enzyme’s capacity to reduce Hg-and C558A (CCCA) are less impaired, with, values of 5
(1) in vivo as well as in standard in vitro catalytic assays and 65-100% of the wild type activity, respectively, but an
using Hg(SRj as the substrate<(0.03% of the wild-type  gyerall decrease in catalytic efficiendy4/Ky) of 200- and
activity; 6). These results strongly suggest that both cysteines7_f|q, respectively, compared to that of the wild tyj®. (
of the redox-active pair play an essential role in the catalytic \yjle these data clearly demonstrate the requirement of the
mechanism of Hg(ll) reduction. C-terminal cysteine pair for efficient reduction of Hg(SR)

oo Sontrast, removal of one or both B-termina, CySIENes i remains unclear whether the individual roles for these
( a ) results in variable behavior under the differe cysteines include participation in a catalytically reducible

conditions. In vivo studies have shown that mutation of complex of Hg(ll) or simply in the process of exchangin

either or both of the C-terminal residues to alanine leads tof F:h' i gd f Py i dp We h dd 9 gd

disruption of the Hg(ll) detoxification pathway, and the cells ree thiol igands for enzyme ligands. Ve have addresse
this question by examining the ability of wild type and

become supersensitive to Hg(1l§,(8). Although all three . .
mutants are lethal in vivo, in vitro studies demonstrated that CCAA mutant enzymes to reduce alternative mercuric ion

catalysis is not equally abolished in all three. Like the redox- compounds. In this report, we describe conditions that
unequivocally demonstrate that the CCAA double mutant is

2 A four-letter code for wild type and active site mutants, which capable of rapidly reducing Hg(ll) when HgBis used as

carry one or more mutations in position 135, 140, 557, and 558 (TN501 the substrate.

numbering) of the amino acid sequence, is used. For example, CCCC

denotes the wild type enzyme with cysteines in all four positions. CCAA MATERIALS AND METHODS

refers to a double mutant in which cysteines 557 and 558 are both

replaced by alanine. (Note, Cys557 and Cys558 in the TN501 enzyme  \jaterials. Chymotrypsin (TLCK-treated, type VII) and

were previously referred to as 558 and 559, which is correct if the | hi d " baker’
starting methionine is included. However, 135, 140, 557, and 558 are 9lutathione reductase (from baker’s yeast, type IV) were

the consistent set of numbers for the mature protein.) obtained from Sigma. All other chemicals were of the
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highest grade available and were used without further Clipped EnzymesCCCC and CCAA samples used in the
purification. multiple-turnover reaction with HgBrwere treated with

Methods. For routine UV-visible absorbance measure- chymotrypsin as described by Fox and Wal&h. ( This
ments, spectra were recorded with a Shimadzu UV-2101PCeliminates the possibility of Hg(Il) binding to the N-terminal
double-beam spectrophotometer or a Hewlett-Packard 8452Acysteines, Cys10 and Cys13, in the mutant enzyme.
diode array spectrophotometer. Rapid reaction studies were Extinction Coefficients.The extinction coefficient of the
carried out at 3-4 °C using a stopped-flow sample handling Eox form of CCCC was determined using the TCA method
unit (SF.17MV, 1 cm optical path) equipped with a 150 W described by Mayhew and Masseb0y; a value foressg of
xenon lamp, an optical filter with a cutoff limit at 315 nm, 10.8+ 0.2 mMt cm* was found. For CCAA, the same
and a UV-visible diode array detector (all from Applied value was used. For ACAA, extinction coefficierts,and
Photophysics). In its fastest mode, the diode array recordsesss of 8.5 @) and 8.7 mM* cm™! were used at pH 9.2 and
spectra between 190 and 730 nm at intervals of 2.54 ms.8.0, respectively.
This data aquisition mode was typically used for measure-
ments in the visible region between 400 and 730 nm. Due RESULTS
to low lamp intensity in the near-UV region, the integration
time was increased to-3% ms when changes at 340 nm were
followed and the starting absorbance waB.5. Data were Reaction of CCCC and CCAA MR, under Multiple-
analyzed either manually or using ProK (Applied Photo- Turnover Conditions. Panels A and B of Figure 1 show the
physics), a program that allows singular value decomposition decrease at 341 nm (i.e., consumption of NADPH) that is
(SVD) of the raw data and fitting to appropriate kinetic observed upon rapid mixing of EHNADPH (concentrations
models. From this procedure, kinetic constants and spectralafter mixing of~10 uM enzyme and~100 uM NADPH)
species were obtained. For the single-wavelength studieswith different concentrations of HgBat 3°C in a stopped-
the diode array detector was replaced with a standardflow spectrometer. Panels A and B depict traces for the
photomultiplier tube, allowing accumulation of data with a CCCC and CCAA enzymes, respectively. Independent of
time resolution of 0.25 ms. The single-wavelength traces the enzyme-catalyzed reaction, Hgemdergoes reaction
were analyzed using the SX18MV software (Applied Pho- with NADPH, probably like HgGl (11), which also leads
tophysics). to a decrease in absorbance at 340 nm. AtANMONADPH

For anaerobic experiments, the water bath that controlsand 40-1000uM HgBr,, this background reaction results
the temperature of the stopped-flow unit was made anaerobicin absorbance decreases of ca. 0.0636076/100 ms at 341
by addition of sodium dithionite (ca. 20 mM), buffered with nm. Rates of turnovekg,s obtained from the slopes of the
sodium phosphate to keep the pH near neutral. Before thetraces and corrected for the appropriate background rate are
experiment, drive syringes and internal tubing were incubated plotted versus HgBrconcentration in Figure 1C. Three
for several hours at room temperature with 50 mM potassium points emerge from the data. (1) Within error, the rates
phosphate buffer (pH 7.3) containimgglucose (ca. 3 mM)  observed for the CCCC and CCAA enzyme are the same
and glucose oxidase and catalase (ca. 0.5 andu®l (Figure 1C). This clearly demonstrates that in the case of
respectively) to remove oxygen. Samples were made HgBr,, the C-terminal cysteine pair (C557C558) is not
anaerobic by several cycles of evacuation followed by required for full catalytic activity. (2) The observed maxi-
flushing with argon passed through an Oxisorb (Messer mum rates of ca. 187% for turnover of Hg(ll) (apparent
Griesheim) column. kea) are very rapid and ca. 10-fold faster than those observed

