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ABSTRACT. The coordination structure and reactivities of metal ligands in metal-sensing metalloregulatory
coordination complexes may well dictate their biological properties. Here, we use the technique of
ratiometric pulsed alkylation mass spectrometry (rPA-MS) to probe the structure and reactivities of metal
coordination complexes formed by different metalloderivativeStaphylococcus aureggasmid pl258-
encoded CadC, the metal-regulated transcriptional repressor chtt@peron. Thecad operon provides
resistance to large thiophilic heavy metal pollutants including Cd(ll), Pb(ll), and Bi(lll). Two cysteines,
an invariant Cys7 and a conserved Cysl1, separated by three amino acids near the N-terminus of each
subunit within dimeric CadC, donate two of the four coordination bonds to Cd(Il) and Bi(lll); in contrast,
Cysl1, but not Cys7, is excluded from the trigonal Pb(Il) complex. rPA-MS reveals that Cys7 is strongly
protected from alkylation in all metal complexes, Pb(ll) being most effective, redi€iidpy ~1000-

fold relative to apo-CadC; in contrast, the reactivity of Cys11 is indistinguishable from that of apo-CadC,
consistent with ar§s coordination complex. Only in the tetrathiolate complexes formed by Cd(lIl) and
Bi(lll) is the reactivity of Cys11 appreciably reduced, but only:$0-fold. These data suggest that the
Cys11-S —metal coordination bond or that side of the coordination chelate in the trigonal Pb(ll) complex
defines a “weak point” in the chelate and thus might provide an entry site for potential metal ligand
exchange reactions important for metal resistance in vivo. In contrast, Cys7 forms a tight coordination
bond with all inducing metals, consistent with its role as a critical allosteric ligand in the metalloregulation
of the operator/promoter binding.

Many bacteria have evolved resistance to high concentra-these metal ions, the CadC repressor, which specifically binds
tions of both biologically required and toxic heavy metal to thecadoperator/promoter (O/PH(10), coordinates metal
pollutants that might be encountered in their environments ions and transcription from thead O/P is de-repressed. This
(1—4). Plasmid- or chromosomally encoded resistance genesallows for expression of both CadA, an integral membrane
are usually grouped together in an operon of which the metal efflux protein that specifically transports Pb(ll), Cd-
expression is tightly controlled by a transcriptional regulatory (1), and Zn(ll) out of the cell {1), and CadC itself.

protein that specifically “senses” toxic metal ionS).( Previous work has revealed that CadC is a weakly
Staphylococcus aureyslasmid pl258-encoded CadC is a dissociable, noncovalent homodimer that binds to dae
metalloregulatory transcriptional repressd@) (from the O/P with high affinity Ka= 1 x 10° M~%; 0.4 M NaCl, pH
SmtB/ArsR family ¢, 8) that controls the transcription of  7,0) (10). Direct binding of inducing metal ions results in a
the cad operon. Thecad operon confers resistance to heavy significant decrease in the affinity of the protein for the
metal ions such as Cd(ll), Pb(ll), Zn(ll), and Bi(IlIp): In operator/promoterq, ~ 10° M~2), consistent with a simple
response to an increase in the intracellular concentrations ofmodel of metal-mediated dissociation as the mechanism of
induction of thecad operon (0, 12, 13). CadC is therefore
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S6ELCVCSID motif as part of the proposed3-T-o4 helix-
turn-helix DNA binding domain X2). Cys7, Cys58, and
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MATERIALS AND METHODS

Cys60 are invariant, and Cys11 is moderately conserved, Materials.2-(N-Morpholino)ethanesulfonic acid (MES),

while Cys52 is not conserved among all functionally identi-
fied CadC proteins§g, 17). Previous spectroscopic studies
with wild-type and single cysteine-substitution mutants of

CadC have revealed that cysteines 7, 11, 58, and 60 constitut

the metalloregulatory tetrathiolate3N metal binding site
for Cd(ll) and Bi(lll); Co(ll) and Zn(ll) are thought to form
the same highly distorted, tetrathiolate metal complex 8).

In contrast, the first coordination sphere of Pb(ll) is

composed of only the three invariant cysteines 7, 58, and

[bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (Bis-
Tris), bradykinin, and 5,/5dithiobis(2-nitrobenzoic acid)
(DTNB)* were from Sigma. Dithiothreitol was obtained from
cros-Organics, and Chelex-100 resin was purchased from
io-Rad. ds-NEM? (N-ethylmaleimide) was obtained from
Medical Isotopes, Inc., while &4NEM?! was purchased from
ICN. ds-NEM differs from H-NEM in that all five hydrogen
atoms of theN-ethyl substituent are substituted with deute-
rium. Trifluoroacetic acid was obtained from Pierce Chemi-
cals and HPLC-grade acetonitrile was purchased from EM

60 with cysteine 11 not donating a coordination bond to the Science Corp. Sequencing-grade trypsin was supplied by

Pb(ll) ion (13). Cd(ll) X-ray absorption spectroscopy (XAS)
of CadC is also consistent with a tetrahe®aCd(ll) center
with an average CdS bond length of 2.53 A1Q), while
Pb(ll) XAS of CadC was most consistent with a trigofal
complex with an average P18 bond length of 2.66 A13).
These studies reveal that the thiolate-@N site is capable
of forming at least two distinct coordination complexes and

is capable of altering its coordination geometry to accom-

modate the binding of distinct metal ions.

Promega, while chymotrypsin was purchased from Boe-
hringer-Mannheim. Ultrapure cadmium(ll) chloride, bismuth-
(1) nitrate, lead(ll) chloride, zinc(ll) sulfate, and cobalt(ll)
chloride were purchased from Johnson Matthey.
Expression and Purification of Cad@Vild-type CadC was
overexpressed from the pET-CadC plasmid construct in
Escherichia colistrain BL21(DE3)/pLysS and purified as
previously describedl(). The concentration of the purified
“metal-free” CadC was determined using the calculated molar

We have recently developed a sensitive analytical method, extinction coefficient of 6585 M cm™! at 280 nm (0).

termed ratiometric pulsed alkylation mass spectrometry (rPA-

“Metal-free” CadC contained less than 0.03 mol of Zn(ll)

MS) (18, 19), that measures the apparent second-order ratesper CadC monomer as determined from Zn(ll) atomic

of reactivities of cysteine thiolates toward the sulfhydryl-
specific alkylating reageni-ethylmaleimide (NEM) 19).

