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ABSTRACT. Wild-type mercuric ion reductase (CCCC enzyme) possesses four cysteines in each of its
Hg(ll) binding sites, a redox-active pair and a C-terminal pair. Mutation of the C-terminal cysteines to
alanines (CCAA enzyme) leads to a loss of steady-state mercuric ion reductase activity usingHg(SR)
substrates. However, CCCC and CCAA enzymes exhibit an equally high rate of binding and turnover
using HgBg as substrate under pre-steady-state conditions [Engst and Miller (B3@&)emistry 37
11496-11507.]. Since the ligands in these Hg3Ubstrates differ both in size and in affinity for Hg(ll),

one or both of these properties may contribute to their different reactivities with CCAA enzyme. To
further explore the importance of these two properties, we have examined the pre-steady-state reactions
of CCCC and CCAA with Hg(CNy) which has small, high-affinity ligands, and with Hg(Cysyhich

has bulky, high-affinity ligands. The results indicate that HgXbstrates with small ligands can rapidly
access the redox-active cysteines in the absence of the C-terminal cysteines, but those with large ligands
require the C-terminal cysteines for rapid access. In addition, it is concluded that the C-terminal cysteines
play a critical role in removing the high-affinity ligands before Hg(ll) reaches the redox-active cysteines

in the inner active site, since direct access of HigMbstrates with high-affinity ligands leads to formation

of an inhibited complex. Consistent with the results, both a narrow channel leading directly to the redox-
active cysteines and a wider channel leading to the redox-active cysteines via initial contact with the
C-terminal cysteines can be identified in the structure of the enzyme Bacillus sp.RC607.

The extreme toxicity of mercurials and mercuric ion to Like glutathione reductase and other members of this
living systems is mainly caused by the high affinity of family, homodimeric MR has two active sites, each with an
Hg(ll) for the thiol(ate) function (lod<: ~40 for Hg(Cys), FAD cofactor sandwiched between the pyridine nucleotide
(2)). To prevent the detrimental effects of this heavy metal binding site and a redox-active disulfide (cysteines 135 and
toxin, many bacterial species have evolved a sophisticated140 in MR fromPseudomonas aeruginosa501). However,
and highly regulated detoxification system in which mercu- along with its distinctive catalytic activity, MR possesses a
rials and Hg(ll) are actively transported into the intracellular uniquely conserved second pair of cysteines (C-terminal pair)
space, where ultimate reduction of Hg(ll) to the much less that lie near the redox-active cysteines in the active site of
toxic Hg(0) leads to elimination of the toxin from the cell the opposite monomer (cysteines 5and 558 in Tn501)

(2). The crucial two-electron reduction step (eq 1) in this (3—5). This C-terminal pair of cysteines does not undergo
pathway is catalyzed by the flavoprotein mercuric ion reduc- redox changes at a catalytically relevant rate and is required
tase (MR), a structural homologue of several of the pyridine in its reduced state for full catalytic activity in standard
nucleotide-disulfide oxidoreductase enzymes. steady-state assays using Hg(SRubstrates 3). In the
presence of the reducing substrate NADPH, the predominant
Hg(SR), + NADPH + HY — Hgo + NADP' + 2RSH form of _the enzyme is an E;H\IADPH complex with its
L FAD oxidized and all four cysteines reduce) (Scheme
1). Consistent with the dominance of this species, reduction
of Hg(ll) only occurs at a catalytically relevant rate when

" This work was supported by grants from NIGMS (GM50670), The both substrates are present in an ZEN’ADPH'HQ(_”)
Petroleum Research Foundation of the American Chemical Society complex 7). Other EH forms (e.g., E*NADP™") can bind
(ACS-PRF 27532G4), and the UCSF Academic Senate. ‘Hg(ll) and reduce it slowly (ref8; Engst and Miller,
e e e et o UnpuDlishied observafions), but rapid reduction s not ob-
(S.E.) E-mail: engst@cgl.ucsf.edu. served 7). Thus, all four reduced cysteines, together with

1 Abbreviations: CT, charge transfer; EHwo-electron-reduced  the two tyrosines shown in Scheme4, @) (193 and 534

enzyme where the redox-active cysteines are reduced and the flavinin Tn501), are believed to be involved in the pathway for
oxidized; EH-NADP, two-electron-reduced enzyme complexed with . ’ . .
NADP*; EH,*NADPH, two-electron-reduced enzyme complexed with binding and reduction of the metal ion substrate.

NADPH; FAD, flavin adenine dinucleotide; ME, 2-mercaptoethanol; Our current understanding of the roles of the cysteines in

MR, mercuric ion reductase; NADPnicotinamide adenine dinucleotide ; i ; i
phosphate; NADPH, reduced nicotinamide adenine dinucleotide phos-thIS pathway stems largely from studies of a series of single,

phate; RSH, thiol-containing compound such as ME or cysteine: SvD, double, anq triple Cys to AIQ mutants of theSD*i_enzyme.
singular value decomposition. Cellular resistance to Hg(ll) is only observed with wild-type
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Scheme 1: Organization of Residues in the Hg(ll) Binding
Site in the EH-NADPH Complex of Mercuric lon

Engst and Miller

Table 1: Formation Constants for HgXomplexes

Reductase X~ log Kn. log K. log Kss log Kis
Br-a 9.0 8.3 1.4 1.3
| NADPHl CN-2 18.0 16.7 3.8 3.0
Cys 40.2 ~1°
GS 40.9 3.z
FAD aTaken from refl7. ® Overall formation constants for binding two
z thiol ligands to Hg(ll). Taken from ret. ¢ Taken from refl8.
3A TYra64(183)
(140212Cys—S5© its reactions With_ Hg(ll) substrates, _and whether all HgX
; substrates react in the same way with these enzymes.
37A ; i To address these questions, we have initiated a series of
135207Cys—S:H stopped-flow experiments using diode array detection to
(128} characterize the kinetics and spectral intermediates formed

58A 7 T
B\ 6.4 A
o TN
(s58)620'CYS

during the reaction of EfFINADPH complexes of wild-type
and several of the Cys to Ala mutants with a variety of HgX
complexes. In the first of these studid®), we reported the
surprising result that wild-type and CCAA mutant enzymes
exhibit equally high rates of bindingnd turnaer with

