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ABSTRACT. TheSynechococclBCC7942 SmtB is a zinc-responsive transcriptional repressor and a member
of the ArsR superfamily of prokaryotic metalloregulatory transcription factors. The mechanism of negative
regulation by Zn(Il) and other metals as well as the coordination chemistry (stoichiometry, affinity, and
specificity) of SmtB is poorly understood. In contrast to previous results [Kar, S. R., Adams, A. C.,
Lebowitz, J., Taylor, K. B., and Hall, L. M. (199'Biochemistry 3615343-15348], we find that fully
reduced SmtB binds 1 mol equiv of Zn(ll) with a very high affini§z, in excess of 18 M1 (pH 7.4,

0.15 M KCI, 22°C). Optical spectroscopic experiments reveal that SmtB binds 1 mol equiv of Co(ll) in
a tetrahedral or distorted tetrahedral environment with one or two cysteine thiolate ligands in the first
coordination shell. Zn(Il) and Co(ll) EXAFS studies are consistent with the optical spectroscopic data,
and further suggest the presence of a mixture of carboxylate and imidazole-containing ligandas
determined to be 1.7{0.1) x 1® M~1in a chelator (EGTA) competition assay; 1 equiv of Zn(ll) results

in complete displacement of the bound Co(ll). SmtB also binds 1 mol equiv of Ni(ll), which, when formed
at low Ni(Il):SmtB molar ratios, adopts a non-native, six-coordinate complex characterized by at least
two histidine and no thiolate ligands. The hierarchy of metal binding affinities is ZsIiEo(ll) >

Ni(ll).

Metal ions are involved in many biological processes, = DNA methylation protection experiments suggest that there
serving as structural components of proteins or as cofactorsare two independent SmtB binding sites within thet
in enzyme-catalyzed reactiond, (2. Metal-responsive  operon 0). One site overlaps the transcriptional start site
control of the expression of genes involved in metal for smtAand contains a pair of half-sites which together
metabolism and metal homeostasis allows an organism todefine an imperfect 12-2-12 inverted repeat. Each half-site
tightly regulate the free concentration of beneficial metal ions is characterized by a consensUS&AA sequence to which
such as zinc, copper, and iron, while efficiently removing SmtB binds 9). Although a second proposed SmtB binding
nonbeneficial or toxic metals3( 4). For example, a large  site lies between the-10 boxes of the twemtgenes 9),
class of evolutionarily related prokaryotic metalloregulatory limited functional and electrophoretic mobility shift data
repressor proteins) negatively regulate the expression of suggest that SmtB in crude nuclear extracts binds to the site
genes encoding intracellular metal chelators or metal efflux near the transcriptional start site femtA(10) and mediates

pumps. Zn(Il)-dependent modulation of transcriptiod) (The highly
The smtoperon ofSynechococcuBCC7942 and related  relatedSynechocystiBCC6803 strain contains a homologous
strains contains two divergently transcribed gesestAand  12-2-12 inverted repeat near the transcription start site for
smtB which play roles in the cellular response to excess zinc ziaA which encodes a zinc efflux pump. Zn(ll)-dependent
(for a review, see ref). The smtAgene product is a-6.5 transcriptional regulation ofiaA appears to require the

kDa class Il metallothionein that functions in the sequestra- pinding of the SmtB homologue, ZiaR, to this 12-2-12 repeat
tion and metabolism of zinc isynechococcuér). SmtA éll)'

transcription is repressed in the absence of heavy metals an The stoichiometry of the binding of SmtB to themt

is derepressed in response to increased levels of Zn(ll), o . .