Protein Purification CCCC, CCAA, and ACAA were  under standard assay conditions using the wild type enzyme
purified as previously described,(9). The CCCC enzyme and Hg(Cys) as the substratekf: ~ 1.7 s%, not shown).
used in this work is identical to the AlalOAlal3 mutant (3) The maximum rates are observed when an excess of ca.
described previously7j. All enzyme samples were stored 5—8 equiv of HgBg over enzyme is used. With further
at —20 or —70 °C in 50 mM potassium phosphate buffer increases in substrate concentration, increasing inhibition is
(pH 7.3) with a slight excess of free FAD and ca. 5 mM observed (Figure 1C). At 60@M HgBr, (=60 equiv),
DTT. Immediately before being used, the enzyme samplesvirtually no turnover is observed. It is noteworthy that
were separated from DTT and excess FAD by gel filtration inhibition in these reactions is very rapid and occurs within
through a Sephadex G-25 column 112 cm) and were  the dead time of the stopped-flow spectrometer, as no change
stored on ice. In the case of the CCCC enzyme, gel filtration in the rate of NADPH consumption over time is observed.
yields pure activated &, in which the C-terminal cysteines  This can clearly be seen from the traces for 00 HgBr-
are reduced. Nonactivated,kEin which the C-terminal (Figure 1A,B), which exhibit ca. 65% inhibition throughout
cysteines form a disulfide bridge (Scheme 1), was obtainedthe time interval shown.
by storing the activated enzyme in excess of 72 h a€6 The spectral changes in the visible region occurring during
under sterile conditions. For the multiple-turnover experi- these reactions are depicted in panels A and B of Figure 2.
ments, EH-NADPH was prepared by addition of an excess The spectrum of the premixing species HMADPH (Figure
of anaerobic NADPH to an anaerobic solution of enzyme in 2A,B, solid lines) is characterized by a flavin main band
a tonometer. For the single-turnover experiments, the centered at444 nm and a long-wavelength bandre630
anaerobic enzyme was first titrated to EWith sodium nm. The latter band arises from two charge transfer (CT)
dithionite, followed by anaerobic addition of 1 equiv of interactions, one on the si side of the flavin involving the
NADPH. EH, was generated by titration with dithionite. anion of Cys140 as the electron donor and the flavin
Except for the cases described in the following section, isoalloxazine ring as the acceptor and the other on the re
enzymes were not treated with chymotrypsin. side between the dihydropyridine ring of NADPH acting as

Reactions with HgBr
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Ficure 1: (A) Absorbance changes at 341 nm after mixing theBIADPH complex of CCCC with varying concentrations of HgBr

Final concentrations were 10:M CCCC and 10uM NADPH. In decreasing order of-intercept att = 0.2 s, the traces reflect final

HgBr;, concentrations of 600, 300, 35, 45, 100, 55, 80, angM5The experiment was performed af@ in 50 mM potassium phosphate

(pH 7.3). (B) Same conditions as in panel A, except using the CCAA enzyme. Final concentrations wer®l XDGAA and 110uM

NADPH. In decreasing order gfintercept at = 0.2 s, the traces reflect final HgBconcentrations of 600, 300, 35, 45, 55, 100, 65, and

80 uM. (C) Observed rates calculated from the slopes of the traces in panels A and B, on the basis of an extinction coefficient of 6.22

mM~1 cm~! for NADPH and the enzyme concentrations given abov@) GCCC and $) CCAA.

the donor and the flavin isoalloxazine ring acting as the essentially complete at= 15 ms, the flavin main band
acceptof Consequently, removal of the reduced pyridine initially becomes more resolved (withlaax 0f 452 nm, curve
nucleotide leads to a decrease of only ca. 50% in the intensityB) and then undergoes a red shift to give a species with a
of the CT band, the remainder stemming from the Cys140 Amax 0f 458 nm (Figure 2A,B, curve C). At the same time,
flavin interaction. Likewise, only a partial loss in intensity ca. 60% bleaching of the charge transfer band at 530 nm
is observed in the NADPH complex when the negative and a red shift of the remaining charge transfer absorption
charge on Cys140 is quenched, e.g., by oxidation 1&f  to aima0f 2605 nm are observed. These changes are highly
and see below), protonatiot3), or binding of Hg(ll) (L4). suggestive of the loss of charge on Cys140, and thus, of

The time-resolved spectral changes occurring upon mixing disruption of the Cys—flavin charge transfer interaction due
of EH,:NADPH with HgBr, (=10, ~100, and 65:M final to binding of Hg(ll). In fact, the spectrum at= 14 ms
concentrations for enzyme, NADPH, and HgBrespec- (curve C) is, with respect to the shape and position of the
tively) are essentially the same for CCCC and CCAA (Figure absorption bands, nearly identical to those of NADPH
2A,B). They can be separated into three portions. In the complexes of mercuric reductase in which no negative charge
first, very rapid, multiphasic portion that occurs partly during on Cys140 is present, such as HMADPH at low pH (L3)
the dead timé& of the stopped-flow instrument and is where Cys140 is protonated angif8ADPH where Cys140
forms a disulfide bridge with Cys135 (see below).

3 The absorption band at 530 nm in ENADPH is similar to that Following the first rapid phase, a “quasi steady state phase”
in unliganded ER where it is due only to the thiolatd=AD interaction; ensues over a time interval of at least 150 ms, during which

however, the extinction coefficient is approximately doubled in the : ; fai : :
complex. The interpretation in the text requires that the NABIRAD very little change occurs in the visible region. This can be

charge transfer transition occur at a higher energy (shorter wavelength)S€€N by comparison of the spectra taken=at14 and 130

in the presence of the thiolatéAD interaction versus that in its ~ ms (Figure 2A,B, curves C and D) and is further illustrated
absence. This idea is consistent with the observation that the energy of

charge transfer transitions is sensitive to the surrounding electronic
environment. As an alternative explanation, the enhanced extinction *When data collection was performed using the diode array detector,
of the band in the complex may be due to changes in the spatial some indeterminacy regarding the dead time of the measurement occurs.
orientation of FAD and/or thiolate upon binding of NADPH. In either In the case of the fastest access mode, collection of the first spectrum
case, the intensity of the band is unique to the presence of both NADPH s set by default to an average time valuef 1.25 ms in the data

and the unliganded thiolate; hence, the interpretations of the spectralcollection software. However, the actual recording of the first spectrum
changes are consistent with either explanation. deviates by up tat2.54 ms from this value.
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(A) For CCCC, curves A E were taken before mixing, at the stop ol v , , : oy
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respectively. (B) For CCAA, with exception of curve C which was
taken at = 12 ms, curves A E were taken at the same time points Wavelength (nm)

as those shown in panel A. The inset depicts the time-dependent

absorbance changes at 530 nm for the two experiments. FIGURE 3: Selected spectra in the visible region recorded during

the reaction of EitNADPH (same enzyme concentrations as in

Figure 1A,B) with HgBg (600 uM final concentration). (A) For

by the plateau betweer= 20 and~200 ms atl = 530 nm CCCC, curve A was taken before mixing, B immediately after