HgBr,, indicating no requirement for either C-terminal
cysteine in the binding or reduction pathway for this
particular HgX substrate. Since bromide differs from the
steady-state thiol ligands in both size and affinity for Hg(Il)
(Table 1), either or both factors may allow HgBto

Tyreos (s34)

enzyme {0-12), indicating that all four cysteines are
required for sufficient catalytic activity in the cellular milieu.  circumvent the normal pathway for binding and reduction
In vitro assays using Hg(SR$ubstrates indicate a require- of Hg(SR) substrates that appears to require the C-terminal
ment for both cysteines of the redox-active pair and at least cysteines. To shed further light on how the properties of the
one of the C-terminal cysteines (C557 preferred) to see ligand X affect binding and reduction of HgXwe present
significant rates of reduction of Hg(ll) [no activity in ACCTC,  studies of the reaction of EHNADPH complexes of wild-
CACC, and CCAA mutants10-11); CCCA activity > type and mutant enzymes with Hg(Cysand Hg(CN)
CCAC (12)]. Absence of activity in the CCAA mutant did  substrates in which all of the ligands are high-affinity (Table
not appear to be due to lack of access of Hg(ll) to the active 1) but differ substantially in size. Results of these studies
site since a two-coordinate complex was readily formed in are combined with an analysis of the protein structure to
titrations of EH or EH,*NADP* with small substrates, such  develop a molecular picture suggesting alternative pathways
as HgC}, HgBr;, or Hg(CNY (13). Thus, it was initially for binding of HgX substrates that lead to reduction and/or
concluded that the two-coordinate Hg(ll) complex with C135 inhibition depending on the nature of the ligand X.

and C140 is an inhibited complex and that C557 is required

to prevent inhibition by forming either a three-coordinate MATERIALS AND METHODS

complex or an alternative two-coordinate complex that . ) . )
undergoes reduction. However, conditions of the binding L-Cysteine of the highest grade available was obtained
studies differ from the steady-state assays in both the naturéfom Sigma. Hg(Cys)was made by addition of a solution

of the HgX substrate and the state of the enzyme since an©f L-Cys to a solution of HgBrto a final Cys/Hg(ll) ratio
EH,NADPH-Hg(Il) complex is the catalytically relevant of 2:1. Color _graphlcs were gene_rated on a Silicon Graphics
species during turnover7). Unfortunately, steady-state ~COmMputer using the program Insight Il, followed by further
activity cannot be measured with the alternative Hgx Manipulation using Photoshop 5.0 and Quark 4.0. All other
substrates because the weaker-liganded complexes {HgCIProcedures were described in detail in previous wa.(
and HgBs, Table 1) react directly with NADPH to form a
covalent Hg(ll) adduct4), and the enzyme is inhibited by
Hg(CN), (15). Likewise, titrations of Em*NADPH com-
plexes with HgX are not expected to yield useful information
if reduction occurs. Thus, a kinetic approach is required to
investigate how the catalytically relevant ENADPH
complex of wild-type enzyme differs from the mutants in

RESULTS AND DICUSSION

Postulated Binding Modes from Structural DaRredic-
tions of potential protein complexes and a mechanism for
binding of Hg(ll) rely on knowledge of its coordination
chemistry in solution. As summarized in Table 1, Hg(ll)
exhibits significantly higher affinities for association with
its first two ligands indicating a preference for linear two-

= o 38 coordination. The magnitudes of the formation constants
one o more mutatons i posions 135, 140, 957, a1 *58011 - (even for the weaker bromide ligand) indicate that exchange
denotes wild-type enzyme with cysteines in all four positions; CCAA Of ligands in an HgX complex would be quite slow if ligand
refers to a double mutant in which cysteines 557 and 558 are both dissociation occurred first, while weakly bound third and

replaced by alanine. (Note, Cys557 and Cys558 in the0Ienzyme ; ; ; ; ; ; ;
were previously referred to as 558 and 559, which is correct if the fourth ligands could dissociate rapidly. Consistent with this,

starting methionine is included. However, 135, 140, 557, and 558 are HI(SR) complexes have been shown to undergo rapid ligand
the consistent set of numbers for the mature protein.) exchange #1000 s*?, (18)] through transient formation of

2 A four-letter code for wild-type and active site mutants which carry
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Ficure 1: Spatial arrangement of active site cysteines in mercuric ion reductaseR&oiltus sp RC607). Color coding: The two subunits

are in green and blue. Pyridine nucleotide and flavin are pink and orange, respectively. All atoms of the active site cysteines are red except
the sulfurs, which are yellow. (Panel A) Overview of the MR dimer. The circled area denotes the binding region for the metal substrate at
the interface of the two subunits with C207 and C6@9135 and C558in Tn501) as the most surface-exposed cysteine residues. (Panel

B) Rotation of the molecule by about 30counterclockwise around both tlyeaxis and thex-axis yields a view into a deep=@0 A),

narrow channel at the bottom of which lies C207. (Panel C) Clockwise rotation of panel A arouxdxiseby about 3Dgives a view of

the much wider C-terminal channel with C62% the most exposed cysteine residue. Mora théd deeper inside the channel, the sulfur

atom of C628(C557 in Tn501) can be seen. In the upper right-hand corner, C629 of the second active site is shown. (Panel D) This view
shows the active site as seen through the green subunit (depicted as a ribbon). The sulfurs, from right to left [i.e., with decreasing distance
from the isoalloxazine ring of the flavin (orange)], belong to C62%28, C207, and C212 (C140 in B@1). This view clearly shows that

access to the sulfur of C628 not obstructed by residues belonging to the green subunit. In this image the channel depicted in panel B lies
below the sulfur of C207 and opens in the direction.