, operator/promoter region is unclear. Electrophoretic mobility
€d(ll), and Cu(ll), and, to a lesser extent, Co(ll) and Ni(l} shift assays seem to suggest that SmtB forms three resolvable
(8). SmtB is a dimeric trans-acting repressor that regulates Y 0 suggestt -
the transcription of themtAgene. complexes onan ollgonucleot_lde contammgskhﬁoperator/

promoter region9, 10. Formation of all three proteinDNA
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GM42015 (R.A.S.) and the Robert A. Welch Foundation (A-1295 to addition of Zn(ll) ions in vitro to a total concentration in
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raining Gran - , and N.J.C. was supported by an ; ; ;
Research Training Group Award in Prokaryotic Diversity (BIR- bge” rEport.ed to directly bind two %n(ll) 1ons per_monomer
9143235). with an affinity Kz, of 3 x 10° M~ as determined by
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member, ArsR, and. aureusCadC, which regulate the
expression of metal efflux pumps involved in arsenical and
cadmium/lead resistance, respectivel@)( The X-ray crys-
tallographic structure of metal-free SmtB reveals a 2-fold
symmetric, largelya-helical dimer in which two monomers
interact mainly through their C-terminathelices. Mercuric
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anism of metalloregulation by SmtB and related metalloregu-
latory repressors are discussed.

MATERIALS AND METHODS

Chemicals All buffers were prepared using Milli-Q

acetate soaks of these crystals reveal that each monomer of€ionized water. MES, HEPES, and Tris buffer salts and

the SmtB contains two Hg(ll) binding sites. One site is
formed by the side chains of Cys61, Asp64, and His97, while
the other site is formed by two pairs of amino acid residues:
a pair derived from each monomer, at the dimer interface
(Aspl104 and His106 from one monomer with His1and
Glu120 derived from the other)1@). The structural and

ammonium sulfate were obtained from Sigma. All chroma-
tography materials were obtained from Pharmacia Biotech.
Ultrapure cobalt(ll) chloride and zinc sulfate were obtained
from Johnson-Matthey. The indicators mag-fura-2 and 4-(2-
pyridylazo)resorcinol (PAR) were purchased from Molecular
Probes and Kodak, respectively. The SmtB overexpression

functional significance of these putative metal sites is unclear P128Smid pSRK15-1 was generously provided by Dr. L. Hall

due to questions concerning metal site occupancy, the rathe

unusual coordination geometries, and the long méigand

@t the University of AlabamaBirmingham.
Growth of BL21(DE3)/pSRK15-Expression of SmtB in

bond lengths observed in these complexes. However, site-E. coli BL21(DE3)/pSRK15-1 was carried out by preparing
directed mutagenesis has implicated His105 and/or His1062 seed culture in LB containing 60 mg/L kanamycin sulfate

as divalent metal ion ligands which may be important for
Zn(Il) sensing in vivo 15). The His residue irsynechocystis
ZiaR analogous to His106 in SmtB is also required for Zn-
(1) regulation in that system, as is one of two cysteines,
Cys71 (analogous to SmtB Cys61) or Cys73)( His106
lies at the dimer interface formed by the C-termiaédhelices

of each monomer, far removed from the putative DNA
binding domain. Of the three cysteine residues of SmtB, only
Cysl4, in an N-terminal region (residues 1) that is not
observed crystallographicall{4), has been proposed to play

at 37°C from a fresh colony grown at 3TC on a 1.5% agar
plate of the same mediunA 9 mL aliquot was used to
inoculak 9 L of thesame culture medium. The cells were
grown at 37°C with stirring (300 rpm) to an OD of 0:6

0.8 at 600 nm in a New Brunswick Scientific Series 25
incubator/shaker. SmtB expression was induced by the
addition of IPTG to a concentration of 4p01. Cells were
collected by centrifugation to yield 225 g of wet cell paste
which was either used immediately or stored-&20 °C
overnight.

a role in metal coordination and sensing as suggested by a Purification of SmtB.SmtB purification was carried out

reduced Zn(ll) responsiveness relative to wild-type SmtB in
vivo (15) and by preliminary NMR experiment4.).

As summarized above, the coordination chemistry and
geometry of the native metal site(s)3ynechococcuSmtB
and the mechanism of allosteric regulation of DNA binding
by metal ions remain poorly understood. This is true for all
members of the ArsR family of metalloregulatory repressors.
In contrast to the previous repottd), we present evidence
here which shows that SmtB contains a single high-affinity
binding site for Zn(ll) Kz, = 10** M~1). Zn(ll) EXAFS! of