(Figure 2B, inset). From the traces at 341 nm (Figure 1A,B), mixing, and C att ~ 40 ms. Panel B shows the analogous

it is estimated that more than three full turnovers occur during €xPeriment with CCAA, with spectra taken at the same times as in

- - anel A. The inset shows a typical trace obtained at 489 nm in a
this time period. Thus, the small absorbance changes thal‘s)ingle-wavelength experimeniyveith CCAA EMADPH and HgBs

do occur may reflect slight changes in the relative levels of 3t 11.2 and 100@M, respectively, after mixing. The smooth line
NADPH- and NADP-bound forms as the product ac- represents a fit to the data with an apparent rate constant of 340

cumulates. In the third and final phase, the CT absorbances ™
at 530 nm reappears (Figure 2B, inset) as a consequence 0ha B (curves C) with respect to the position of the flavin

consumption of the limiting substrate HggByieIding+a final main band, shoulders, and the charge transfer band. How-
spectrum with mixed EHNAD_PH and EH-NADP™ char- ever, there is one important difference. In the inhibited cases,
acter (Figure 2A,B, curves H). the intensities of both the charge transfer and flavin main

At 600 uM HgBr,, where no NADPH consumption is  absorbance bands are ca. 20% higher than in the rapid
observed and both enzymes are fully inhibited, the spectralturnover cases. This strongly suggests that during rapid
changes in the visible region over the first 100 ms (Figure turnover in the steady state phase, at least 20% of the enzyme
3A,B) are remarkably similar to those under maximum flavin is reduced and that partial flavin reduction either does
turnover conditions (Figure 2A,B). (After 100 ms, no useful not occur or occurs to a lesser extent in the inhibited
information could be obtained due to baseline shifts causedcomplexes.
by HgBr-induced protein precipitation under these condi-  For comparison with the HgBidata, we also performed
tions.) In the first observable spectra for both CCCC and multiple-turnover experiments with both the CCCC and
CCAA enzymes (Figure 3A,B, curve B), the flavin main CCAA enzymes using Hg(SCh)as the substrate. This
bands have essentially the same resolution and positign (  compound has an overall stability constant comparable to
= 452 nm) as those observed at@d HgBr, (Figure 2A,B, that of HgBB, but much lower than the constants for Hg-
curve B). However, the CT bleaching &30 nm, which (CN), or Hg(SR} [HgBr», log K = 18; Hg(SCN), log Ks
is indicative of a loss of charge on Cys140 due to binding = 17.3; Hg(CN}, log K; = 35 (15); Hg(SR}), log K; ~ 39—
of the metal ion, is essentially complete within the dead time 40 (16)]. For the CCCC enzyme, apparégfvalues of 15.1,
using 600uM HgBr,, suggesting a Hg(ll) concentration 12.7, and 2.0 were obtained using 55, 100, and8dMHg-
dependence in the first phase at lower concentrations of Hg-(SCN), respectively (data not shown). Similarly, CCAA
(). The only kinetically observable phase at the higher Hg- exhibited rates of 14.1, 9.8, and 1.6'sfor the three
() concentrations involves the rapid conversion of the dead respective mercury salt concentrations. Thus, like HgBr
time spectra to red-shifted spectra (Figure 3A,B, curve C) Hg(SCN} is an equally good substrate for both enzymes,
that are identical to the “quasi steady state” spectra in Figureand is reduced at a much more rapid rate than Hg(8Rjer
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Ficure 4: Single turnover of CCAA ERINADPH (12.4uM final

concentration for each) with HgB(100 «M final concentration)

as monitored in the stopped-flow spectrometer, in 50 mM potassium

%nghHatgF?:g{?; aE:GpI-\|/v7eri ?gl?;ﬁ.ir?r)r?:ctirigtrglﬁ ;té??]gfslfg:) of described in Figure 4. At both wavelengths, excellent fits (smooth

the syriﬁges and at 11.5. 26.9 42.2 70.4. and 260 ms respectively"nes) were obtained using two exponentials. The inset shows the
; ] ! .~ rapid changes observed at the beginning of the reaction. At the

The inset shows an enlargement of the absorbance changes in th%ottom of the graph, the residual absorbances, obtained from

420-500 nm region. subtraction of the experimental traces from the respective fits at
540 and 340 nm (right-hanglaxis), are overlayed. Note that the

Ficure 5: Typical absorbance changes at 340 and 540 nm upon
rapid mixing of CCAA EH-NADPH (11.2uM final concentration

for each) with HgBs (100 uM final concentration) using single-
wavelength detection and the same buffer and temperature that are

normal turnover conditions. A further parallel to HgBs largest deviations observed between 20 and 50 ms are due to
the observation of inhibition with increasing substrate a pressure release artifact of the stopped-flow instrument. Apparent
concentration. rate constants determined for the fast process weret590 and

5904 180 st at 540 and 340 nm, respectively. For the slow phase,

Reaction of CCAA MR, under Single-Tumeo Conditions. an average apparent rate of 251 s was determined.

To obtain a more quantitative picture of the kinetic mech-

anism, we employed single-turnover conditions using the the rate-limiting reduction of Hg(ll), elemental mercury
CCAA enzyme with NADPH as the limiting substrate rapidly dissociates and excess Hg(ll) rapidly rebinds at the
(stoichiometric with enzyme) and collected spectra at active site. The resulting spectrum (curve G) exhibits mixed
intervals of 2.54 ms, the fastest aquisition mode available EH,>NADP*-Hg(ll) and EH-Hg(ll) character {4, 17),

for the diode array detector. Figure 4 shows selected spectrandicating that NADP is partially dissociated in the final
taken during the course of the reaction between ZBD complex.