[Hg(SR)]~ complexes that can persist with a trigonal planar reduced enzyme appear unsuitable for formation of a two-
geometry at higher thiol concentration&9). Thus, the coordinate complex [optimal-SS distance: 4.74.8 A (20—
pathway for binding of HgX substrates to the active site 21) versus 6.4 A in the MR structurel), Scheme 1], the
cysteines in MR is expected to involve formation of a series structure of the oxidized enzyme reveals a disulfide between
of two-coordinate complexes via transient three-coordinate the two indicating a degree of flexibility in the C-terminal
ligand exchange complexes to displace the two X ligands region sufficient to allow formation of the complex with
and ultimately transfer Hg(ll) to either a two- or three-coor- Hg(ll) (4). Reorientation of thisutercomplex to allow attack
dinate final complex (depending on the active site topology) of C207 (C135) would transfer Hg(ll) to middle complex
that undergoes reduction. with nearly optimal two-coordinate liganding by C207
Examination of the structure of the NADPH-reduced (C135) and C628(C557) and possible weaker liganding
enzyme fromBacillus sp RC607 [Figure 1 and Scheme 1; by two tyrosine hydroxyls, giving an overall distorted
(4)] suggests two potentiaj pathways for access of FHgX tetrahedral geometry. The Competitive inhibitor Cd(“) was
substrates to the active site of W||d_type enzyme, a C-terminal found in this blndlng site in another structure of the protein
route and a bypass route. In the C-terminal pathway, ng (4) Further dynamiC motion should allow a final transfer
would enter via a wide channel (Figure 1C) and undergo from themiddleto aninner two-coordinate complex involv-
ligand exchange reactions first with C628558) followed ing C212 (C140) and C207 (C135) that lies adjacent to the
by C628 (C557) to displace both X ligands and form the electron-mediating FAD.
first, or outer, of three successive two-coordinate thiol In the bypass route, HgXwould enter via a much
complexes with the protein (Scheme 2). Although the narrower channel (Figure 1B) leading to an initial encounter
orientation and SS distance between these groups in the with C207 (C135) and displacement of the first X ligand.
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Scheme 2: Proposed C-terminal Path for Binding of HgXd Transfer into the Inner Active Site
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Depending on the dynamic motion of the active site residues,
particularly the C-terminal region, exchange of the second
X ligand could involve reaction with C628C557) to give

the middle complex followed by transfer to thénner
complex, or it could involve reaction with C212 (C140) to
give theinner complex directly. Although the static picture
suggests that reaction with C83&8557) may be sterically
favored, reaction with C212 (C140) may predominate
because its deprotonated sulfuKfg= 5) should be a better
nucleophile 18). In the CCAA mutant enzyme, the latter
version of the bypass route involving C135 and C140 is the
only pathway available for binding of Hg>Substrates. Thus,
comparison of the reactions of wild-type and CCAA enzymes
with different HgX ligands should provide insight into the
viability of these pathways, and hence, the roles of the
C-terminal cysteines, as the properties of X vary.

Expected Spectral Perturbations the data that follow,
the reactions of the EFNADPH complexes with HgX
substrates are monitored by changes in the-Wig spectrum.

As indicated in Scheme 1, the thiolate anion of C140 lies in
close proximity to the oxidized isoalloxazine ring of the FAD
cofactor and interacts with it in a charge-transfer (CT) donor/
acceptor pair. (This interaction prevents reduction of FAD
by bound NADPH.) From the other side of the ring, NADPH
also acts as a charge-transfer donor with FAD as the acceptor.
Both interactions contribute nearly equally to the long
wavelength absorbance at about 520 nm in the spectrum of
EH,-NADPH (see Figure 2); thus, loss of absorbance at 520
nm can be indicative of either consumption of NADPH or
neutralization of the negative charge on the C140 sulfur.
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Ficure 2: (Panel A) Results of rapid mixing of the E#NADPH

However, the two processes can be distinguished by two (29 6,M stoichiometric complex) form of the CCAA mutant (curve
other features. Consumption of NADPH also leads to a loss A) with 1 mM Hg(CN), (final concentrations) in a stopped-flow

of absorbance at 340 nm and a shift in theyx of the
remaining thiolate/FAD CT band but no change in the
resolution of the flavin main band (450 nm region). In

spectrophotometer. Curves B (deadtime spectrum), C, and D are
the spectral species obtained from singular value decomposition
(SVD) of the raw data and a fit to two consecutive exponentials
using the program ProK from Applied Photophysics. Apparent rate

constrast, neutralization of the charge on the C140 sulfur constants of 56 and 9.2 swere obtained from analysis of a time

due to binding of Hg(ll) results in dramatic resolution of

interval of 1 s. Deadtime changes at 521 nm obtained in separate

the flavin main band (450 nm region) concomitant with a reactions using 30 and 160 Hg(CN); (final concentrations) are

similar shift in theAmax of the remaining NADPH/FAD CT

indicated by the cross and open circle, respectively.ii$etdepicts
the 340 nm region. (Panel B) shows the concentration dependence

band, but gives no loss of absorbance at 340 nm. When thet the rate constants for the second and third phases.

charge is neutralizeé&ind NADPH is consumed, no CT

interactions and, therefore, no long wavelength bands re-timing of electron transfer from NADPH if it occurs. Binding

main. With these properties of EHNADPH, the main

of Hg(ll) in the middle complex or to C135 alone may
aspects of the reaction we expect to monitor are (1) the arrivalperturb the CT interaction because of the proximity of C135

of Hg(ll) at the C140 sulfur in either a transient three- to C140 (see below); however, binding in thietercomplex

coordinate or two-coordinateaner complex, and (2) the

is not expected to be directly observable in these studies.
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the observed extent of reaction. Thusnaimal value of 3

x 1P M7t s1 is estimated forksinging from the 60%
completion observed at 10eM Hg(CN), and the average
deadtime of the measurement of 2.5 ms. This value is

Table 2: Estimated Rate Constanfisr Binding of Hg(ll)
Compounds to Wild-Type and €- A Active Site Mutant Mercuric
lon Reductases

HgX ACAA CCAA CCCA cccce _ :
HgBr,  ~63x 10°° ~8 x 10°¢ 8 10°° comparable to that observed for the reaction of Hglith
Hg(CN) ~5x 1(¢ >3 x 10°¢ >3 % 10P @ the enzyme (Table 2), suggesting a similar accessibility of
Hg(Cys) ~2.7x 1R¢ ~3.7x 1?¢ =4.4x 1(P° this small HgX% substrate to the redox-active cysteines.