absorption spectroscopy as describ&@).(The number of
free cysteine thiols per CadC monomer was calculated using

The method is ratiometric along a reaction coordinate, where a standard DTNBassay in an anaerobic glovebox. Wild-
cysteine residues are subjected to modification with deuter-type CadC was found to contain 348 0.2 free thiols per

atedds-NEM for some pulse timd, and chased with a large
excess of light NEM, K (or do)-NEM (19); cysteine
reactivities are directly encoded in the ratiodgfNEM- vs

monomer out of 5 possible free cysteine thiols. Typical metal/
protein monomer stoichiometries reached at saturation were
0.8:1 @3), consistent with the partial inactivation of some

Hs-NEM-derivatized cysteine-containing peptides resolved metal binding sites due to an intersubunit disulfide bond
on a mass spectrometer. This approach has parallels to théetween Cys58 and either Cys7 or Cys11 in the N-terminal

misincorporation proton-alkyl exchange (MPAX) technique,
used to monitor solvent accessibility of cystein2g)( and

region (2).
Ratiometric Pulsed AlkylatiorApo-, Cd(ll)-, Zn(ll)-, and

to global internal standard strategies used in quantitative Co(ll)-CadC samples were prepared in MES buffer (5 mM

protein expression profiling in proteomics applications, which
like rPA-MS also make use of isotope coding of alkylating
and acylating reagent21—23). The application of rPA-MS

to the cysteine thiolate pairs in individual GiBs, zinc
finger domains in the human metalloregulatory protein, MTF-
1! revealed that individual zinc finger coordination chelates
are characterized by distinct stabilities, kinetic labilities, or
both thus providing insight into the functional heterogeneity
of zinc fingers in this metalloregulatory proteih9). Here,

this method has been used to obtain residue-specific insigh

into the reactivity of coordinating thiol(ate) ligands in a single

MES, 0.40 M NacCl, pH 7.0), while the Pb(ll)- and Bi(lll)-
CadC complexes were prepared in a weakly chelating Bis-
Tris buffer (5 mM Bis-Tris, 0.40 M NaCl, pH 7.0). Cd(ll),
Pb(ll), and Bi(lll) were added to apo-CadC to yield a 1:1
molar ratio of metal ion to CadC monomer, referred to as
apo-, Cd-, Ph-, and Bi-CadC. For the preparation of Zn-
(I- and Co(ll)-substituted CadCs, metals were added to apo-
CadC in a 2:1 metal/CadC monomer ratio to fill both thiolate-
rich 3N and N/O-containingt5 sites (referred to as 2n

{and Coe-CadCs) 13). These solutions were diluted with the

appropriate buffer to obtain 2 mL samples of 8,88 apo-

metal complex and the extent to which the reactivity of each or metalated-CadC for the pulsed alkylation experiments.

is attenuated by the binding of different metal ions to apo-
CadC. We find that the critical allosteric ligand Cys7 and
the partially conserved Cysll vary dramatically in their

relative reactivities toward NEM in a manner that depends FMLT , ~E
| were individually pulsed alkylated with the addition @

on the nature of the metal ion. The structural and functional
implications of these findings are discussed.

! Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); MTF-
1, metal-response element (MRE)-binding transcription factais1;
NEM, ds-N-ethylmaleimide; H-NEM, N-ethylmaleimide; MALDI-
TOF, matrix-assisted laser desorption ionization time-of-flight; O/P,
operator/promoter.

Pulsed alkylation was carried out in a Vacuum-Atmo-
spheres anaerobic<Q.7 ppm Q) glovebox at ambient
temperature+25 °C). The 8.56uM CadC samples (apo-,
Cdi-, Ph-, Bis-, Zny-, and Ce-; 33 uM total reduced Cys)

NEM to a final concentration of 52@M (16-fold molar
excess over reduced cysteine residues). At different pulsed
time intervals, a 20@L aliquot of pulsed alkylated protein
was removed and added tg-NEM to a final concentration

of 9.7 mM (290-fold molar excess over reduced cysteine
residues). Approximately half of this sample was removed
and added to 0.18g/uL chymotrypsin with the remaining
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Table 1: Amino Acid Sequences and Masses of Unmodified and NEM-Alkylated Chymotryptic (C) and Tryptic (T) Pep®lezmucéus
pl258 CadC Identified in This Study

mass of NEM-derivatized peptides (Da)

H5 d5
peptide Cys residue amino acid sequence mass (Da) calcd obsd calcd obsd
ct1o Cys7 IMKKKDT CEIF 1242.62 1367.66 1367.64 1372.46 1372.44
mass of NEM-derivatized peptides (Da)
HS:HS H51d5 d51d5
peptide Cys residue amino acid sequence mass (Da) calcd obsd calcd obsd calcd obsd

T5-16 Cys7/Cysll  SDTCEIFCYDEEK 1494.58 1744.67 1744.65 1749.23 1749.19 1754.26 1754.22

half added to 0..g/uL trypsin. The proteolysis reactions an H;,Hs-NEM-derivatized peptide (mass expected peptide
were allowed to proceed overnight at ambient temperature mass+ 250 mu), an H,ds-NEM-derivatized peptide (mass
then subsequently removed from the glovebox and prepared= expected peptide mass 255 mu), or ads,ds-NEM-
for elution from a C4 microtip column (Amika Corporation). derivatized peptide (mass expected peptide masis 260
The tip columns were first washed with HPLC-grade mu) (Table 1).
acetonitrile before equilibration with 0.1% trifluoroacetic acid The mole fraction®) of each of the two singly derivatized
(TFA). The digested samples were individually loaded onto (ds and H;) peptides in a mixture is calculated as the ratio
the C4 column, washed with 0.1% TFA, then eluted with of the peak area integratioA) of theith NEM-derivatized
0.1% TFA in 100% acetonitrile. The samples were vacuum- species to the sum of the integrated areas of all-{His)
centrifuged to dryness and resuspended inB®f deion- alkylated species. For example, the mole fraction ofdhe
ized, distilled water. An aliquot of each sample was then derivatized € 1° peptide,®(ds), is defined as
diluted to a final protein concentration 6f0.1 mg/mL in a
solution containing 1.5 mg/mL ferulic acid in 25% aqueous ©(ds) = A(ds)/[A(Hs) + A(ds)]
methanol. These samples were then deposited as a series of
500 nL spots on top of an air-dried layer of matrix made by and correspondingly, the mole fractio®) of the ds,ds-NEM
spotting 5uL of a 30 mg/mL solution ofo-cyano-4- doubly derivatized T1¢ peptide containing Cys7 and Cys11
hydroxycinnamic acid in pure methanol. is defined as