HgBr, and 12.4uM EH,:NADPH. As in the multiple- To kinetically differentiate the three rapid processes, we
turnover case (Figure 2A,B), considerable changes occurcould not use the low time resolution of the diode array
during the dead time of the experiment, leading to a spectrumdetector and hence switched to single-wavelength detection
(curve B) with the resolved flavin band{.x ~ 452 nm) using a standard photomultiplier with a time resolution of
and ca. 40% quenching of the charge transfer absorbance a0.25 ms (Figure 5). Binding of Hg(ll) was monitored at
540 nm. The remaining rapid changes that occur during the 540 nm, a wavelength that is isosbestic with respect to the
first 12 ms (curve B— C) are complex and, upon close red shift, as can be seen in Figure 3. The data are best fit
inspection, appear to involve three processes. (1) A further using two exponentialky,dast and kops©. The fast phase
decrease at540 nm indicates that Hg(ll) binding to Cys140  (kond?*) shows a linear dependence on the Hg&mcentra-
reaches completion in this phase. (2) A red shift of ca. 6 tion (Figure 6A), and the associated amplitudes extrapolated
nm in the flavin spectrum occurs as observed above. Thisto time zero fully account for the changes occurring during
is clearly a process separate from binding of Hg(ll) to the dead time of the experiment. From these results, we
Cys140, since it occurs after Hg(ll) binding is complete in conclude that binding of HgBrto Cys140 is limited by a
the inhibited case (shown in Figure 3A,B). (3) A third single second-order reaction withgnging Of ~8 x 1P M1
process is evident from the lower absolute absorbances ofs™t. The mechanistic implications of this observation will
the flavin spectra (curves C) in Figures 4 and 2A,B compared be discussed below. With regard to the non-zenatercept

to those in Figure 3A,B. The lowered intensity indicates (at~2 equiv of HgBsg) in Figure 6A, we suspect that this is
that partial internal reduction (i.e., hydride transfer from due to rapid nonspecific binding of the highly reactive HgBr
complexed NADPH to FAD) is an additional process that to surface residues on the protein, resulting in effective kHgBr
takes place in the first few milliseconds of the uninhibited concentrations that are lower than the total concentrations
reaction. After the rapid changes, a slow phase ensues (seelotted in Figure 6A. Further support for this view comes
curve C— G) during which two processes occur. The from the observation that a steep decline in the rate of
significant absorbance decrease in the 340 nm regionturnover in both CCCC and CCAA is observed at low HgBr
indicates that NADPH consumption, and thus, reduction of concentrations<4 equiv, not shown) and that virtually no
complexed Hg(ll), occurs in this phase. Concomitantly, the rapid turnover can be detected with-2 equiv of HgBE.
disappearance of the charge transfer band and the increas&his behavior strongly suggests that a small amount of Hg-
in the flavin absorbance near 460 nm indicate that following (1) binds outside the active site and is not rapidly available
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1000 —; — T — time of the stopped-flow instrument, and internal reduction
- 800; A ) becomes negligible. Thus, we were able to keep the study
O . ] of the red shift largely independent of the other processes
>~ 6o0or ] using HgBg concentrations between 200 and 1@00. Data
8 400'_ i obtained from single-wavelength studies at 489 nm (Figure
2 540 nm 1 3B inset) can be fit to a single exponential to yield an average
x° 2007 ] rate constankedshit of ~330 s, independent of Hg(ll)
05 - 5'0 . 160 —s50 concentration (Figure 6B). The process associated with the
red shift clearly occurs after binding of HgBto Cys140,
[HgBr2] (uM) and the simple shift of the spectral features to lower energy
400 —— transitions indicates that the process results in a slight change
-~ i é % ] in the electronic environment of the active site. As one
'w 300- * o] hypothesis to explain these observations, we propose that
£ - ] the initially observed Hg(ll) complex with &max of ~452
B 200F 489 nm ] nm retains one bromide ligand within the active site at least
2 I ] partially associated with the metal ion. The red shift could
g100r g il then result from dissociation of the ligand from the metal
x 0' L ion and ultimately from the active site. Some support of
0 200 400 600 800 1000 this interpretation was obtained from analysis of binding of
[HgBr,) (TLY)] Hg(CN), to EH,NADPH, which will be described in detail
elsewhere. Like that of HgBrbinding of Hg(CN) leads
30 1 1 0.04 to partial quenching of the charge transfer at 540 nm that is
e |C again followed by a red shift of the spectrum. However,
T o ] 2 the apparent rate constant for the red shift i !
0 200 o g pparei iftis orB0 s,
;-’ I o | 0_03,‘_’1 some 6-7 times slower than that observed with HgBFhis _
s 10 . SS” ligand dependence of the rate constant for the red shift
8 | eo.d o 5 correlates inversely with the relative affinities of the Hg(ll)
X r %’ . 3 ligands, which could reflect differences in their relative
0 — S 0.02 o dissociation rates from an intermediate complex; i.e., the
0 100 200 300 400

weaker bromide ligand dissociates much faster than the
[HgBr ] (uM) tighter cyanide ligand. It should be mentioned that no firm

) . conclusion regarding the sequence of the three fast processes
Ficure 6: Concentration dependence of apparent rate constants L .
obtained from rapid mixing of CCAA EHNADPH with varying can be reached from the presented kinetic data alone. While

concentrations of HgBr Panel A shows the variation of the fast the second-order binding is clearly the initiating event, it is

phase determined from traces at 540 nm between 60 angi20  not clear whether the process associated with the red shift
HgBr.. Panel B depicts the rates obtained from analysis of the precedes internal reduction, or vice versa. However, some
monophasic traces at 489 nm (see the Figure 3B inset) between,o can e obtained from the position of the charge transfer