In contrast to the similar rate of access, the spectrum of
the slope of a linear plot dé,s versus [HgBj] using data from rell6. this first intermediate (curve B) and the behavior in the
¢ This work. ¢ From ref16. ¢ An identical value to that in the CCAA  gybsequent reactions differ substantially from those in the
mutant was estimated, on the ba_5|s of the same extent of blndlng-relateo\_igBr2 reaction. Instead of becoming fuIIy quenched and
spectral changes occurring during the deadtime of the stopped-flow . L2 .
measurement for both enzymes. resolved during the second-order binding step, the thiolate/
FAD CT band and main band resolution only reach about
50% completion in the first phase. A red shift in they of
the remaining thiolate/FAD CT band is consistent with
formation of a mixed Hg(&s)(CN) complex in the un-
As summarized above, the rapid reaction of the CCAA quenched sites, since similar shifts have previously been
enzyme with HgBy versus the absence of reaction with Hg- observed in ERforms of the enzyme when C135 reacts with
(SR), substrates must be due to differences in the size and/other reagents, such as in the reaction of klith iodoac-
or affinity of the associated ligands. To dissect the importance etamide 23) and in the initial phase of the reaction of CCAA
of these two factors, we have examined the reactivities of EH,*NADP* with Hg(CN), (unpublished observations). The
two substrates that provide stepwise changes in the tworemainder of the thiolate/FAD CT quenching and main band
properties as compared to HgBFor the first step, Hg(CN) resolution occurs in a second, [Hg(GNindependent phase
was chosen to maintain the size of the ligands-kCbond (Figure 2A, B— C) with an average value fips g-c Of 54
length in CN- is ~1.15 A versus ionic radius of 1.14 A for s (Figure 2B). Thus, the reaction of the C140 thiolate with
Br—; ref 22) while dramatically increasing the ligand affinity  the initial mixed Hg(%ss5(CN) complex appears to occur
to a value near that of thiols (Table 1). biphasically, with half reacting in the deadtime{00 s)
Reaction of Hg(CN)with CCAA and ACAA Enzymds. and the other half at 54°% In principle, the rapid reaction
our previous studyl(6), comparison of the second-order rate of C140 leading to the-50% quenching could be explained
constants associated with the quenching of the thiolate/FAD by an equal reactivity of the C135 and C140 sulfurs with
CT absorbance for CCAA versus ACAA enzymes (Table the entering HgX substrate. Evidence against this idea
2) indicated that HgBrreacts with CCAA EH-NADPH in includes the structural data (Figure 1), which indicate that
an initial rate-limiting step with the C135 sulfur followed C135 should be the initial point of contact via either entry

aUnits for all constants are M s™*. P Values were obtained from

Effect of the Affinity of X for Hg(ll) on Kinetics of
Binding and Reduction of HgX

by rapid reaction (kinetically undetectable) with the C140
sulfur to yield a fully quenched and resolved Hg(ll) complex
with Amax Of 452 nm for the flavin main band. This initial
complex undergoes a rapid red shift in both the flavin main
band @max = 458 nm) and the remaining NADPH/FAD CT
band to give a finainner complex that undergoes reduction.
Since ligand exchange reactions at Hg(ll) proceed through

route, and a measured rate constant for direct reaction of
Hg(CN), with C140 in the ACAA enzyme that is 4 orders
of magnitude lower than that for the reaction with CCAA
(data not shown) (Table 2). A second explanation to consider
is the possibility of an asymmetric dimer. A number of
examples of different reactivities of the two active sites in
homodimeric MR have previously been report@d)( This

transient three-coordinate species, it was proposed that thenay be another instance in which the orientation of the initial

initial complex with Anax of 452 nm could be a three-coor-
dinate species, and the red shift results from conformational
and/or electronic changes in tlener complex associated
with dissociation of the remaining bromide liganthy.

The spectral changes in the reaction of CCAA ;EH

mixed Hg(S35(CN) complex is substantially different in the
two sites allowing rapid reaction of C140 in one site but not
in the other (see below). However, a somewhat simpler and
more appealing scenario based on the differing properties
between bromide and cyanide anions is shown in Scheme

NADPH with Hg(CN), suggest that the order of reaction 3. In this case, it is proposed that the C140 sulfur is fully
with C135 and C140 is the same, but the kinetic course andaccessible to the initial mixed complex in both sites and can
final outcome are somewhat different. Analysis of data rapidly react with it to form a three-coordinate intermediate,

obtained over a time intervaf d s yields the best fit for a

just as was proposed in the reaction with HgBtowever,

model with three exponentials and spectra for the apparentthe remaining cyanide ligand in this case has a much higher

intermediates shown in Figure 2A. At high Hg(GN)
concentrations%0.5 mM), the first phase of the reaction is

affinity for Hg(ll) (as compared to the remaining bromide
in the previous case), and perhaps more importantly, is quite

complete within the deadtime of the measurement and resultsbasic compared to bromideKpisr = —8.7; Kancn = 9.2).

in curve B. At lower Hg(CN) concentrations, the extent of
reaction occurring during the deadtime is less (ca. 25%
completion at 3Q«M and 60% completion at 100M Hg-

Since bromide is a very stable anion and has a much lower
affinity than the two thiols in the three-coordinate complex,
its dissociation should be the favored path for decomposition