MALDI-TOF Mass SpectrometryMALDI-TOF! mass
spectra of all samples were acquired using a Perseptive ©(ds,0s) = A(ds,ds)/[A(Hs,Hs) + A(H5,ds) + A(ds,dg)]
Biosystem Voyager Elite XL TOF mass spectrometer ) o
equipped with a pulsed nitrogen laser emitting at 337 nm  As the pulse time of thés-NEM reactivity increases-
manufactured by Laser Science Inc. All spectra were acquired(ds) and ©(ds,ds) will increase with other species cor-
in the positive ion mode using 25 kV acceleration with each réspondingly decreasing, since any cysteine thiolate that
spectrum representing the average of 100 laser pulses. Théurvives theds-NEM pulse is subsequently alkylated in the
spectra for the tryptic and chymotryptic peptide fragments chase by an NEM solution containingl8:1 molar ratio of
of apo- and metalated-CadC were acquired with a 200 nsHs"NEM to ds-NEM. A chase designed in this way should
delayed extraction (DE) time in the reflectron mode. The der|\(at|ze all unmodified cysteine-containing peptides that
grid and the guide wire voltages were operated at 70% andSurvive theds-NEM pulse; this was verified for Cys7 and
0.05% of the acceleration voltage, respectively. Bradykinin CYs11 by comparing the full MALDI-TOF spectra of trypsin-
[1060.5 Da}* was used as external calibration of the mass d|gested underlvatlz_ed CadC with that of Ca_o_lC derivatized
spectrometer. The mass resolution, expressat/Ad, from with Hs-NEM according to these chase conditions (data not
these experiments wasl5 000, and measurement accuracy Shown).
was typically 16-15 ppm with a reproducibility between CaIguIauo_n of the Apparent Second-Orderl Rates of the
samples 0f-0.2 ppm. Reactve ThiolatesThe apparent rate_of reactivity 'of Cy§7

Ratiometric Quantitation of Isotopically Differentiated toward ds-NEM was determined by fitting the ratiometric
Mass PeaksTwo different MALDI-TOF mass spectra were data obtained for the chymotryptic'C® peptide to a sum
acquired for eaclls-NEM time pulse/H-NEM chase experi- _of two _exponent!als or by f_|tt|ng it to a unlmolecular
ment and processed using GRAMS/32 (Galactic Industries I'"éVersible reaction mechanism (¥- Z; ki) using the
Inc.) for peak localization and integration. Integration was Berkeley Madonna curve fitting program. The double-
over the sum of the peak areas of the full isotopic distribution. €xPonential function is
One mass spectrum contains a complete set of chymotryptic _ ket k)
peptides of CadC, in which the peptide containing Cys7 ©On =1— 03 =[A exp ™ + (1 - Aygexp ]
(C*19 is fully alkylated by NEM and resolved either as an
Hs-NEM-derivatized peptide (mass expected peptide mass  wheret = time (min),k = fast rate ks = slow rate, andh o
+ 125 mu) or as als-NEM-derivatized peptide (mass = mole fraction att = 0. The double-exponential function
expected peptide mags130 mu) (see Table 1). The second was required to account for the presence of a small fraction
mass spectrum contains a complete set of tryptic peptides(~14—25%) of fast reacting thiolates in all preparations of
of CadC, including the peptide denoteti¥®, in which both metalated-CadCs, due to inactivation of some metal binding
Cys7 and Cys11 are alkylated by NEM and resolved as eithersites by partial cysteine oxidatiod@ 12).
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The apparent rate of reactivity of Cys11 was determined
by fitting the time-dependent ratiometric data acquired for
T5716 to a unimolecular two-step reaction model: X Y
—Z (X =Y, ki, and Y — Z, ky). The mole fraction of
reaction species X was assigned(Hs,Hs), Y to ©(Hs,ds),
and Z to®(ds,ds) derived from the ratiometric data foP T8,

The individual k** were converted to apparent second-
order rates for Cys7 and Cys11 by dividing tkeesolved
from curve-fitting by 5.28x 1074 M ds-NEM. For Bi(lll)-
CadC, the ratiometric data were also fit to a branched
pathway in which X=Y — Z or X — Z with the apparent
rate for the X— Z reaction defined aks.

RESULTS

Identification of Proteolytic Peptides of CadComplete
proteolytic digests (trypsin and chymotrypsin) of CadC were
subjected to mass analysis using high-resolution MALDI-
TOF mass spectrometry. Mass spectral analysis of the tryptic
digest of apo-CadC led to the identification of a peak with
am/z of 1494.58, which is assigned to peptide that contains
Cys7 and Cysl11, denotedT° (expectedwz = 1494.67;
Table 1). In addition, the mass spectrum of the chymotryptic
digest of CadC contains a peak withréz of 1242.62 that
is consistent with a peptide that contains only Cys7, denoted
C'10 (Table 1). To confirm the identity of these peptides,
complete MALDI-TOF spectra were obtained for digests of
CadC subjected to complete alkylation of reactive cysteines
by N-ethylmaleimide (NEM) under the chase conditions
described (see Materials and Methods). As expected, NEM
alkylation results in a quantitative mass shift of peptide'©
by 125 mu due to derivitization of Cys7 and of peptide*®
by 250 mu as a result of alkylation of both Cys7 and Cys11
(Table 1). Ratiometric mass data for the remaining cysteines
in CadC, Cys52, Cys58, and Cys60, while theoretically
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Ficure 1: A series of MALDI-TOF spectra localized on either
the chymotryptic peptide €10 (upper left panel) or the tryptic
peptide P16 (upper right, lower two panels) recovered from either
apo-, Pb(ll)-, or Cd(ll)-CadC digests as a function of pulse
alkylation time withds-NEM (pulse times are indicated on the left-

possible, could not be obtained in practice perhaps becausenost panel and can be read directly across).

of the size {3500 Da) and complexity of the smallest tryptic
peptide containing these three cysteinkg).£

Reactiities of Cysteine Thiolates at Positions 7 and 11
of Apo-CadCBriefly, in a ratiometric pulsed alkylation mass
spectrometry experiment®), the kinetics of alkylation of
cysteine thiolates by the electrophile-ethylmaleimide
(NEM) is determined by exposing the protein to a pulse of
variable time duration with a large=(L0-fold) excess of
perdeuterateds-NEM over cysteine thiolates. This pulse is
subsequently followed by a chase wittl00-fold excess
protonated E-NEM to fully derivatize the cysteine thiolates
in the protein. Following complete proteolysis by trypsin or
chymotrypsin, the extent of derivatization loly- and H-
NEM at individual cysteine residues as a function of pulse
time is determined by high-resolution MALDI-TOF mass
spectrometry and peak integration of differentially alkylated
peptides.