200 and 100@M HgBr,. Panel C shows the rates of the slow phase band in th ies involved. In th h
obtained from diode array data sets subjected to global analysisP@nds s€en in the species involved. In the present case, the

between 330 and 730 nn®). Note that the rates obtained from charge transfer absorbance is due to an NABFAD
this procedure are consistent with the rates obtained from single- interaction in which the pyridine nucleotide functions as the
wavelength analysis. The data depicted witheflect absorbance  electron donor and the flavin as the acceptor. In studies with

changes at 540 nm associated with the slow phase. Final EH . - I -
NADPH concentrations were 11:M for panels A and B and 12.4 Old Yellow Enzyme 18) substituted with artificial flavins

M for panel C. and phenoxide ligands, it was found that a red-shifted charge
transfer band is reflective of a more positive redox potential
for reduction. of the flavin. By analogy, in the present case, the red shift

As indicated above, a second fast process involving in the charge transfer band of ca.-130 nm may reflect a
internal hydride transfer from NADPH to FAD results in change to a more positive flavin redox potential. Alterna-
decreased absorbance over the entire spectrum and, hencéyely, the red shift could reflect a more negative NADPH
should also be observable in the traces at 540 nm. Underredox potential. Either shift in redox potential is equivalent
maximum turnover conditions, it was estimated that up to to a relative stabilization of an internally reduced £H
20% of the enzyme flavin is reduced. This would yield a NADP*-Hg(ll) enzyme species. On the basis of these
maximum absorbance change of ca. 0.006 at 540 nm.considerations, it is likely that significant internal reduction
However, since no additional rapid exponential had to be occurs on the level of the red-shifted species rather than on
invoked to account for the total rapid absorbance change atthe level of the preceding oxidized enzyme species. We
this wavelength, we can conclude that the rate of internal therefore favor a mechanism in which internal reduction
equilibration to the partially reduced species is at least occurs after bromide dissociation at noninhibiting concentra-
comparable to binding of HgBrat the noninhibitory tions of HgBk.
concentrations. In contrast to the fast reactions, which were too fast to be

The third rapid process associated with the red shift of analyzed reliably using diode array data, the slow changes,
the spectrum is observed at both inhibiting and noninhibiting which were assigned to reduction of Hg(ll) and rebinding
HgBr, concentrations. As mentioned earlier, at high HgBr of excess metal ion (curves-€ G in Figure 4 and the main
concentrations, binding reaches completion within the dead graph in Figure 5), were readily fit to a single exponential
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using global analysis over the entire wavelength range. Scheme 3: Alternative Reactions for Binding HgBo
Values ofkyps'® obtained using this procedure are plotted Cys135 and Cys140

in Figure 6C together with the amplitudes of the absorbance NADPH
changes at 540 nm for each HgRBoncentration. At 86 FAD
100 uM HgBr,, the maximum rate constant for this phase T S140 fast
Was%etermined to be23.5 s, some 30% higher than the NADPH sy —st5 00 \ NADPH
maximum apparenkc.,; measured in the multiple-turnover . hge FAD
experiments (Figure 1C). The discrepancy in these values § Suo S@Hg_Br
suggests that another reaction, which could not be observed $—sHiss o e T st
in the single-turnover experiment, is partially rate-limiting 40
in Kea This point will be addressed further below. The . HI—p,

— 135

observation of only one phase for the two processes indicates
that the rate of binding of the next Hg(ll) is greater than the )
rate of reduction. Thugens'®™ ~ Keegueion ™ 23.5 ST, At the b_ackgroqn_d reaction between NADI_DH and Hgﬁﬂd
higher HgBp concentrations, inhibition is observed once Protein precipitation due to nonspecific Hg(ll) binding
again. Thus, at 35@M HgBr,, ko is ca. 20-25% of substantlally obscure any reactlons with the enzyme. To
the maximum rate. However, it should be emphasized that "eéduce the interference, we examined the reaction at pH 8
in the inhibited cases where some rate of turnover is still Where Cys140 is still ca. 95% ionized and the background
measurable, the absorbance changes at 540 nm that arg8actions are slower. At this pH, binding of HgBio
reflective of the disappearance of the NADPRAD CT Cys140, monltored_by disappearance of the CT band, was
complex do not decrease as would be expected if a fractionMmuch slower than with the CCCC or CCAA enzymes. Thus,
of the enzyme becomes inactivated toward electron transfer’or the ACAA enzyme ko values of 6.3, 30, and 625
(Figure 6C). On the contrary, an increased amplitude is Were found with 150, 400, and 10@®/ HgBr,, respectively
observed, indicative of both the decreased extent of internal(data not shown), compared with a value~0600 s* for
reduction that occurs with increased Hg(ll) concentrations the CCAA enzyme with 10&M HgBr, (Figure 6A). In

and ultimately complete consumption of the NADPH at the addition to the slower o.bserveq _rate of binding, no d_etectable
lower rate. These data strongly suggest that inhibition is turnover at 340 nm (w.|th a minimal detectable limit apove
not due to fractional inactivation of the enzyme but that the the background reaction of 0.5 was observed using
electron transfer itself is slowed within the inhibited complex. concentrations between 150 and 6Q@@ HgBr,. Thus,

As a final check on the consistency of the data, we also turnover in ACAA is at least 35 times slower than in CCC_ZC
analyzed single-wavelength traces at 340 nm (Figure 5). The@nd CCAA. These data clearly show that Cys135 is required
overall spectral changes fit nicely to two exponentials. The for both rapid turnover and rapid binding of Hg(ll) to Cys140
fast phase accounts for ca. 20% of the total absorbance®nd strongly suggest that in the CCAA enzyme, the initial
change, consistent with the assignment of this phase to Hg-PCint of binding of HgB; is Cys135 (Scheme 3, top path).
(I1) binding and internal reduction, and exhibits a concentra- _ R€action of Glutathione Reductasé.he data for the
tion dependence of the rate constant similar to that found at CCAA enzyme clearly show that only Cys135 and Cys140
540 nm (Figure 6A). The rates for the remaining 80% of are required for catalyt|c.redgct|on _of HgBrSince all t_he
the total change are essentially the samk.g&" obtained other member; of the dlsulf|(je omdqredugtase family are
from the global fit over all wavelengths (Figure 6C). This homologous with respect to this cysteine pair, we also tested
observation lends additional support to the interpretation that the EF-NADPH complex of another family member, yeast
Hg(ll) reduction occurs during the slow phase and is the glutathione reductase, for its ability to reduce_ HgBjatgl
major rate-limiting step of the reaction. not.shown). Althqugh the spectral changes in the visible