(CN)p), indicating involvement of a second-order binding of the intermediate. On the other hand, the affinity of the
step in this phase of the reaction. Although the concentration cyanide ligand is not that much lower than that of the two
dependence was not determined explicitly, the magnitudethiols (Table 2), and the basicity of the leaving cyanide anion
of the second-order rate constant for initial binding of Hg- (pKancn= 9.2) is much higher than that of the C140 thiolate
(CN), to the enzyme must be large enough to account for anion (K, < 5; ref 25). If a proton is notoptimallylocated
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Scheme 3: Proposed Mechanism for Binding of Hg(£té) CCAA EH,-NADPH
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to assist dissociation of cyanide, dissociation of the C140 R EEE——————
sulfur would likely be the favored path for decomposition 8
of the three-coordinate intermedialgi(in Scheme 3), which N
would lead to a return of thiolate/FAD CT absorbance. g
Similar rate constants for association and dissociation of the < ¢
C140 sulfur to and from the two-coordinate mixed Hggs [=
(CN) and three-coordinate complexes, respectively K&, ~
~ 1 in Scheme 3) would account for the approximate 50% :é.-) 4
quenching observed in intermediate B; the rapid establish- 9
ment of the equilibrium in the deadtime would indicate .
magnitudes for these rate constantsd000 s, consistent % 2
with the measured rate of dissociation of glutathione anion
from a [Hg(GS)]~ species in solution1@) and the unde- ob— . L .
tectably rapid association of C140 with the mixed Hgés 400 500 600 700
(Br) complex in our previous studyl6). In this scenario Wavelength (nm)
then, “species B” is the equilibrium mixture of two- and  Fgure3: Comparison of the spectral properties of the CCAAEH
three-coordinate species and conversion of “B” tararer NADPH-Hg(Il) complexes obtained after rapid mixing of EH

complex C, as monitored by the further loss of thiolate/FAD NADPH with HgBr; (curve A) and Hg(CNj (curve B). Curve B
CT absorbance, is limited by the rate constant for dissociation'S €quivalent to curve D in Figure 2. Curve A is taken from a

. . previously published experimerit&) where 12.4/M EH,-NADPH
of cyanide from the three-coordinate complex. THugss-c was mixed with 100uM HgBr, (concentrations after mixing).

= Korken/(Kott + ken), andken & Kopse-c = 54 s°* sincekon Spectra were normalized by comparison of their respective EH
~ kot = 1000 s?. (Although loss of cyanide should be NADPH spectra. Curve C shows the corresponding spectrum of

reversible, the equilibrium appears to lie far to the right, CCAA EH»NADPH.

suggesting that the rate for reassociation is much smaller o

than dissociation and can be neglected.) This valukfgs-c particular, the NADPH/FAD'CT band is shlfted.55 nm from

is at least 6-fold lower than the rate constant for the red shift 605 to 550 nm, not far from its apparent value in the starting

observed in the HgBrreaction that was attributed at least EHz2NADPH complex where there is a full negative charge

in part to dissociation of bromide from that three-coordinate ©n the C140 sulfur. This suggests that, although the charge

complex. on C140 is quenched (as evidenced by the resolution of the
After formation of theinner complex C, a third phase flavin main band), there may still be a negative charge within

occurs (C-D, ks~ 10.5 s1) involving only small decreases the Hg(ll) binding site, near enough to the flavin to affect

in intensity throughout the spectrum (Figure 2A) that are its electronic environment. This idea is also consistent with

NADP*-Hg(ll) from EH,»NADPH-Hg(ll), and suggest a 605 nm) observed as the three-coordinate complex derived
slight increase in the flavin reduction potential to a more from HgBr, which should carry a diffuse negative charge
positive value upon removal of the negative charge on the [H9(S135)(S140)Br] ™, is converted to the neutral two-
C140 sulfur. However, no further consumption of NADPH coordinatenner complex. Incomplete dissociation of cyanide
is observed, indicating that thiener complex generated by ~ from the active site could account for this remaining negative
displacement of this apparently slower dissociating ligand charge, but this seems unlikely since it is similar in size to
is inhibited toward reduction of the bound Hg(ll). Compari- bromide, which clearly is not retained. A more likely
son of the spectra of this inner complex formed from Hg- altérnative source of negative charge is the generation of an
(CN), with the rapidly reduceéhner complex formed inthe ~ @nionic active site residue (perhaps one of the tyrosines)
HgBr; reaction shows that the species are indeed not identical'esulting from donation of its proton to the basic cyanide
(Figure 3). Although both exhibit spectral properties con- @nion as it dissociates (Scheme 3). Such a charge would not
sistent with the formation dfner complexes, thén.values ~ be generated upon dissociation of the low basicity bromide
for both the flavin main band and the CT band are blue- @nion. Further comment on this issue is given below.
shifted (to higher energy) in the complex derived from Hg-  Reaction of Hg(CN)with CCCC The spectral changes
(CN),, indicating a significant difference in the electronic occurring during the reaction of CCCC EMNADPH with
environment of the flavins in these two complexes. In Hg(CN), are more complex than those observed for the
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of the changes occurring in the deadtime for the two enzymes
(curves B and symbolsx & O in Figures 2A and 4A)
suggests that the binding pathway described in Scheme 3 is
equally available in the CCCC enzyme and is limited by a

§02 similar second-order rate constant for binding to the C135
«© A \ sulfur (Table 2). However, the rapid phase quenching of the
2 IEREN 340 360 thiolate/FAD CT band in the CCCC reaction is not quite
2 X Wavelength (nm) complete in the deadtime. Rather, a second rapid phase is
< o .............. 7 detectable by the appearance of different sets of isosbestics

between the deadtime spectrum (curve B) and the starting
enzyme (curve A) versus the deadtime and a spectrum taken
5.12 ms after the stop of flow (curve C in Figure 4A).
Although this phase is not sufficiently resolved from the first
to determine whether it exhibits a concentration dependence,
the rapidity of the reaction and the fact that it leads to further
guenching suggest that it reflects an effect of binding of Hg-

80'2 | (CN), via the C-terminal route (Scheme 2), that is, a route
S A ‘ not available in the CCAA enzyme. In principle, the
£ N 340 360 additional quenching could result from direct transfer of Hg-
2 N Wavelength (nm) (1) to the inner complex via the C-terminal route, but only
Al 1 if both the second-order reaction of Hg(GMith the C558

sulfur and the subsequent two ligand exchange reactions to
give themiddlecomplex (see Scheme 2) occur more rapidly
than the direct second-order reaction of Hg(gWNjth the

e C135 sulfur. Alternatively, the additional phase may reflect

' a perturbation of the initial equilibrium between the mixed
Hg(Si35)(CN) and inner three-coordinate complexes (Scheme
3) toward the three-coordinate species asdhger Hg(ll)