with a variation of the procedure described W) Forty-

five grams of cell paste was slurried in a 1:5 (w/v) mixture
of buffer B (25 mM MES, 2 mM DTT, 2 mM EDTA, pH
6.0) containing 20@L of PMSF (0.1 M) and lysed at 20 000
psi by French press. The cellular lysate was centrifuged at
8000 rpm for 30 min at 4°C. The supernatant and a
gelatinous zone near the packed precipitate were collected.
Precipitation of protein and nucleic acid was accomplished
by dropwise addition of a 10% polyethylenimine solution
(0.015 v/v) at pH 6.0. After stirring for 2 h, the solution

this site is most consistent with the presence of one cysteinewas centrifuged at 8000 rpm for 30 min, and the precipitate

sulfur ligand and three lighter (N,O) atoms, including at least
one carboxylate ligand. Consistent with this, when the Zn-
(I1) is substituted with Co(ll), the UV-visible spectrum is
characteristic of a coordination complex conforming to
tetrahedral or distorted tetrahedral symmetry, with one or
two thiolate ligands. Co(ll) binds tightly, with Ec, = 1.7
(£0.1) x 10° ML, The relative magnitudes &, andKc,

for tetrahedrally bound zZn(ll) and Co(ll), respectively, are
consistent with one anothef 7). Ni(ll) also forms a 1:1
complex with each SmtB monomer, with UWisible
absorption and Ni XAS spectra that are consistent with a
non-native six-coordinate complex containing two imidazole
ligands. The hierarchy of metal affinities is Zn(#)} Co(ll)

> Ni(ll). The implications of these findings for the mech-

1 Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); EDTA,
ethylenediaminetetraacetic acid; EGTA, ethylene glycolfbatino-
ethyl ether)N,N,N,N'-tetraacetic acid; EXAFS, extended X-ray absorp-
tion fine structure; FT, Fourier transform; HEPB$(2-hydroxyethyl)-
piperazineN'-2-ethanesulfonic acid; IPTG, isopropyp-b-thio-
galactopyranoside; MES, N{morpholino)ethanesulfonic acid; PAR,
4-(2-pyridylazo)resorcinol; NTA, nitrilotriacetic acid; PMSF, phenyl-
methylsulfonyl chloride; Tris, tris(hydroxymethyl)aminomethane; XAS,
X-ray absorption spectroscopy.

was retained. Protein was extracted from the precipitate by
stirring for 8 h in asolution of 0.5 M NaCl in buffer B (5
mL/g of cell paste). After centrifugation at 8000 rpm for 30
min, the protein in the supernatant was precipitated by the
addition of solid (NH),SO, to 3.0 M with stirring for 2 h.
The precipitate was collected by centrifugation at 12 000 rpm
for 30 min and dissolved in 200 mL of buffer B. The
resuspended protein was then loaded onto a 50 mL SP Fast
Flow gravity column that had been equilibrated with buffer
B. After sample application, the column was washed with
50 mL of 0.25 M NacCl in buffer B, and SmtB was eluted
with a 150 mL linear gradient of 0.25L.0 M NaCl in buffer

B. SmtB eluted at approximately 0.6 M NaCl. Fractions
containing SmtB were combined (40 mL) and concentrated
to 8-10 mL using a 50 mL Amicon concentrator equipped
with a YM3 membrane. The concentrated sample was then
loaded onto a 100 mL Superdex 75 size-exclusion column
at 0.4 mL/min. SmtB was eluted by washing the column
with 0.5 M NacCl in buffer B at 0.4 mL/min. Fractions
containing SmtB were combined (10 mL) and diluted 1:10
with buffer E (25 mM Tris, 2 mM DTT, 2 mM EDTA, pH
8.0) prior to loading onto a 50 mL Q Fast Flow gravity
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column. After sample loading, the column was washed with complex was calculated to be 4.6410° M~* under these
50 mL of buffer E, and SmtB was eluted with a linear solution conditions using methods outlined in Fahrni and
gradient of 6-0.5 M NacCl in buffer E. SmtB eluted at0.3 O’Halloran (19). Some experiments were done under aerobic
M NacCl, and fractions were combined (20 mL). The purified conditions with no change in the metal binding isotherms
SmtB was then dialyzed agatns L of buffer S* (10 mM or the concentration of reduced SmtB competent to bind
HEPES, 2 mM DTT, 2 mM EDTA, 0.15 M KCI, pH 7.4)  metals. Equilibrium was shown to be established within
with changes evegr4 h for a total of 36 h of dialysis. All of ~ 1.5-2 min after addition of metal.