Reaction of ACAA MRTo further define the mechanistic ~ f€glon are very similar to t_hoge observed for.CCCC and
pathway of HgBj reduction during both single and multiple  CCAA, and indicate rapid binding of the metal ion (180
turnover, several points need to be addressed and requiré® s*at 30uM HgBr), no consumption of NADPH due to
additional data. The first of these involves the pathway for reduction of Hg(ll) was evident in the spectral changes at
binding of HgBs to Cys140. The data in Figure 6A indicate 340 nm.
that the rate of binding of HgBIito Cys140 is limited by a
second-order process. This can be interpreted in two ways.
Either Cys140 attacks HgBdirectly, or Cys135 makes the To define the remaining mechanistic uncertainties, we now
initial, rate-limiting attack followed by very rapid attack of refer to Scheme 4, which incorporates both the conclusions
Cys140 on an intermediate enzymidgBr complex (Scheme  drawn from the above data and several hypothetical pathways
3). Examination of structural data for the enzyme suggestsfor completion of a catalytic cycle. The main pathway from
that Cys135 would be the initially accessible thiol, hence, specied to speciedll is defined by the results described
favoring the second interpretation. To address this issue andabove. Thus, HgBrappears to bind in a two-step process,
determine if Cys135 is required at all for efficient reduction wherek; defines the rate-limiting second-order reaction of
of Hg(ll), we examined the reaction of HgBwith the Cys135 with HgBs (=8 x 10° M~1 s79), followed by the
ACAA mutant of MR, which retains only Cys140. rapid attack of Cys140k¢ > ki[HgBr;]) to yield speciedl

In the ACAA mutant, the K, of Cys140 is elevated to  with a Amax Of 452 nm. Although these binding steps are
6.7, versus ca. 5 in CCCC and CCA3)(hence, the reaction  thought to be reversible, the extent of reversibility is likely
was initially examined at pH 9.2 where Cys140 is fully to be very small due to the much greater affinity of Hg(ll)
deprotonated. However, at this pH, increased rates of bothfor thiolates than for bromide. Specidsthen undergoes

Completing the Catalytic Cycle
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Scheme 4: Alternative Pathways for Reduction of H(ll)

Engst and Miller

Reaction of HgBrwith EH,. In an effort to distinguish
between the two pathways for reduction of bound Hg(ll),

EH,*NADPH
kyHgBr, 1 we examined the reaction of HgBwith EH, to determine
v, if reoxidation of the flavin in EH occurs with a rate constant
: kz1"NADPH that is at least as high as the single-turnover rate of reduction
ks |

EHo*NADPHOHG(N) hpay= 452 1m

ksTkG

£ =026 ks
K kg
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NADP*
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aThe species along the reaction path identified for the substrate NADP™ (IV) and rebinding of NADPH are both faster than

Kobs% (~19—-23 s%). Over a concentration range of 60
600uM HgBr», flavin reoxidation occurred in a single phase
with apparent rates ranging from 8 to 11} sindicating no
significant second-order dependence. The final spectrum in
this monophasic reaction is essentially identical to that of
Eox, as expected for the spectrum of EHg(ll) in the
presence of excess Hg(lI14). No accumulation of EH
was detected, indicating that binding of excess Hg(ll) is very
rapid and that the rate of appearance of the oxidized flavin
spectrum truly reflects the rate of reduction of the bound
metal ion. This rate of 811 s (kyo, Scheme 4) is clearly
slower than both the rate of turnover (apparknat~ 18
s1) and the rate of the slow phaskys™ ~ 19-23 s
under single-turnover conditions. In addition, no inhibition
was observed at the high HgBroncentrations, while
complete inhibition was seen in the turnover experiments
starting from EH-NADPH. These results rule out the second
pathway for reduction of Hg(ll) and indicate that EH
NADP* (IV) must be an intermediate in the catalytic
turnover.

Returning to Scheme 4, we envision two alternative
pathways for speciel/ to continue in the catalytic cycle.
In the first scenario, pyridine nucleotide exchange would
occur prior to binding of the next HgBr The viability of
this pathway requires that dissociation of NADom EH,-

the apparent... Inthe second scenario, binding of the next
metal ion to Cys140 in EfFINADP™ (IV) precedes dissocia-
tion of NADP". In this case, removal of the chargeharge

to the loss of the last bromide ligand, and accumulates as ainteraction between the Cys140 thiolate anion and the

redox equilibrium mixture of specié¥ and reduced species
Il that clearly lies in favor of the oxidized speciés (ca.

20% reduced flavin,ki/kg ~ 0.25).
concentrations of HgBy this redox equilibrium appears to

At noninhibiting

positively charged NADP across the flavin could weaken
the binding of NADP, leading to partial dissociation of
NADP* (speciesVl) as was observed in the final spectrum
of the single-turnover experiment. Binding of NADPH to

be established very rapidly since we cannot measure anV! would then lead tdl or perhapdl* if full exchange of
independent rate for this process. However, with inhibiting the Hg(ll) ligands has already occurred at the level of species
concentrations of HgBr the enzyme appears to accumulate V or V1. The viability of this pathway requires that the rates
only as specieti* , suggesting that electron transfer at this ©f both binding steps for HgBand NADPH, as well as the
step has become inhibited. This point will be discussed dissociation of NADP from EH:NADP*-Hg(ll) (V), all

further below.