® 02 ] complex is formed via the C-terminal route (Scheme 4). The
S A fact that the final species formed in the reaction is essentially
L “=a 50 355 identical to that formed in the CCAA reaction suggests that
2 Wavelength (nm) Hg(ll) reaches the C140 sulfur predominantly through the
g 0.1 7 bypass route. This is also supported by the observation of a

further phase of quenching of thiolate/FAD CT (€D in
Figure 4B) in a time frame consistent with conversion of
intermediate B to C in the CCAA reaction (Figure 2A) that
was proposed to result from slow dissociation of a cyanide
ligand from the inner three-coordinate complex formed by
reaction of Hg(CN) via the bypass route (Scheme 3).
FiGURE 4: Results obtained upon rapid mixing of 2&¥1 CCCC However_, thgre is a second extra phase in the CCCC re.aCtion
EH,*NADPH (curve A in each panel) with 1 mM Hg(Chfinal (D — E in Figure 4B), not present in the CCAA reaction,
concentrations). Thimsetin each panel shows changes in the 340 that involves a slight loss of resolution in the flavin main
nm region. (Panel A) Spectrum B was obtained at the stop of flow band concomitant with no change in the CT band, which is
(db‘:;:a.dt"ge tsgic”um F()jenolteBd o 1i28 mcs). %ﬂd spectrum C Waharacteristic of conversion of an NADPH/FAD CT band
optaned 1 o4 . (el B) Spectrum C 15 e same a5 1 B2l ith the C140 sulur uncharged) 0 a thiolate/FAD CT band
respectively. (Panel C) Spectrum E is the same as in panel B andin the presence of NADR such as occurs in the reduction
spectrum F was obtained at 19.64 s. of the disulfide in the Ei-NADPH complex to yield ER
NADP* (6). In the current reaction, such a conversion should
CCAA enzyme and strongly suggest that the substrate reactoccur upon transfer of electrons from bound NADPH to Hg-
via both the C-terminal and bypass pathways described(ll) bound in aninner complex. Thus, the presence of this
above. In their reactions with 1 mM Hg(ChN}the enzymes  phase suggests that a small amount ofitimer-complexed
form essentially identical final complexes that are inhibited Hg(ll) (ca. 5%) does get reduced at a reasonable rate
toward reduction of bound Hg(ll) (compare curve D in Figure (apparent rate of-34 s 1) and therefore must be formed via
2A with curve F in Figure 4C). However, at least two the alternative C-terminal route since no significant reduction
additional phases are apparent during the course of the CCCGvas observed in the CCAA reaction. A working model of
reaction. Rather than assuming a specific model for the these competing pathways is summarized in Scheme 4.
reaction (e.g., linear versus parallel paths for intermediate Further evidence that Hg(CMjeacts at similar rates via
formation), raw spectra from selected time points in the both routes in the CCCC enzyme comes from examination
reaction are presented in Figure 4 to illustrate the nature of of the reaction of the enzyme with only one equivalent of
the changes to be considered. Panel A illustrates the presencelg(CN). In contrast to the CCAA enzyme, which gives the
of the first additional phase in the CCCC reaction. On one same inhibited species with both high Hg(GNpncentra-
hand, the observation of a similar concentration dependencetions and only one equivalent (data not shown), reaction of

400 480 560 640 720
Wavelength (nm)
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Scheme 4: Proposed Competing Paths for Binding of Hgé@GNCCCC EH-NADPH
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bypass alone with N
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159 CN CN inhibited
Inner complex
HB
1SSSH
HS .
J s,
Bypass NADP*
oute \ \ NA?PH NAEPH
C-Terminal ~. FAD FAD FAD
Route 140 uo_? Hg®  0go
Bindingl via IC-lgrsmtinal —_—— Hg _L.
route alone lea o
reducible inner complex - 8Bgy HB 185 / HB 138gy HB
minor at high [Hg(CN)z], 558 S 558 558
~ 50% with one equiv. & s & SH &5 SH
(T2
“S—Hg HS HS
reducible
inner complex
L S T completely consistent with each site retaining only one CT
wossl N I interaction as described. The observation of roughly 50%
s reduction in the CCCC enzyme, but not in the CCAA enzyme
02 5 |/ e under these conditions, supports the proposal that smalh HgX
14 2040} * 1 . .
e < | substrates can react equally rapidly with the C135 and C558
8 A B ) sulfurs in the two separate pathways. More importantly,
5 N Mavelength (o however, it also strongly suggests that access via the
« C-terminal route, which allows exchange (i.e., displacement)
2 0.1 J . D . ) )
< of the high-affinity, basic cyanide ligands before Hg(ll)
reaches the inner active site, is critical for formation of a
reducibleinner Hg(Il) complex from a HgX substrate where
X is a high-affinity ligand. Another example of this will be
0 TN N S S R R SO i
400 480 560 640 720 found below.
Wavelength (nm) Effect of the Size of X on Kinetics and Reduction of HgX

FIGURE 5: Comparison of the final species obtained in the reaction  Regction of Hg(Cys)with CCAA.When the ligand X is

of 29.7uM CCCC EH+NADPH (curve A) with 30uM (curve B) . . .
versus 1 mM (curve C, same as F in Figure 4C) Hg(Cfinal changeq from _the .smaII, h|gh—:;_1ff|n|ty cyanide to a larger,
concentrations). high-affinity thiol ligand, cysteine, some aspects of the