An expanded view of the region of the chymotryptic
MALDI-TOF mass spectrum containing the"@° peptide
of apo-CadC is shown in Figure 1 (upper left). The spectrum

21t should have been possible to obtain ratiometric mass data on
the T*"~78 peptide that contains Cys52, Cys58, and Cysk), (even
without adjusting the delayed extraction (DE) tunintl)( Unfortu-
nately, repeated attempts to acquire these data were unsuccessfu
perhaps because of the low yield of fully NEM-derivatizet/~T8
recovered from tryptic digests.

shows that the majority of thelC'° peptide containing only
Cys7 is modified byds-NEM at the initial time points of
pulsed alkylation with the full time course (Figure 2A)
revealing derivatization of Cys7 is complete within 5 min
of ds-NEM pulse alkylation time. This reveals an apparent
pseudo-first-order alkylation rate of Cys7 in apo-CadC of
1.07 min?, which when divided by the total concentration
of ds-NEM gives an apparent second-order rate constant of
1.93 x 10° Mnem ! min~t. This value is comparable to that
obtained for a solvent-exposed cysteine in bacterial luciferase
under similar solution condition24) but slower than Cys-
His; zinc finger thiolates in apo-MTF-1 and apo-SAB)

The early time points of the kinetics of alkylation of ¢
are also shown in Figure 1 (upper right) for apo-CadC.
Interestingly, the BlHs-NEM mass peak of the doubly
alkylated tryptic peptide ¢ (Cys7 and Cysl11) is com-
pletely absent at the earliest stages of pulsed alkylation of
apo-CadC; furthermore, the mole fractions of,dd and
ds,ds-derivatives of P16 were found to be identical (data
not shown) to the mole fraction of Hand ds-derivatized
C' 10 peptides, respectively (Figure 2A), revealing that both
pairs of mass peaks report on the intrinsic rate of alkylation
Iof Cys7. Since there is no measurablgHHd-derivatization
of the T°716 peptide at the initial time points, the apparent

rate of reactivity of Cys11k&}})) cannot be measured since
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e x 1074 min~%. The simplest interpretation of this reaction
—————————— ®— profile is that the initial fast phase corresponds to alkylation
apo CadC of Cys7 in the small fraction of apo-CadC in Pb(ll)-CadC
- preparations due to inactivation of these metal binding sites
by disulfide bond formation1(2). The slow phase therefore
] corresponds to alkylation of Cys7 in the Pb(ll) coordination
complex; thereforeks = k¥ (9.8 + 0.3) x 1074 min™4,
giving an apparent second-order rate constant of 1.g§%M
min~%. The reactivity of Cys7 is therefore attenuatetio00-
fold upon coordination to Ph(ll).
Strikingly, the T~ mass window for Pb(Il)-CadC (Figure
1, upper right to lower left) shows the complete absence of
A I the Hs,Hs-derivatized P mass peak at alls-NEM pulse
times, analogous to that observed for apo-CadC. However,
in contrast to apo-CadC, the majority of theé ¥ peptide

time (min)

B 1 —————— remains in the klds-modified form throughout the time
Pb(II) CadC course of the experiment (Figure 1). Sin®gs us(T> 1) is
08 ] equal to zero at all time points, the mole fractions af H
and ds-derivatized ¢ 1° peptides (Figure 2B) were found
. to be identical to that of kds- and ds,ds-derivatized P16
g 06F 1 species, respectively (data not shown).
e Reactiities of Cysteine Thiolates at Residue Positions 7
@ o4l g and 11 in Cd(ll)-CadCLike the Pb(ll)-derivative, analysis
_____ .- of the C~1° peptides for the Cd(Il) complex of CadC indicate
0z | e - 1 mostly all H-modified C1° peptide (Figure 1, upper left)
’ . with the integrated mole fraction of +C'1° and ds-C* 10
r ] for the complete time course shown in Figure 3A. As with
0

0 50 1(‘)0 150 2(‘)0 250 the Pb(Il) complex, the ratiometric data are adequatgly fit
to a sum of two exponentials with the same fractional

time (min) litude and similar rate of tivit Ived for the fast
FiIGUre 2: rPA-MS of Pb(ll)-substituted CadC. Panel A shows the i o O this

mole fraction of ©) Hs-NEM- and @) ds-NEM-derivatized ¢-1° reacting complex 4 = 0.14; k = 0.67 mint); this IS
peptide recovered from apo-CadC rPA-MS chymotryptic digests consistent with the same concentration of apo-CadC in Cd-
as a function ofds-NEM pulse time derived from data like that  (1)-CadC preparations, as expected. Thkf:gp = (6.2 +
shown in Figure 1 (upper left panel). The smooth lines are a fit to 0.3) x 1073 min™%, yielding an apparent second-order rate

single irreversible reaction, +#=NEM-C10 (Y) — ds-NEM-C'~10 1 i . .
(Z),gdefined by the ratk = 1.5(,)-;\; 0.05 mir(rl.) Panesl Bshowsthe constantof 11.7 Mgy min2. Cys7 in the Cd(ll) coordina-

mole fraction of ©) Hs-NEM- and @) ds-NEM-derivatized €10 tion complex is about 6-fold more reactive than that in the
peptide recovered from Pb(l)-CadC rPA-MS chymotryptic digests Pb(Il) complex.
as a function ofds-NEM pulse time. The solid line through the In contrast to the mass spectra from tryptic digests of apo

experimental data is a least-squares fit to a sum of two exponentials 16 .
that define a fast phase (characterized by a tatend amplitude, and Ph(Il)-CadC, the £Hs mass peak of T1° constitutes