the above purification steps were carried out &C4 The Zn(Il) Binding ExperimentsSince Zn(ll) is spectroscopi-
freshly dialyzed SmtB was then dialyzed aga®& of buffer cally silent, three different methods were employed to
S (10 mM HEPES, 0.15 M KCI, pH 7.4) in an anaerobic investigate Zn(Il) binding to SmtB. The first method involves
Vacuum Atmospheres glovebox with changes g\&h for a competition [Zn(Il) vs Co(ll)] experiment to determine if
a total d 8 h at room temperature. The purity of SmtB the Co(ll) binding site was the same site for Zn(ll).
prepared in this way was estimated by inspection of Apoprotein was titrated with Co(ll), as described, to a
overloaded Coomassie-stained gels to=#5%. Purified stoichiometric excess {35 molar excess of Co(ll)]. Optical
SmtB was stored at-80 °C in an anaerobic environment. spectra were then measured for ed@thaddition of ZnSQ
The concentration of purified SmtB was determined using titrant delivered from an adjustable volume Hamilton syringe.
the calculated molar extinction coefficient at 280 nm of 5960 Spectra were corrected as described for the Co(ll) binding
M-t cm™ (18). experiments.

Atomic Absorption Spectrophotometiihe Zn(ll) content Mag-fura-2 was employed as a direct measurement of
of SmtB was determined using a Perkin-Elmer model 2380 zZn(ll) binding with SmtB via a competition experiment. A
atomic absorption spectrophotometer in flame mode with 16—20uM sample of metal-free mag-fura-2, quantified from
detection at 214 nm (sli= 0.7 nm). The zinc content of €366 = 29 900 Mt cm™t (20), was mixed with apoprotein
“metal free” SmtB used for metal titrations was found to (10—60 «M) in 0.8 mL of buffer S and was denoted the
range from 0.05 to 0.2 mol of Zn(ll) per mole of SmtB “apo spectrum”. Following eadlth addition of ZnSQ(2.5—
monomer, with preparations purified in the absence of EDTA 10 ulL), the optical spectrum was recorded from 240 to 800
always higher. The Zn(Il) concentration of the titrant used nm. Spectra were corrected as described for the Co(ll)
for the optical titration experiments was measured in the sameexperiments. Since Zn(ll) binding to mag-fura-2 results in a
way. The Co(ll) concentration in the titrant was measured shift from an absorption maximum of 366 nm to 325 nm, it
using a cobalt hollow cathode lamp (Perkin-Elmer) with was possible to determine the concentration at which Zn(ll)

detection set at 240.7 nm (skt 0.2 nm).

Free Thiol Quantitation.The number of free thiols in
SmtB was determined using a standard DTNB colorimetric
assay 17). Protein samples were diluted to-280 uM in
400 uL of buffer S, and 25L of 2.5 mM DTNB solution

begins to bind to mag-fura-2. In this way, the stoichiometry
of Zn(ll) binding to SMtB and the relative affinity of SmtB
for Zn(ll) could be inferred.

4-(2-Pyridylazo)resorcinol (PAR) was also employed in
a competition assay with SmtR@, 21. A known concen-

was added. The reactions were incubated for 30 min in antration of PAR (206-400u«M) was mixed with ZnS@ (10—
anaerobic chamber before analysis to ensure that the reactio20 «M) and the optical spectrum recorded. Following each

was complete. The reaction of DTNB with protein was
monitored by recording the UWvisible spectrum from 240
to 600 nm. The molar concentration of liberated thiolate
anion was quantified at 412 nra€ 13 600 M cm™?) after
subtraction of the absorbance obtained from buffer alone.
This determination allowed for the calculation of the free
thiols in the protein. As purified, all preparations of SmtB
contained 2.8-3.2 free thiols per monomer (expected number
is 3).

Co(Il) Binding ExperimentdAll metal binding experiments

ith addition of SmtB (typically 2..xL of a concentrated stock
solution), the spectrum was recorded and corrected by
subtraction of the “apo-spectrum” and dilution. In this
manner, it was possible to determine the concentration of
SmtB required to induce complete dissociation of the PAR
Zn complex.