reactions are similar, but there are also striking differences.
CCCC with only one equivalent gives spectral changes In contrast to the triphasic reaction of CCAA ENADPH
consistent with about 50% reduction of the Hg(ll). This can with Hg(CN),, data for the reaction with high concentrations
be seen by comparison of several features in the final spectreof Hg(Cys) are best fit by a two-step model. Comparison
for the 1 mM versus one equivalent reactions shown in Figure of the spectra of the final species from each reaction suggests
5. First, there is a greater overall decrease in the 340 nmthat a similar inhibited two-coordinat@ner complex is
region in the one equivalent reaction with almost none of formed from both substrates (curve C in Figure 6A and curve
the substantial shift iimax 0bserved during formation of the D in Figure 2A); however, the kinetics are dramatically
inhibited complex (compare insets, Figure 2A, 4C, and 5). different. In contrast to the Hg(CMhjeaction where quench-
The magnitude of the decrease is consistent with consump-ing of the thiolate/FAD CT is biphasic with the second-order
tion of up to 0.5 equiv of NADPH, indicating that there binding phase complete in the deadtime of the reaction (curve
should be about 50% EHNADP* remaining that retains B, Figure 2A), very little change occurs in the deadtime of
thiolate/FAD CT absorbancé{.« = 540—580 nm, depend-  the Hg(Cys) reaction. Instead, essentially complete resolu-
ing on the extent of NADP dissociation), and about 50% tion of the flavin main band and quenching of the thiolate/
of an EHNADPH-Hg(ll) complex. Partial resolution of the  FAD CT band (curve B, Figure 6A) occur in a single phase,
flavin main band is consistent with this and indicates that limited by the second-order reaction with Hg(Cy&Jigure
Hg(ll) is bound in annner complex that should have/gax 6B) with a rate constankgnding ~ 273 M1 s7%) that is at
of about 550 nm if it is the inhibited complex. Both the least 4 orders of magnitude lower than the initial binding
position and intensity of the remaining CT band are reaction observed with HgBand Hg(CN}) (Table 2). Clearly
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Curves B and C are the spectral species obtained from SVD of the
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in the slow phase indicates that at least the transrerer
three-coordinate intermediate is completely formed in ap-
parent intermediate B in Figure 6A. The remaining spectral
changes in the second phase of the reaction-QB are
consistent with changes observed in reactions with the other
substrates that are attributed to dissociation of the last ligand
from the three-coordinate intermediate and slight transfer of
electrons from NADPH to FAD; however, the very low rate
constant for this phasédyss-c = 0.34 s*) may also reflect

a requirement for additional conformational changes to allow
full dissociation of the remaining bulky cysteine ligand. As
in the case of the inhibited complex formed from Hg(GN)
the Amax Of the final NADPH/FAD CT band suggests that,
although thennerHg(ll) complex is fully formed, a negative
charge may remain in the vicinity of the flavin, consistent
with the need for protonation of the similarly basic thiolate
anion and cyanide ligands upon dissociation.

Reaction of Hg(Cys)with CCCC.The presence of the
C-terminal cysteines in CCCC enzyme, once again, dramati-
cally alters its reaction in comparison with CCAA enzyme,
with the most critical differences being the rapid binding of
Hg(Cys) and the resultant formation of an intermediate in
which Hg(ll) is reduced at a catalytically relevant rate. The
full time course of the reaction is quite complex and requires
a model with five exponentials to fit the data satisfactorily
over the entire spectral region (Figure 7B). However, in
Figure 7A, we present only the spectral changes associated
with binding of Hg(Cys) that result in formation of the
reducible Hg(ll) complex (curve C), and will present a more
complete analysis of the ensuing reaction, and factors
affecting it, in a forthcoming paper. As illustrated in Figure
7A for the reaction of 0.5 mM Hg(Cysvith 29.7uM CCCC
EH,*NADPH (stoichiometric complex), the typical spectral

raw data and a fit to two consecutive exponentials, with apparent changes associated with binding of Hg(ll) to C140 (partial

rate constants of 0.46 and 0.34'sThe insetdepicts changes in
the 340 nm region. Panel B shows kinetic traces at 521 nm with
final concentrations of 0.15, 0.3, 0.5, 1, and 1.5 mM Hg(&¥)

traces A through E, respectively. The smooth lines represent the

best fits to a single exponential. Theset shows a plot of the
apparent rate constant versus Hg(Gyncentration.

resolution of the flavin main band and a decrease in thiolate/
FAD CT absorbance) are already observed in the deadtime
of the measurement (A~ B), in distinct contrast to the
reaction with CCAA enzyme where essentially no changes
were observed in the deadtime (Figure 6A). This binding
phase reaches completion at apparent intermediate C, which

the size of the ligand dramatically decreases accessibility of is the first intermediate obtained from the fit of the data over
the Hg(Cys) substrate to C135 in the inner active site of the full time range (Figure 7B), and is the species from which
this mutated enzyme, consistent with the small size of the reduction of Hg(ll) ensues. The presence of three isosbestics
bypass channel (Figure 1) that is proposed as the rapid pathin the conversion of A~ B — C indicates that A~ C is a
of entry for the smaller HgBrand Hg(CN) substrates.  monophasic reaction, and the analysis gives a value2@0
Further examination of the structure in Figure 1 argues that, s for kopsa—c. The spectrum of intermediate C is identical
to form aninner complex at all from this substrate, the at higher concentrations of Hg(Cyg)1L.0 and 1.5 mM), but
C-terminal region of the protein must undergo substantial conversion of A— C is nearly complete in the deadtime,
“breathing” to allow entry of the larger Hg(CysYia either once again indicating that the second-order binding reaction
channel. The fact that the reaction exhibits a second-orderis at least partially rate-limiting in this process. Thus, to
concentration dependence indicates that the dynamics of thisaccount for the value fokopsa—c 0f 220 s obtained with
breathing is not rate-limiting, but suggests that, out of the 0.5 mM Hg(Cys), the second-order rate const&gtging must
ensemble of enzyme conformations, the statistical populationbeat least4.4 x 10° M~ s™1, a value more than 3 orders of
of enzyme with a sufficiently open conformation is fairly magnitude higher than the second-order rate constant for
low. binding to the CCAA enzyme (Table 2). Clearly the
Although the general nature of intermediates in the reaction C-terminal cysteines provide a pathway for rapid binding of
of CCAA with Hg(Cys) is most likely the same as that the larger Hg(Cys)and transfer to the inner active site that
depicted in Scheme 3 for Hg(Ch)the requirement for  is not available in the CCAA enzyme, a result consistent
significant reorganization of the C-terminal region could with the much larger access channel to C558 (C629) than to
easily alter the position of equilibria and kinetics of the C135 (C207) apparent in the structure (Figure 1).
reactions after the initial binding reaction. Thus, the es- Comparison of the spectrum of the reducible intermediate
sentially complete quenching of the thiolate/FAD CT band in the CCCC enzyme (Figure 7A, curve C) with that of the
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FiIGURE 8: Panel A shows results of rapid mixing of 3@l CCCA