A) followed by a slow phasek{, A;) (see Materials and Methods). & major fraction among the doubly alkylated species at the

ke = 2.36+ 0.6 mim%; Ar = 0.136;ks = 0.000 985+ 0.000 036 early stages of pulsed alkylation in Cd(ll)-CadC and is not

min~%; A; = 0.864 (see text for details). An analogous plot of the completely depleted until the 30 mi-NEM pulse time

mole fractl_on o_fds,Hs- andds,dsjdgrlvatl_zed_?*16 peptide recovered (Figures 1 and 3B). Upon depletion of thes,Hs-T516

from tryptic digests gave similar kinetic parameters (data not . 516 Lo

shown). species, the KHds-T species is subsequently populated
at the early and middle stages of alkylation rate profile (3

it is fully alkylated prior to the first pulse time measurement 30 min), butthen is converted th,ds-T>*® species at longer
(1 min). However, based on the alkylation rate of non-metal- Pulse times (Figures 1 and 3B). Such a reaction profile is

coordinated zinc finger cysteinesd), a lower limit is k2P fully consistent with a sequential reaction. The continuous
> 2.6 mimtor =5 x 10° Myew* min~* for Cys11 of apo-  lines drawn through th@;(T°*°) data describe a simulta-
cadc. neous nonlinear least-squares fit to a sequential irreversible

X — Y — Z reaction model, where X Ou n,, Y = Onggs
and Z= O, described by two rate&; andk,. Since the
rate of conversion of the &tls-species to thels,ds-species
defined byk, (6.8 x 1072 min~?) is comparable to the rate
of conversion of B-C10 to ds-C'1° (compare part A to

(Figure 1, upper left) with the full progress curve shown in Part B in Figure 3), that isk, = k&7, then k, reflects
Figure 2B. The ratiometric data were fitted to a double- Primarily on the apparent rate of alkylation of Cys7.
exponential function (see Materials and Methods) character- Therefore,ki*® must correspond primarily to the apparent
ized by two widely different rates. The fast phase correspondsrate of the alkylation of Cys11 in Cd(ll)-Cad®g).

to a fractional amplituded;, of 0.14 and a ratek;, of 2.4 Reactiities of Cysteine Thiolates at Residue Positions 7
min~! with the slow phase givinds = 0.86 andks = 9.85 and 11 in Bi(lll)-CadC The corresponding rPA-MS data

Reactbities of Cysteine Thiolates at Residue Positions 7
and 11 in Pb(ll)-CadC.Investigation of the €'° mass
window for the Ph(ll)-derivative of CadC at early pulse times
reveals that the Cys7-containing chymotryptic peptide, in
contrast to apo-CadC, is primarily in the-rhodified form
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the mole fraction of -NEM-derivatized €10 peptide recovered
from Bi(lll)-CadC rPA-MS chymotryptic digests as a function of

NEM pulse time. The solid line through the data is a least-squares ds-NEM pulse time. The solid line through the data is a least-squares

fit to a sum of two exponentials witkk = 0.67 + 0.33 mirr?, A
=0.136+£ 0.016,ks = 0.006 164 0.000 32 mirtt, andAs = 0.864
(see text for details). Panel B shows the mole fractior®)fH{s,Hs-,
(®) Hs,ds-, and () ds,ds-NEM-derivatized 716 peptide recovered
from tryptic digests of Cd(ll)-CadC as a functiondNEM pulse

fit to a sum of two exponentials witk = 1.64+ 0.17 mirrl, A¢
= 0.64,ks = 0.005 60+ 0.000 45 mirn!, andAs = 0.36 (see text
for details). Panel B shows the mole fraction &f) (Hs,Hs-, (®)
ds,Hs-, and () ds,ds-NEM-derivatized P16 peptide recovered from
tryptic digests of Bi(lll)-CadC as a function df-NEM pulse time.

time. The continuous lines through the data are nonlinear least- Two independent fits to the kinetic data are shown: model 1 (cf.
squares fits derived from a kinetic model containing two irreversible Figure 3B), H,Hs-T>716 (X) — ds,Hs-T>16 (Y) — ds,ds- T>16 (2);

Steps: I'd,Hs-T5716 (X) e H5,d5-T5716 (Y) - d5,d5-T5716 (Z) in
which A is the initial amplitude of théth speciesk; defines X—
Y, andk; defines Y— Z. Resolved parameters afg = 0.88,Ay
= 0 (fixed), Az = 0.12,k; = 0.173 min%, andk, = 0.006 78 min,
Note thatAx ~ As and k, ~ ks from C710 digests (panel A)

model 2, H,,Hs-T5716 (X) - d5,H5-T5716 (Y) - d5,d5- T5-16 (Z)
superimposed on &Hs-T5716 (X) — ds,ds- T>716 (Z), defined by
ks. Fitted parameters for model 1 (represented by the thick lines)
areAyx = 0.28,Ay = 0.26,A; = 0.46,k; = 0.262 mirr?, andk, =
0.006 52 min?, Fitted parameters for model 2 (represented by the

consistent with the fact that both events are monitoring the thin lines) areAx = 0.28,Ay = 0.42,A; = 0.30,k; = 0.021 min'?,

alkylation rate of Cys7.

acquired for peptides'C' and 716 obtained from digests
of Bi(lll)-CadC (Figure 4) were found to be qualitatively

ko, = 0.0045 mirrl, andks = 0.20 mirr?. Although neither model
fully satisfactorily fits the progress curves, the significant recovery
of Hs,Hs-T5-16 at earlyds-NEM pulse times qualitatively reveals
that Bi(lll) protects Cys11 from alkylation, like Cd(ll).

similar to that of Cd(ll)-CadC, except that the apparent mole by ks), was also used to fit the data (thin lines). In this case,

fraction of rapidly reacting Cys7 is much largés, = 0.64
and ke = 1.64 mim! (Figure 4A) (see Discussionky’
estimated from these data is (546 0.5) x 1073 min™?,
similar to that of Cd(ll)-CadC. As with the Cd(ll) complex,
the ratiometric data for the>T'¢ peptide (Figure 4B) could
be globally fit to a two-step sequential irreversible-XY

— Z reaction model (thick lines) with@? = 6.5 x 1073
min~! and k& = 0.26 mirr?, quite similar to the values
obtained for Cd(ll)-CadC. Since the fits to this model fail

k. was resolved to be 4.% 103 min~%, which is similar to
that of K& derived from the €10 peptide.

