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At elevated concentrations, both essential and nonessential metal 120 T T T : . .
ions pose acute challenges to biological systems due to their

propensity to randomly coordinate and catalytically react with g 100

functional groups inside the céllBiological systems have re- §

sponded with a number of metal ion trafficking proteins that 2 80

specifically mobilize and/or eliminate metal ioh&lucidation of E} g

the properties of proteins bound to their cognate metal ions is crucial L;;, 60

to a better understanding of metal ion trafficking and potential 5

pathways for toxicity in biological systems. While structures for g 4

several metal ion trafficking proteins have been repotidalysis

of the kinetics of metal ion transfer between proteins has lagged 20 1

due to a lack of methods to monitor the rapid transfer. Taking 4 S5 6 7 8 9 10 1

advantage of the fluorescent properties of mercuric ion reductase
(MerA), we report on the direct transfer of the metal ion?Hg
between separately expressed N- and C-terminal domains of MerA.

Figure 1. Fluorescence versus pH profiles of wild-type (CCCC) and mutant
(CCAC and CCCA) catalytic core MerA's.

~
o

metal ion binding proteins, including metallochaperones, metal ion

MerA plays a pivotal role in bacterial mercuric ion detoxification Time (s) reverse reaction

by catalyzing the NADPH-dependent two-electron reduction of 100° 0-95 0}1 0.]5 04|2 0.25
Hg?" to HgP.2¢ It has two components, a multidomain catalytic core © T T T T
and an N-terminal domain (NmerA). The catalytic core is homolo- % Or s s s—s%""’" S, .S S—STg MWem -
gous with the flavin-disulfide oxidoreductase family that catalyzes § 80; Hg * O%fvee Hg | O%, fivex
reversible redox reactions with NADPH and disulfide/dithiol Ss |- s °S forward sH sH i
substrate$.NmerA shares sequence homology with a number of E" - reverse ||

E

&

receptors, and soluble domains of metal ion transpoftéterA 6013 forward —
contains three cysteine pairs, one in NmerA and two in the core 50 kS

(C-terminal and inner pairs), each of which contributes to the J reverse |
function of MerA in Hg¢* binding and reduction. The dithiol pair 40 L 1 1 1

on NmerA has recently been shown to bind?Hgnd transfer it to 0 02 0.4 0.6 0.8 1

the C-terminal dithioF The latter pair is found on the flexible tail Time (s) forward reaction

of the catalytic core and serves as a ligand exchange pathway toFigure 2. 'Transfer of Hg" bet_ween two prot_eins. Reaction conditions:
. 50 mM KPi, pH 7.3, 5uM catalytic core (C-terminal reduced or Hg-bound),

remove NmerA or o_ther ceIIl_JIar thiols as ?—Tgtr_avels from the ~and 75uM NmerA (Hg-bound or reduced).
exterior of the protein to the inner cysteine pair, where reduction
to Hg occurs?®® To monitor Hg* transfer between the N- and  delivers Hg* to the C-terminal cysteine pair, in agreement with
C-terminal cysteine pairs more easily, we cloned NmerA and the our steady-state kinetic datan a control reaction of the core with
core separately. Hg(Cys), the final fluorescence equaled that of fully protonated

Studies of the pH dependence of enzyme-bound flavin fluores- enzyme, 100% (data not shown), suggesting that the reaction with
cence in wild-type catalytic core (CCCC) with the inner cysteines Hg—NmerA reaches an equilibrium and therefore must be revers-
oxidized and the C-terminal cysteines reduced show two ionizations ible. To test this, we synthesized HECCC with its inner cysteines
(PKg's of 6.4 and 8.8) that both quench the fluorescence upon oxidized and C-terminal cysteines bound to?H@nd looked for
deprotonation (Figure 1). Mutational studies of the C-terminal transfer of H§* to reduced NmerA. The decrease in fluorescence
cysteines (CCAC and CCCA) indicate thié4of 6.4 is attributable (Figure 2, descending curve) demonstrates that the reaction is
to the thiol of C-terminal Cys558, while theKp of 8.8 remains reversible.
unchanged (Figure 1). Since the Cys558 thiolate is responsible for  The kinetic traces in Figure 2 (with NmerA:core15:1) reveal
fluorescence quenching, we thought it may also serve as a sensitivalifferent rates and equilibrium end points for #gdransfer in the
probe for HG* coordination; i.e., fluorescence would increase when two directions. Fits of the raw fluorescence data to a single
Cysb58 is bound to Hg. To test this we examined the reaction of exponential show the reverse reaction to~ak0-fold faster than
a Hg—NmerA complex with wild-type catalytic core with only the  the forward reaction. The magnitude of the fluorescence change
C-terminal cysteines reduced so thafHgan transfer only between indicates the final equilibrium distribution of KRy between the
the N- and C-terminal cysteine pairs. As predicted, the fluorescencetwo proteins at each NmerA concentration. With an initial
increased (Figure 2, ascending curve), demonstrating that Cys558fluorescence for CCCC of 42% compared with the fully bound
has become coordinated to Hgand confirming that HggNmerA control reaction (100%), the final fluorescence ©62% in the
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Figure 3. Plot of kops for Hg?* transfer as a function of NmerA (reduced Time (s)

or Hg-bound) concentration in both directions. Figure 4. Model fits of Hg?* transfer in forward direction using Berkeley

Madonna with model shown in Scheme 1. Reaction gibcatalytic core

Scheme 1 with increasing (50, 75, 100, 150, 250, and 5@@) Hg—NmerA. (See
I 1 ju v Supporting Information for the reverse reaction fits.)
[ 1 [T
HS S's—S M's' S S7S—S80s"'S S S—S4%5s' S S 5§ ) . . .
Hg + = Hg — ng 46x106 Hg + S1 shows fits to the reverse reaction. Potential errors in the values
$s 950 $ 3 3755 $$H gt SHSH are discussed in the Supporting Information.