Ni(Il) Binding ExperimentsNi(ll) binding experiments
were carried out in exactly the same way as the Co(ll)
binding experiments, except that these were done under
aerobic conditions. The total SmtB concentration was varied

were carried out in buffer S at ambient temperature using afrom 22 to 198«M in multiple experiments.

Hewlett-Packard model 8452A spectrophotometer. Apo
SmtB (0.8 mL of 56-250 uM) was prepared by dilution
with buffer S and loaded in an anaerobic cuvette; 2B®f
Co(ll) titrant was taken up into an adjustable volume

X-ray Absorption Spectroscopylhese samples were
prepared in polycarbonate XAS cuvettes and were im-
mediately frozen in liquid M to exclude oxygen. Samples
typically contained 1.0 mM SmtB to which 0.8 molar equiv

Hamilton syringe, and the syringe was attached to the cuvetteof metal per monomer SmtB was added in 10 mM HEPES,

to create an @free sealed environment prior to removal from
the glovebox. Optical spectra of the apoprotein and following
eachith addition of a known aliquot of Co(ll) titrant (520

0.15 M KCI, 20% v/v glycerol, pH 7.4. XAS data were
collected at 10 K according to standard procedug &t
the Stanford Synchrotron Radiation Laboratory, beam-line

uL) were collected from 190 to 1100 nm. Corrected spectra 7-3, with the SPEAR storage ring operating in a dedicated
were obtained by subtraction of the apoprotein spectrum andmode at 3.0 GeV (Table 1). Data reduction and analysis were
correction for dilution. Titration experiments to determine performed using EXAFSPAK software (www-ssrl.slac.Stan-
Kco Were done in exactly the same way except that 1.0 mM ford.edu/exafspak.html), as described previoug$, 4).
EGTA was present to buffer very low concentrations of free Multiple scattering models, calculated using FEFF version
Co(ll), with K¢, determined essentially as described previ- 7.02 5), were based on bis(aceto)-bis(imidazole)zinc(ll)
ously (L7). The conditional stability of the Co(H)EGTA (26), tetra(imidazole)-zinc(11)27), hexakis(imidazole)nickel-
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Table 1: X-ray Absorption Spectroscopic Data Collection for Zn, A 2500 b
Ni, and Co Analysis 2000 f < ]
Zn EXAFS Ni EXAFS Co EXAFS R \ g w00
SR facility SSRL SSRL SSRL g 1500 | [Cotitt ™ 1
beamline 7-3 7-3 7-3 - Y ST
current in storage  50—100 50-100 50-100 S 1000 A\l rg— 7]
ring, mA ® N T
monochromator Si[220] Si[220] Si[220] 500
crystal
detection method fluorescence fluorescence  fluorescence 0 :
detector type solid ;Eate solid state solid state 300 400 500 600 700 800 900
arra array array A (nm)
scan length, min 25 25 25
scans in average 10 8 15 B 1
temperature, K 10 10 10
energy standard Zn foil, first Ni foil, first Co foil, first 0.8 -
inflection inflection inflection
energy calibration, 9660.7 8331.6 7709.5 06 [
ev
Eo, eV 9670 8340 7715 T sl
preedge background ’
energy range, eV 8657625 8008-8295 7385-7670 02
Gaussian center, eV 8638 7477 6930 “r
width, eV 750 985 925 =
spline background P L T 0 o
energy range, eV 9670902 (4) 8346-8543 (4) 77157950 (4) [Co(I)]
(polynomial order) 990210134 (4) 85438746 (4) 7956-8184 (4) free
10134-10366 (4) 8746:8950 (4) 8184-8419 (4) c 2500
@ The 13-element Ge solid-state X-ray fluorescence detector at SSRL
is provided by the NIH Biotechnology Research Resource. 2000 ]
. o 1500 f\j200DK ]
() chloride tetrahydrate28), or hexakis(imidazole)cobalt- S ¢ ,
(1) carbonate pentahydrat@9). % 1000\ e e ]
RESULTS
Co(Il) Titrations of SmtBShown in Figure 1A are UV ‘
visible absorption spectra which result upon anaerobic 300 400 500 600 700 800 900
titration of metal-free apo-SmtB with Co(ll) (pH 7.4, 0.15 A (nm)