Reactvities of Cysteine Thiolates at Positions 7 and 11
upon Formation of Metal Complexes with Weakly Inducing
Metals Zn(Il) and Co(ll).Zn(ll) is a significant inducer of
the cad operon in aAzntAstrain of E. coli (11) but is less
so in nativeS. aureus Co(ll), while a noninducing metal
ion, has previously been used as spectroscopic surrogate for
Zn(l) (13). Co(ll) bound to thex3N site appears to form a

to fully describe the experimental data particularly at long highly distorted four-coordinat&, complex of which the
pulse times, a second model where X is allowed to partition spectral properties are readily bleached by the addition of

directly to Y or Z, that is, X—Y — Z plus X— Z (defined

stoichiometric Cd(ll) and Pb(Il)13). Representative rPA-
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Ficure 5: rPA-MS of Zn(ll)- and Co(ll}-substituted CadCs. Panel
A shows the mole fraction of HNEM-derivatized &¢~1° peptide
recovered from Zn(IlCadC rPA-MS chymotryptic digests as a
function ofds>-NEM pulse time. The solid line through the data is
a least-squares fit to a sum of two exponentials Wijtk 1.26 +
0.33 mint, A; = 0.27 £+ 0.02,ks = 0.00354 0.0002 min?, and

As = 0.74. Panel B shows the mole fraction @f)(Hs,Hs-, (®)
ds,Hs-, and (1) ds,ds-NEM-derivatized P16 peptide recovered from
tryptic digests of Zn(ll)-CadC as a function d§-NEM pulse time.
Note that the disappearancedsfHs-T>16 (@) and the recovery of
ds,ds-T5-16 () are described by the same rate and amplitége,
= 0.733 andk, = 0.003 51+ 0.000 20 min?, identical to the
disappearance of HC110 (panel A) since derivatization of Cys11
occurs during the dead time (1 min) of the measurement. Panel C
shows the mole fraction of +NEM-derivatized €10 peptide
recovered from Co(IlyCadC rPA-MS chymotryptic digests as a
function of ds-NEM pulse time. The solid line represents a least-
squares fit to a sum of two exponentials wkh= 2.71 + 0.37
min~t, As = 0.76 &+ 0.02,ks; = 0.080+ 0.0012, andA; = 0.24.

MS data are shown for Zn(lHCadC (Figure 5A,B) com-
pared to that of Co(lkCadC (Figure 5C). The ratiometric
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FIGURE 6: Bar chart summary of the apparent second-order rates
of NEM alkylation of Cys7 (left) and Cys11 (right) in apo-CadC
relative to different metal-bound complexes of CadC derived from

rPA-MS progress curves such as those shown in Figurds 5P
for Bi(Ill)-CadC reflects that range{SE) obtained from €1°and
T5-16 peptides, the latter obtained from application of different

reaction models (see text for details). For all other Cad,is
derived from fits obtained from €10 and 716 peptides. Thex
denotes that only lower limits could be obtained from these thiolates,
which quantitatively react within the dead time of the measurement,
Kapp = 5000 mirr™,

data for G 1% in Zn(ll),-CadC are adequately fit to a sum
of two exponentials with a fractional amplitude and alkylation
rate resolved for the fast-reacting thiolatefef= 0.27 and

ki = 1.26 mir, respectively. Assuming that this fast rate
again corresponds to derivatization of Cys7 in contaminating
apo-CadCkZ®Pof (3.5+ 0.2) x 10~ min~?, or an apparent
second-order rate constant of 6.6#&* min~%, is obtained.
This corresponds to a level of attenuation comparable to that
of the Cd(ll), Pb(Il), and Bi(lll) proteins. Like Pb(ll)-CadC,
the H;,Hs-derivative of the 716 peptide is completely absent
at earliest pulse times in Zn(}iCadC with the rate of
conversion of the klds-T> 16 species to theds,ds- T> 16
species identical to that of the conversion gf€t 1 to ds-
C19, that is,k, = k&% (Figure 5B). Thus, Cys11 in the Zn-
(1), complex cannot be distinguished from that of apo-CadC.

Likewise, k2’ was found to be (8.6 1.2) x 1072 min~*
(As = 0.24) for the Co(ll) complex for an apparent second-
order rate constant o150 Myem ' min~%, or about 30-
fold faster than Zn(ll)-CadC. In fact, the binding of Co(ll)
to thea3N site only protects Cys7 from alkylation by NEM
by ~10-fold, far less effective than the other inducing metals
ions. Figure 6 summarizes the apparent second-order order
rate constants of NEM alkylation of Cys7 and Cys11 in apo-
CadC relative to various metalloderivatives of CadC (see
Discussion).

DISCUSSION

S. aureul258 CadC is a metalloregulatory homodimeric
repressor protein that is responsive to increased concentra-
tions of Cd(ll), Pb(ll), Zn(ll), and Bi(lll) in the cell 9, 11).

The coordination structure of the regulatory metal binding
site that mediates for de-repression of @l operon has
been extensively characterized by opticaltX's absorption,
13Cd NMR, and X-ray absorption spectroscopies of Cd(ll),
Pb(ll), and Bi(lll) complexesi0, 12, 13). These and other
studies 25, 26), coupled with homology modeling using the
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ab sites the origin of this difference is unknown, this finding
4 \ Cyss8_Cyst demonstrates the sensitivity of rPA/MS to uncover even small
TR (Cd) differences in free thiolate reactivity.
cys60” " Scys7 Although Cys7 and Cys11 are close to one another in the
_ f/@ amino acid sequence, a significant population ofdk
8oy |\ B o-Cystr derivatized P8 is consistently observed, revealing that the
DA binding uR helces ' (@ single-alkylated ¥16 species formed during thés-NEM
Cyab0 "™~ "-Cya?" pulse is a stable intermediate (Figure 1). This is clearly the

a3N sites

Ficure 7: Homology model ofS. aureugl258 CadC using apo-
SmtB as a templatel§) indicating the general location of theSN
metal binding sites on the dimer. Cartoon models of the coordination
complexes formed by Cd(Il) and Pb(ll) are shown on the ridB}.(
Spectroscopic studies reveal that Bi(lll) forms&romplex exactly
analogous to that formed by Cd(l112).

case for the Pb(ll), Cd(ll), and Zn(lcomplexes but may
underlie the complexity of the Bi(lll)-CadC reaction profiles
(Figure 4), which are not well described by a simple
sequential model where alkylation of Cys11 is followed by
Cys7. The low ¢40%) recovery of BENEM-C*10 at early
pulse time points (Figure 4) may be reporting on initial
o ~modification of cysteines other than Cys11 in Bi(lll)-CadC,
cyanobacterial zinc sensor SmtB as a template, are consistengkylation of which results in facile Bi(lll) dissociation; this
with a model in which metal ions bind to two symmetry- |ow stability of selected monoalkylated Bi(lll)-chelates

related sites on the periphery of the dimer, denotedxié
site. Thisa3N site is formed by coordination of metals to

relative to Cd(Il) and Pb(ll) chelates may be influenced by
the distinct net charges of the Bi(lll) vs Cd(ll)/Pb(ll) chelates.