Surprisingly, under the conditions studied here the equilibrium
forward reaction of Figure 2 indicates35% of the core has become  for binding of HF" to the two pairs of cysteines favors binding to
bound to Hg". In the reverse reaction, the maximum fluorescence NmerA. However, during normal turnover, the inner cysteines in
change demonstrates that 100% ofHgansfers to NmerA under  the catalytic core are reduced and ready to accept ftgm the
these conditions. C-terminal cysteine pair. We suspect that in the reduced state the

To tease out the kinetics and equilibria of #dransfer further, inner cysteines provide a strong driving force to partitionr?Hg
we examined the concentration dependence on the observed ratéorward for reduction. Studies are underway to address this question.
constant in both directions (Figure 3). In each case the data can be
fit to a rectangular hyperbola but withyaintercept of~3 st in
the forward reaction and zero in the reverse (eq S1). Minimally, a
hyperbolic concentration dependencelgyis indicative of a two-
step process defined bghax andKyj, values (Scheme S1) and an Supporting Information Available: Experimental procedures,
intermediate with the same properties as the starting species.further explanation of models with Schemes S1 and S2, eq S1, and
Hyperbolic dependences in both directions requires at least two Figure S1. This material is available free of charge via the Internet at
intermediates in the overall reaction, proposed here as three-http://pubs.acs.org.
coordinate Hg" complexes expected during ligand exchange
(Schemes 1 and S2). The intercept data give a measure of the extenfReéferences

Acknowledgment. We are grateful to the National Science
Foundation (MCB-9982576) and the Department of Energy Office
of Science (DE-FG03-01ER63087) for financial support.

of Hg?" transfer in each direction. The finitgintercept in the (1) (a) Foster, T. JMicrobiol. Rev. 1983 47, 361—409. (b) Vallee, B. L.;
; ; i ik ; Ulmer, D. D.Annu. Re. Biochem 1972 41, 91-128.

forward direction indicates an equilibrium is reaphed between ) (a) O'Halioran, T. V.; Culotta, V. CJ. Biol. Chem 200Q 275, 25057
quenched (I, Il) and fully fluorescent (lll, IV) species. The zero 60. (b) Rensing, C.; Ghosh, M.; Rosen, B.XP.Bacteriol. 1999 181,
i i i indi i 5891-97. (c) Miller, S. InEssays in Biochemistryallou, D. P., Ed.;

y-intercept in the reve_rse rea%tlon indicates complete _c_onversm_n Princeton University Press: Princeton, NJ, 1999; pp-30. (d) Silver,

to the quenched species (100% |, II) under those conditions. This S.Genel996 179 9-19. (e) Mukhopadhyay, R.; Rosen, B. Bwiron.
analysis of thekyps plots is entirely consistent with the raw data, Health Perspect2002 110 (Suppl. 5), 745-48.

. . (3) (a) Steele, R. A.; Opella, S. Biochemistry1997, 36, 6885-95. (b)
where at every concentration tested the fluorescence change is Winner, R.: Herrmann, T.: Solioz, M.: Wuthrich, K. Biol. Chem 1999

<100% in the forward direction, but 100% in the reverse (Figures 274, 22597-603. (c) Wernimont, A. K.; Huffman, D. L.; Lamb, A. L;
4 d s1 (e} Halloran, T.V.; Rosenweig, A. QNat. Struct. Biol200Q 7, 766—71.
an )- ) ) ] ) (d) Banci L.; Vertini |.; Ciofi-Baffoni S.; Huffman D. L.; O’Halloran, T.
As described in the Supporting Information, raw fluorescence \'6' 2\?91\1’\/276 8415§6-K(_6)PR?5§0%W6A93 é-,lf-l:l HuffmT’cng- L.; Hou,
data from the forward and reverse reactions were converted into g’ gon 1y o ank R A Oalloran, T. VStrueture
total concentrations of fluorescent (Ht 1V) and quenched (H (4) Williams, C. H., Jr. InChemistry and Biochemistry of Rlaenzymes

. . : Muller, F., Ed.; CRC Press: Boca Raton, FL, 1992; Vol. 3, pp-1281.
Il) species and were fit simultaneously to the model shown in (5) Ledwidge, R.. Patel, B.; Dong, A.: Fiedler, D.. Falkowski, M. Zelikova,

Scheme 1 (and Scheme S2) using the program Berkeley Madonna J.. Ssummers, A. O.; Pai, E. F.; Miller, S. Biochemistry2005 in press.
PR ; (6) (a) Engst, S.; Miller, S. MBiochemistrylgga 37, 11496-507. (b) Engst,
W|th initial estimates for the rate constants based onkghgand S.- Miller. S. M. Biochemistry1999 38, 3519-29.
K,, values obtained from analysis of the plots in Figure 3. The fits  (7) Cheesman, B. V.; Amold, A. P.; Rabenstein, D.JL.Am. Chem. Soc.
to the forward reaction data are shown in Figure 4, and the values 1988 110, 6359-64.

obtained from the simultaneous fit are shown in Scheme 1. Figure JA052872C

J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005 10843