M KCI, 22 °C). The intense absorption bands present in the Ficure 1: Co(ll) titrations of SmtB and subsequent displacement
ngar-ultrawplet at 315 and 365 nm are 'ndlca_ltlve of by added Zn(Il). (A) Optical absorption spectra of SmtB anaero-
S —Co(ll) ligand-to-metal charge-transfer absorpti@®,(  pjcally titrated with increasing concentrations of Co(ll). Inset:

31). The absolute magnitude of the molar absorptigna¢ Co(Il) binding isotherm generated from the optical spectra is plotted
~320 nm reports on the number of thiolate groups coordi- asesgs Vs total [Co(ll)J/total SmtB monomer ratio. (B) Representa-

nated to the metal, and average800—1200 M1 cm? per tive Co(ll) binding isotherm obtained for 98M SmtB in the
S —Co(ll) bond B2, 33. In Smg;g is ~1500 M1 crrF:* presence of 1.0 mM EGTA (see Materials and Methods for details).

- 199 ! 1€32015 7~ v was calculated fromAsgs using esgz = 570 *20) M~ cm!
and is therefore most consistent with the presence of one,derived from multiple determinations such as that shown in panel
or perhaps two, thiolate ligands in the first coordination A. The dashed curve represents a nonlinear least-squares fit to a
sphere of the bound Co(ll). Further support for this comes 1:1 b'nd'n%-trTOde{ wutH_<tcO =17 (To-lz)_xdlog Milo'l le\]/\?n;sf“d

i 4 ; " curve is a fit to a two-site cooperative binding mode =

from Ithe enerr].gltas' Oféhﬁ;‘lz ST%[(g) o—d ?Iect(;onlc tradngglcc))n 1.1 @&0.1) x 1® Mt andw = 2.3 0.2) (see text for details).
envelope, which in Co(ll)-SmtB is centered aroun NM. Here, macroscopi&; = 2*Ki, and macroscopi, = Kin2* o,
Previous studies of Co(ll)-substituted zinc metalloproteins wherey/K; is analogous tdc, from the 1:1 binding model analy-
reveal that as the number of Cohdhiolate bonds increases sis. From these data/K, = 1.7 x 1(° ML, (C) Optical absorp-

in a tetrahedral complex, this—dl ligand field envelope  tion spectra of Co(ll)-substituted SmtB in the presence of 4
moves to increasingly lower energies, and often gains moIarmOIar equiv of Co(ll) recorded after the addition of increasing

L : . amounts of Zn(ll) Inset: Zn(ll) displacement binding isotherm that
absorptivity (7, 34, 33. The ligand field envelope for  oqits from analysis of the spectral data plottecksas vs total

Co(ll)-SmtB is somewhat more blue-shifted than other [zn(il)J/total SmtB monomer ratio. Conditions: pH 7.4, 0.15 M
complexes containing two Co(H)sulfur bonds 17, 39, and KCI, 22 °C.

thus may be more consistent with one cysteine thiolate lig-

and. In any case, the molar intensity of the ligand field enve-  One way to obtain a quantitative estimate<gf is to carry
lope [ese3 = 570 (*=20) Mt cm™1] is consistent with Co(ll) out Co(ll) binding experiments such as those shown in Figure
bound in a tetrahedral or distorted tetrahedral coordination 1A under exactly the same solution conditions, except that
geometry. The inset to Figure 1A shows a binding isotherm an appropriate metal chelating agent is present in excess over
generated from the titration datags vs Co(ll):SmtB mono- protein concentration in order to buffer very low concentra-
mer ratio] that shows that Co(ll) and SmtB form a stoichio- tions of free Co(ll) (cf. ref37). We used 1.0 mM ethylene
metric 1:1 Co(ll)/SmtB monomer compleKc, cannot be glycol bis@-aminoethyl etherN,N,N,N'-tetraacetic acid
estimated from this binding isotherm since the binding of (EGTA) for this purposeX7). The results of a representative
Co(ll) is essentially stoichiometric under these conditions. titration collected at 98(M SmtB monomer are shown in
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FiGUrRE 2: Representative titration ofal:1 SmtB monomer/mag-
fura-2 mixture with Zn(ll). [SmtB monomerF 21 uM; [mag-fura-

2] = 17.5uM. In all cases, the spectrum of apo-SmtB has been
subtracted from the mag-fura-2 spectra. Arrows indicate the
direction of the change in the absorption spectrum of mag-fura-2
as zZn(ll) is bound by the dye. Conditions: pH 7.4, 0.15 M KClI,
22 °C.