Fic 7: Binding of Hg(ll) to CCCC EH-NADPH using Hg-
e J g(1h 4 9.3 EH,-NADPH (curve A) with 1.5 mM Hg(Cys) (final concentra-

(Cys). The EHNADPH complex of wild-type enzyme CCCC - . ’
(29.7 uM stoichiometric complex, panel A, curve A) was mixed tions). No changes occur during the deadtime of the measurement

in the stopped-flow spectrophotometer with 0.5 mM Hg(Gyal Curves B and C are the spectral species obtained from SVD of the
concentrations). A model with five consecutive exponentials was @ data and a fit to two consecutive exponentials, with apparent

required to fit the data satisfactorily. Panel A depicts only the ratesof0.72and 0.3for the first and second phases, respectively.

species relevant to the binding event. Curve B reflects the deadtime Theinsetdepicts changes in the 340 nm region. Panel B shows a
spectrum (not a discrete intermediate), and curve C is the spectrumpk)t of the apparent rate constants obtained for the first phase versus
after completion of binding. The fit yields an apparent rate constant H9(Cys) concentration. For comparison the analogous plot obtained
of 224 s for conversion of curve B to C. Thiasetshows changes ~ for the CCAA enzyme, taken from Figure 5, is also shown.

in the 340 nm region. Panel B shows the time-dependent spectral
changes at 525 and 375 nm for the entire reaction described aboveFurther evaluation of this reaction and the factors affecting

meinsetspho?(vs the Cha”gtes. dudripg the ‘;i{stt 1f.00 ms of thefr elaCti'(:;:]L it and a thorough consideration of both linear and asymmetric

e smooth lines were obtained from a fit to five exponentials wi P ; : ;

apparent rate constants of 224, 80, 5.2, 0.84, and 0:096Istained klr_1et|c _models WI”. be presen_ted in & forthcoming paper. At
this point, the major conclusion to be drawn from the data

from global analysis of the data. : - . !
is that formation of a reducibl@ner complex, starting from

inhibited complex in the CCAA enzyme derived from either an HgX substrate with high-affinity, basic X ligands,
Hg(Cys) (Figure 6A, curve C) or Hg(CN)XFigure 2A, curve requires access via the C-terminal route to remove those
D) shows that the binding-induced quenching of the thiolate/ ligands before entering the inner active site. On the basis of
FAD CT absorbance in the reducible intermediate is only the energy of the remaining NADPH/FAD CT absorption
about half that observed in the inhibited complex. Thus, it band in the inhibited complexes, it is proposed that this may
appears that, when binding of an Hg3ubstrate is limited ~ be necessary to prevent development of negative charge in
to the C-terminal access route by the size of the ligand X, the vicinity of theinner complex as the last basic ligand
rapid transfer of Hg(ll) to thénner complex involving the ~ dissociates, since such a charge would be expected to
C140 sulfur only occurs in 50% of the sites. Recall that this disfavor electron transfer into the metal ion binding site from
is similar to the 50% quenching observed in the initial the flavin. This hypothesis further suggests that other residues
reaction of CCAA enzyme with Hg(CM)(Figure 2A), in the C-.terminal access channel may .pIay a critical .role in
suggesting that it may be due to a simple equilibration of transferring protons between the attacking enzyme thiols and
bound Hg(ll) among thenner, middle and outer two- t_he c_ilssomatlng X ligands, an idea we are currently inves-
coordinate complexes (Scheme 2). However, the ensuingtigating.

consumption of NADPH, concomitant with reduction of Hg- Binding of Hg(Cys)to CCCA.As one final step to verify

(1), occurs biphasically, a result that cannot be explained the analysis of binding pathways in the structure, we also
by a simple equilibrium model, but may be consistent with have examined the reaction of Hg(Cys)ith the CCCA

an asymmetric dimer model as previously propos24). ( enzyme, which lacks the most surface-exposed cysteine in
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the C-terminal pathway, C558 (C629, Figure 1). Comparison REFERENCES

of the spectral changes for this reaction shown in Figure 8A
with those for the CCAA enzyme in Figure 6A indicates a
similar outcome in the two proteins. Thus, binding to the
C140 sulfur goes to completion, yielding an inhibited
complex in a [Hg(Cysj)-dependent reaction with a second-
order rate constamtinding 0f 370 M1 s7 (Figure 8B). These
results clearly indicate an absolute requirement for C558 to
achieve the rapid binding and transfer of Hg(ll) to the inner
active site from bulky HgX substrates, which is consistent
with the requirement for all four cysteines for in vivo activity
where MR is expected to encounter bulky Hg(SRYm-
plexes.

SUMMARY

From the results presented here, together with the results 8.

in the previous study with HgBr we can draw several
conclusions. First, the route of entry for an Hg3Ubstrate
depends on the size of the ligand X. Large ligands allow
rapid access to the active site only via the C-terminal route,
while small ligands allow rapid access by both the C-terminal
and bypass routes highlighted in Figure 1. Secondnaer
two-coordinate complex can be formed via either route.
When entry is via the bypass route, timer complex
appears to be formed completely in both active sites;
however, the spectrum and reducibility of the finaher
complex depend on the affinity/basicity of the last X ligand
to be displaced. Low-affinity/basicity ligands such as bromide
dissociate to give rapidly reducible complexes, while high-
affinity/basicity ligands dissociate to give inhibited com-
plexes. The difference in spectral properties of the two

complexes suggests the presence of a negative charge in thels.

vicinity of the final inhibitedinner complex, consistent with

the need for protonation of the more basic dissociating ligand. 17

Finally, entry via the C-terminal route appears to prevent
development of this negative charge for high-affinity/basicity
ligands since thenner complex formed via this route is
reducible at a catalytically relevant rate. However, formation
of the inner complex does not go to completion when this
is the only route of entry (i.e., when X is large); instead, an
apparently asymmetric complex is formed. Because this is
unguestionably the relevant route of entry for the expected
bulky Hg(SR} substrate under physiological conditions, we
are pursuing further studies to explore the factors leading to
this apparent asymmetry, and to determine the importance
of it to the catalytic cycle with bulky HgXsubstrates.
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