Cys7 near the N-terminus of one subunit and Cys58 and |pterestingly, functional studies suggest Cys11 plays a more

Cys60 in the putativet3 helix of the other (Figure 7)1Q).

In the Cd(Il) and Bi(lll) complexes, Cys11 near Cys7 in the
N-terminal “arm” also donates a thiolate ligand to form an
S, complex (Figure 7). Metal competition experiments reveal
that Zn(ll) and Co(ll) bind to the sam&3N site, but not as

pronounced role in allosteric regulation in Bi(lll)-CadC than
in the other metal complexes suggesting that this ligand may
be more intimately incorporated into the metal complE3) (

It is unknown how the observed slow rate of alkylation
of Cys7 is influenced by alkylation of Cys58 and Cys60 since

tightly, as well as to a second site, denoteal (13). There these rates could not be measutédowever, the fact that
is as yet no high-resolution crystallographic structure of {ne reaction profile of metal-coordinated Cys7 is well-
CadC; therefore, the details of the structure and reactivity gescribed by a single exponential (as expected from the
of individual metal comp_lgxes is unknown. Here we use rPA- pseudo-first-order conditions employed here) suggests one
MS to probe the reactivities of two closely spaced cysteines of two possibilities: (1) the Cys7 alkylation rate is inde-
in the N-terminal region of CadC, Cys7 and Cys11, to obtain pendent of alkylation of Cys58 or Cys60 thiolates, or more
insight into the role of individual metalligand coordination likely, (2) all three cysteines are alkylated at the same
bonds in metal resistance in vivo. apparent rate. The latter scenario would occur if the
General Considerations of the Method as Applied to CadC. remaining cysteines become highly reactive once any one
To apply rPA-MS, high-resolution mass spectral identifica- of Cys7, Cys58, or Cys60 is alkylated by NEM. This would
tion and resolution of cysteine-containing proteolytic peptides take place if metal dissociates from the bis-alkylated (Cys11
of the underivatized and NEM-modified protein is an + Cys7/Cys58/Cys60) chelates. This situation occurs in
essential requirement. Here, we further exploit the different H|v-1 nucleocapsid protein2) and also characterizes the
substrate specificities of chymotrypsin vs trypsin to obtain cysteine pair in the Cys-His; zinc finger domains of MTF-1
an independent determination of the reactivity profile of Cys7 and Spi1, where there is no build-up of monoalkylated
from the C~'% peptide, allowing us to unambiguously resolve  intermediate in any pulse time along the reaction coordinate
the reactivity profile of Cys11 from isotopic analysis of the (19). Consistent with a concerted alkylation of Cys7, Cys58,
doubly derivatized T peptide. and Cys60, the apparent second-order alkylation rate con-
Both Cys7 and Cys11 thiolates are highly reactive in the stants for Cys7 in metallo-CadCs are essentially identical to
absence of a coordinated metal ion in apo-CadC (Figure 2A)those measured for the cysteine thiolate pairs in the N-
and their reactivities are attenuated to distinct degrees whenterminal zinc finger domains of MTF-1 and Sp#3.3
bound to different metal ions (Figure 6). Although many Mgyt min~2) (19).
factors can potentially influence cysteine reactivity, for  rPA-MS as a Probe of Metal Coordination Number in
example, solvent accessibility, hydrogen bonding, and ion- Metallo-CadCsAlthough rPA-MS obviously cannot directly
ization state of the thiol(ate) group, it is generally accepted determine coordination number in different metalloderiva-
that metal-bound cysteines will be fully deprotonated thiolate tives of CadCs, the reactivity profiles directly correlate with
anions, the nucleophilicity of which will be greatly attenuated expectations drawn from previous spectroscopic studies of
upon formation of metal complexes of high thermodynamic Pb(ll)-, Cd(ll)-, and Bi(lll)-substituted CadCs. For example,
stability (27) due to very slow rates of metal dissociation X-ray (XAS) and UV~vis absorption spectroscopy of wild-
and perhaps even transient ligand dissociation. This is largelytype (10) and cysteine-substitution mutants of Pb(ll)-CadC
what is observed for Cys7. However, even in apo-CadC, thereindicate that the Pb(ll) ion forms a trigonal complex
is a clear difference between the reactivities of the two employing Cys7, Cys58, and Cys60 with Cys11 excluded
thiolates. The apparent second-order rate constant for alky-from the first shell of ligands (Figure 7)L8). rPA-MS is
lation of Cysl1 is at least 2-fold larger than that for Cys7 fully compatible with these findings since the reactivity of
(Figure 6) and is likely much larger since only a lower limit  Cys11 in the Pb(Il)-complex is indistinguishable from that
could be obtained fokX}; an upper limit is defined by  of apo-CadC. In contrast, it has been argued from the results
glutathione,k = 3.8 x 10* Mygm™* min~t (28). Although of UV—vis and XAS spectra that Cd(ll) is bound by four
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cysteinyl ligands, Cys7, Cysll, Cys58, and Cys@0).(
However,3Cd NMR chemical shift oft*3Cd-substituted
CadC revealed a single resonance at 622 ppm, more
consistent with aig&N/O or trigonalS; coordination geom-
etry, rather than a typical mononuclearsite 29, 30). The
fact that Cysl11 is significantly protected from NEM alky-
lation in the Cd(Il) complex (Figure 3) relative to the Pb(ll)
complex (Figure 2) suggests a structurally distor®d
complex rather than a8 complex. By the same reasoning,
coordination of trivalent bismuth is most consistent with
tetrathiolate coordination by rPA-MS (Figure 4); indeed,
optical absorption spectra of wild-type and mutant CadCs
are indicative ofS; geometry 12).