Speciedll appears to be the key intermediate from which
reduction of bound Hg(ll) occurs, but the pathway for
reduction and rebinding of substrates during multiple turn-

be at least as fast as the apparkept The data from the
single-turnover experiment (Figure 4) clearly demonstrate
that binding of the next HgBris very rapid since no
accumulation of EitNADP™ (IV) was observed. Further-
more, binding of NADPH to any form of the enzyme lacking

over needs to be defined. Several scenarios regarding the, v rigine nucleotide ligand is complete4r8 ms and, hence,
remaining sequence of microscopic steps are |Ilustr.ater iNis much more rapid than turnover (r&2 and unpublished
Scheme 4. When the pathway for reduction of Hg(ll) is first gpservations). Thus, the key distinction between these

considered, two scenarios are envisioned. In the first, pathways is the relative rates of dissociation of NAGRM
electron transfer occurs at the level of the A4ADP*-Hg-

(I1) complex (Il ), leading to formation of EHNADP™ (IV),

which in the single-turnover reaction would simply bind

additional HgBg and equilibrate between speciandVI.
In the second scenario, NADRlissociates first to yield Ef

EH,:NADPT (IV) versus that from EHNADP*-Hg(ll) (V),
and whether either is in agreement with the appakent
Reaction of E with NADPH. The feasibility of the first
pathway can easily be examined in the reaction Qfviith
NADPH. Previous studies at 8C (12) have shown that

Hg(ll) (VII'), followed by reduction of Hg(ll) to give
unliganded EH (VI ), which would then have to rebind
both NADP" and HgBs to give the final mixture oV and
VI in the single-turnover experiment.

rapid mixing of Ex and NADPH leads to formation of &
NADPH in <3 ms, followed by chemical conversion to EH
NADPT (IV) and subsequent conversion to FNADPH (1)
in the presence of 1 equiv of NADPH. This final reaction,
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Ficure 7: Results of rapid mixing of CCCC (nonactivateg)e
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Ficure 8: Results of rapid mixing of activated,ENADP* (22.3
and 30Q«M) with 3 MM NADPH (final concentrations). All spectra,

the stopped-flow spectrometer, in 50 mM potassium phosphate except that of E-NADP* (curve A), are those of the pure species

buffer at pH 7.3 and 3C. All spectra, except that of & (curve

A), are those of the pure species obtained from SVD of the raw
data and a fit to two exponentials using the program ProK from
Applied Photophysics. CurvesHD are assigned to&NADPH,
EH,'NADP*, and EH-NADPH, respectively. The inset shows

obtained from SVD of the raw data and a fit to three exponentials
using the program ProK from Applied Photophysics. Curve€B
correspond to the dead time spectrum and the spectra,of E
NADPH, EH,-NADP*, and EH-NADPH, respectively. The inset
shows the absorbance changes vs time at 508 and 484 nm; the solid

absorbance changes vs time at 493 and 593 nm; the solid lineslines through the data points reflect the best fit to three exponentials

through the data points reflect the best fit to two exponentials with
Kapp values of~31 and 5.8 s

which is exactly that proposed in the first pathway above,
was reported by Sahlman et all2) to occur with a rate
constant of 7.8 (5 °C), independent of NADPH concen-
tration, indicating that this is the rate constant for dissociation
of NADP* from IV. We have reexamined the reaction under

with kapp values of 71, 29, and 4.8°'5

process is independent of the NADPH concentration (not
shown), indicating that it reflects NADRlissociation. Thus,
in the absence of the negative charge, dissociation of NADP
is about 17-fold accelerated compared to dissociation from
EH,NADP*. Using this estimate of 707 for the rate of

conditions identical to those of our turnover experiments and dissociation of NADP from intermediateV in Scheme 4

found rate constants for conversion of ENADP* to EH,-
NADPH (Figure 7, curves C and D, respectively) of 4.1 and
5.8 s1 (kz3, Scheme 4) for the activated and nonactivated

gives a catalytic mechanism for turnover of Hg®il*/11I
— IV — V — VI — II¥ll ) with only two kinetically
significant steps irkeyg i.€., ko ~ 23 s, andkiz ~ 70 s'%

enzyme, respectiveley. These values are clearly too low to Substitution of these values into the resulting expression for

account for the apparefit,: of 18 s%, indicating that the
catalytic cycle with HgBs does not involve this pathway.
Pyridine Nucleotide Exchange inoENADP™. At this
point, the remaining question is whether the rate of NADP
dissociation from ERNADP*-Hg(ll) (V) is sufficiently
accelerated to account for the apparkat value (18 s?)
that is largely limited by, (ca. 23 s1). Unfortunately,
direct analysis of the reaction of EHNADP*-Hg(Il) with
NADPH is not feasible since the complex decays slowly but
significantly before mixing with NADPH in the stopped-
flow unit [presumably due to a noncatalytically relevant rate
of reduction of Hg(ll) in this complex19)]. Likewise, the
reaction of EH-NADP" with a mixture of NADPH and
HgBr, is also not feasible since HgBreacts directly with
NADPH. To develop a model of the reaction, we hypoth-
esized that acceleration of dissociation of NADffom an
EH,*NADP*-Hg(Il) complex might result upon disruption

Keat [=kokid/ (ko + ki3)] yields a value of 17.673, consistent
with the experimentally determined rate of 18.s

DISCUSSION

The two most important results presented in this paper
include the equal catalytic competence of the CCAA mutant
and wild type CCCC MR and the ca. 10-fold higher rate for
turnover (apparerit.a~ 18 s't) when HgBs is used as the
Hg(ll) substrate. The first result clearly demonstrates that
neither Cys557 nor Cys558 is essential as a ligand in the
reducible Hg(ll) enzyme complex. In contrast, the spectral
changes indicating the loss of negative charge on Cys140
upon binding of Hg(ll), as well as the lack of activity of the
ACAA mutant, strongly suggest that Cys135 and Cys140
comprise the minimum structural elements required for
formation of a reducible Hg(ll) complex. In addition,
comparison of the rates of Hg(ll) binding to CCAA versus

of the charge-charge interaction between the negative charge ACAA indicates that binding of HgBroccurs via the initial

on Cys140 and the positively charged NAD®hen Hg(ll)
binds to Cys140. An analogous situation is found - E

rate-limiting attack of Cys135 followed by rapid reaction
with Cys140 (Scheme 3). In light of these results, what then

NADP*, where the negative charge is also absent becauseas the essential role of Cys557 and Cys558 in the in vivo

Cys140 forms a disulfide bond with Cys135. We therefore
used B, NADP" as a mimic to test whether the rate of

and standard assay settings?
The key difference between the conditions in the studies

NADP* release is at least as fast as the rate of turnover. Aspresented here and in the in vivo and standard assay settings

shown in Figure 8, rapid mixing of &£NADP* with
NADPH leads to formation of andeNADPH intermediate
(curve C) with a rate constant ot70 s (k). The

is the nature of the HgXsubstrate. Because of the very
high affinity of Hg(ll) for thiols compared with those of other
ligands, and the relatively high concentration of thiol-
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containing compounds in bacterial cytoplasm (e.g., glu-
tathione or various protein cysteines), the substrate for MR
in vivo must be some type of Hg(SRxomplex. The
standard assay mimics this condition through the inclusion
of a thiol-containing compound such as cysteine or 2-mer-
captoethanol (typically at 1 mM); the presence of external
thiols is actually required to prevent both the reaction of
weakly liganded HgXcompounds with NADPH and inhibi-
tion of MR. How then do Hg(SR)and HgBs complexes
differ?