The coordination geometry of Zn(ll) bound to t&N
sites of CadC is unknown but may tend toward a strongly
distortedS, complex, given the preference of Zn(ll) to adopt
four-coordinate vs three-coordinate complexes in proteins.
However, rPA-MS reveals a reactivity profile more consistent
with tris-thiolato Pb(Il)-CadC vs tetrathiolate Cd(Il)-CadC,
since the reactivity of Cys11 is not decreased in the Zn(ll)
complex relative to apo-CadC (Figure 5). Since Zn(ll) is
smaller (ionic radius of 0.74 A) than Cd(ll) (0.92 A), Bi-
(1) (1.03 A), or Pb(ll) (1.10 A) and forms shorter metal
thiolate coordination bonds than these ions (2.3 A vs-2.5
2.7 A), it seems possible that Zn(Il) and Co(ll) (0.72 A) are
unable to simultaneously coordinate all four cysteine thi-
olates, which may lead to a nonoptimal or long coordination
bond to, for example, Cys11. Consistent with this, the affinity
of Co(ll) for the a3N metal binding sites in Cad®&{" =
3.9 x 1® M71)? is 4 orders of magnitude lower than that
for Cd(ll) (10). One explanation for the low recovery25%)
of H-NEM-derivatized € 1%in the reactivity profile of Cys7
in Co(ll)-CadC at early pulse time points (Figure 5C) is that
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Ficure 8: Bar chart representation of the binding affinities of wild-

type and mutant CadCs for a 34-bp DNA oligonucleotide harboring
a singlecad O/P 12-2-12 inverted repedy) in the absence (apo)
and presence of stoichiometric Cd(ll), Pb(ll), or Bi(lll). This plot
summarizes work previously publisheg| (L0, 12, 13).

even transient dissociation of the thiolate ligand from the
metal ion. This attenuation in reactivity is most pronounced
in the Pb(ll) derivative; this likely reflects the distinct
structures of the trigones Pb(ll) complex relative to the
distorted four-coordinate Cd(Il) and Bi(lll) complexes. In
contrast, Cys11, while donating a first shell ligand to both
Cd(ll) and Bi(lll) and perhaps Co(ll), is far more reactive
than Cys7 in apo-CadC and provides less protection to
derivatization in all metalloderivatives.

These data suggest that Cysl11 defines a weak point in
these metalloregulatory complexes and is therefore a good
candidate for engaging in favorable ligand exchange reactions
with metal acceptor proteins, similar to that originally
envisioned by copper-specific metallochaperordds. (This

once any one of the three conserved cysteines (Cys7, Cys58would allow the toxic metal ion to efficiently migrate from

or Cys60) is derivatized, Co(ll) dissociates atidNEM-
derivatized ¢1° quickly dominates the mixture; only when
Cysl1l is alkylated first can a slower rate of Cys7 (or a
composite rate of Cys7, Cys58, and Cys60; vide supra)
alkylation be measured. This would neatly explain-##%
ds-NEM-C'1° recovered at early pulse times. In any case,
KEPis still 10-50-fold larger than for the other complexes
(Figure 6).

Distinct Alkylation Rates of Cyss Cys11 Correlate with
Distinct Functional Roleslntroduction of non-metal-ligan-
ding substitutions into the metal chelate in CadC gives rise
to active CadC repressors that form stable, albeit nonnative,
coordination complexes that are functionally compromised
in allosteric coupling to various degrees (Figure B), (13).
Strikingly, glycine substitutions of Cys60 and Cys7 com-
pletely, or nearly completely, abrogate allosteric regulation
of cad O/P binding by Pb(ll) and Cd(ll); interestingly, co-
conservation of Cys7 and Cys60 appears to uniquely
distinguish CadCs from other SmtB/ArsR metal sensor
proteins B). In contrast, Cys11 plays little if any functional
role in coupling metal-site binding to allosteric regulation
of cad O/P binding despite forming coordination bonds to
Cd(ll) and Bi(lll). Therefore a correlation exists between

CadC sensor sites via metal ligand exchange to the actual
sites of metal resistance, for example, the metal efflux pump,
CadA @), and perhaps other acceptor molecules. Interest-
ingly, recent findings with another SmtB/ArsR cadmium/
lead sensorMycobacterium tuberculosi€EmtR, are also
consistent with the presence of three, rather than four, strong
thiolate ligands that play criticdunctionalroles in Cd/Pb
sensing in vivo, despite the fact that a fourth potentially
liganding cysteine residue is nearby in the deduced homology
model of CmtR 82). Although the metal coordination
numbers, geometry, and ligand reactivity profiles of metal-
coordinated cysteines in CmtR are unkno®®)(the concept
of an entry site for ligand exchange, accomplished either
with a low coordination number or a weakly coordinated
ligand in a coordinately saturated metal chelate, may be a
general characteristic of metalloregulatory sites that function
in metal resistance (cf. re#s and 33). In the related zinc
sensors, cyanobacterial SmtB4( 34) and S. aureusCzrA
(35), the carboxyl-terminal ligand in the5 sites 86) may
perform this role

Such a ligand exchange reaction would seem to be a virtual
requirement for effectively facilitating the movement of metal

functional importance at the level of regulation of DNA
binding and intrinsic reactivity. The critical allosteric ligand
Cys7 is significantly protected from alkylation, compatible
with a strong coordination bond to the metal that dampens

3 Substitution of o5 site zinc ligand Glu120 and Cys121 in
SynechococcuSmtB (34) has little effect on negative regulation of
operator/promoter binding in vitro (X. Chen, M. VanZile, and D.
Giedroc, unpublished observations).

4L. Busenlehner and D. Giedroc, unpublished observations.
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ions bound to regulatory sites to potential acceptor sites
provided by membrane-bound efflux pumps or intracellular
chelators, since the high thermodynamic stability of these
complexes Kye = 102 M~1) (8, 33, 34, 37) predicts an
extremely slow rate of metal dissociation into bulk solution.
This is now known to be the case for Pb(Il)-CadC, wkth

< 105 s 14 This is analogous to the proposed roles of the
thiolate ligands in Cu complexes formed by copper chap-
erones in the delivery of Cu to specific enzyme acceptor
sites (L5, 31, 38). Application of rPA-MS to examine the
intrinsic reactivities or nucleophilicities of individual cysteine
residues in Atx1l 38) and Atxl-like @9 domains may
represent a productive line of investigation for understanding
the mechanism of metal transfer in these systetBs40).
These experiments are currently in progress for other SmtB/
ArsR metal sensermetal acceptor pairs associated with
metal resistance in prokaryotes.
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