One factor that may affect their initial site of reaction with
the enzyme is the difference in their overall shape and
volume. In all two-coordinate complexes of Hg(ll), the
liganding atoms are linearly disposed. With simple atomic
ligands such as bromide, this yields a compact, cylindrical
structure. However, the thiol-containing ligands have several
atoms beyond the Hg(ll)-bound sulfur, resulting in a bulkier
structure for Hg(SR) complexes. This may limit direct
access of Hg(SR)complexes to the redox-active cysteines

(135 and 140), which crystal structure data show emanate

from a helix held rigidly near the flavin, well within the
active site cavity ). Preliminary data in fact indicate that
binding of Hg(Cys) to this cysteine pair is kinetically
disfavored by several orders of magnitude compared to
binding of HgBE and Hg(CN}). It is therefore conceivable
that the C-terminal cysteines (557 and 558) are required to
mediate access. These residues are found on a rather flexibl
arm (high temperature factors in the structural data) that may
allow sufficient movement to facilitate exchange of one or
both of the bulkier Hg(SR)ligands for the C-terminal thiols,
followed by internal transfer to Cys135 and Cys140. Using
the substrate Hg(ME)the lower catalytic efficiency of the
CCAC compared to the CCCA mutai®) then suggests that
Cys557 is particularly important in mediating this internal
transfer. This idea is consistent with the observation from
crystal structure data that Cd(Il), a competitive inhibitor of
MR, is liganded strongly in the active site by residues
equivalent to Cys537and Cys135, and more weakly by the
hydroxyl oxygens of Tyr193 and Tyr534{5).

In view of a potentially altered pathway for bulkier
substrates, the second key result that turnover with HgBr
(apparenk., ~ 18 s1) is ca. 10-fold faster than that with
Hg(Cys) (keat~ 1.7 s, not shown) is perhaps not surprising.
Provided that both substrates HgRBnd Hg(Cys) ultimately
undergo reduction from identical complexes with bidentate
coordination of the metal ion to Cys135 and Cys140, the
overall lower rate of turnover of Hg(Cysjnay be due to

Engst and Miller
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Ficure 9: Comparison of red-shifted spectral species witlr E
NADPH. Curve A is a spectrum for the red-shifted species (curve
C of Figure 3B), obtained at inhibiting HgBconcentrations. Curve

B is the spectrum of &E-NADPH (curve B from Figure 7). Curve

C is the spectrum of the red-shifted intermediate found at the end
of the fast phase in the single-turnover experiment depicted in Figure
4; it was obtained from global analysis of the diode array data set.
All spectra were normalized by comparison to their respective EH
NADPH spectra. Curve D represents a spectrum of-EADPH.

with Cys135. A comparison of these spectra, along with
the spectrum of the red-shifted intermediate in the inhibited

dultiple-turnover experiment, is shown in Figure 9. With

the striking similarity of these spectra, one might speculate
that the red-shifted intermediate is actually,-EADPH
instead of compleX* shown in Scheme 4. However, this
would mean that Hg(ll) has already been reduced, concomi-
tant with oxidation of Cys135 and Cys140 to a disulfide, in
the preceding intermediate since it also appears to lack a
charge on Cys140. It would further mean that the following
rate-limiting step is just the reduction of the disulfide.
Perhaps the strongest argument against this scenario is the
overwhelming precedent for complexation of Hg(ll) by thiols
coupled with the lack of a chemical precedent for reduction
of Hg(ll) by thiols, particularly at the rate at which it would
have to occur to accommodate the second-order dependence
of the initial binding step on Hg(ll).

The overlay of the spectra in Figure 9 very nicely
demonstrates the lower intensity (ca. 20%) of the red-shifted
species in the highly active enzyme compared with the red-
shifted species in the fully inhibited reaction. This observa-
tion indicates that enzyme capable of rapid reduction of
Hg(ll) accumulates in a redox equilibrium mixture of species

rate-limiting ligand exchange reactions and internal passagell* and Ill . Thus, at high concentrations of HgBtthe

to the reduction site. Alternatively, if interaction with Hg-

higher intensity of the red-shifted speciél$ | suggests that

(Cysy leads to a reducible complex different from that found the enzyme can no longer transfer electrons from the bound
with HgBr,, it is possible that the low rate of turnover (partly) NADPH to FAD, even though the spectral properties suggest
reflects a higher energy barrier for reduction of the metal that both the reducible Hg(ll) and NADPH appear to be
substrate. These hypotheses will be addressed in more detaihound similarly. The precise origin of this inhibitory
in a forthcoming paper. behavior is not known. However, the fact that the protein
As described in the results, the spectral properties of the precipitates at the higher concentrations of Hg8sed in
red-shifted species in Figure 4 indicate that the charge onthe inhibitory reactions suggests that an uncertain number
Cys140 has been quenched in this intermediate. One pieceof Hg(ll) ions can bind nonspecifically to other sites on the
of evidence supporting this interpretation is that the spectrum protein. In view of the relatively low stability of HgB(log
is quite similar to that of E-NADPH where Cys140 lacks  K; = 18), complexation of Hg(ll) by nucleophilic side chains
negative charge because it is participating in a disulfide bond other than thiols is expected. In contrast, when much higher-
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affinity compounds, i.e., Hg(CN)yand Hg(SR), are used in
millimolar quantities, no such precipitation is observed. The
extra binding in the case of HgBicould alter both the
flexibility of the protein and its electrostatic properties, the
latter of which may be particularly important in altering redox
equilibria of ligands on the protein. Further examination of

this issue is being pursued.

Finally, the mechanism in Scheme 4 appears to explain
the results of this work quite well. However, there is one
important caveat regarding the mechanistic interpretations
of the spectral data leading to this proposal. The underlying
assumption leading to Scheme 4 is that the flavins in all of
the active sites of MR exhibit identical spectra and reactivi-
ties. However, a large body of evidence has previously been
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