Figure 1B. Using expressions outlined ia7), Kco was
determined to be 1.740.1) x 10° M~ from two separate
experimentsKc, values resolved from competition experi-
ments carried out in the presence of nitrilotriacetic acid
(NTA) are within 2-fold of K¢, determined from EGTA
titrations (data not shown). Interestingly, although this has
no impact on our estimate dfc, both fitted isotherms
systematically miss the experimental data slightly at both
low and high free Co(ll) in a way which cannot be accounted
for by uncertainties irsg3 or [EGTA]. The origin of this is
unknown but may be reporting on linkage to the SmtB
monomet-dimer equilibrium (2) or modestly cooperative
binding of two Co(ll) ions to the dimeric form of SmtB.

VanZile et al.

determined from the dimerization association equilibrium
constant for the apoprotein reported under similar solution
conditions (2) suggest that90% of the SmtB is dimeric
under these conditions; thus, strong linkage to the monemer
dimer equilibrium seems unlikely here. The solid line shows
a best-fit to a cooperative binding model of Co(ll) binding
to two identical sites, one on each SmtB monomer, with the
results from two independent experiments returrirg 4.1
(£2.1) andKint, co = 8.7 (£1.5) x 108 ML Thus, we
conclude that Co(ll) binding to the SmtB dimer occurs with
high affinity and is weakly or noncooperative.

Zn(Il) Competition of Co(ll) Binding to SmtBigure 1C
shows the results of a titration of Co(ll)-substituted SmtB
with Zn(ll). Complete diminution of the €dd ligand field
transitions as well as the"S-Co(ll) charge-transfer bands
occurs upon titration with Zn(ll). The simplest interpretation
of this experiment is that Zn(Il) and Co(ll) occupy the same
binding site on SmtB. This suggests that the Zn(ll) binding
site geometry is tetrahedral and contains one thiolate ligand
in the inner coordination sphere. The inset to Figure 1C
reveals that 1 mol equiv of Zn(ll) is required to displace all
of the bound Co(ll), even at a slight excess of Co(ll). Such
a competition experiment could not be carried out to estimate
Kzn (17) since the vast excess of Co(ll) required by this
experiment results in precipitation of the protein (data not
shown). In any case, this experiment suggests that the relative
affinity of SmtB for Zn(Il) may well be greater than that for
Co(lIl), which is expected since Zn(ll) has been shown to
derepress the transcription of thetoperon more effectively
than Co(ll) 8). This is also expected on the basis of ligand-
field stabilization energy arguments for tetrahedral Zn(ll) vs

Estimates of the concentrations of SmtB monomer and dimertetrahedral Co(ll) §8).
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Ficure 3: Zn(ll) titrations of various SmtB/Mag-fura-2 ratios. (A SmtB, 17uM mag-fura-2; (B) 2luM SmtB and 17.5:M mag-
fura-2; (C) 31uM SmtB and 17.3«M mag-fura-2; and (D) 4M SmtB and 17.4«M mag-fura-2. In all four panels, the closed circles

represents,s [which is maximal in the Zn(ll)-mag-fura-2 complex]

fura-2). In panel A, the changes in molar absorptivity are plotted as a function of the total Zn(ll) to total mag-fura-2 ratio, while in panels
SmtB monomer ratio. In panel C, theoretical isotherms generated with

B—D the data are plotted as a function of the total Zn(ll) to total
the program DynaFit53) are shown foKz, of 1000 M1 (—), 1@ M1
The solution conditions are identical to those in Figure 2.

, and the open circles repregegt(which is maximal in apo mag-

(---), and 18 M~1 (— - —) superimposed on the experimental data.
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FIGURe5: Zn K-edge X-ray absorption spectrum for Zn{tmtB

[1:1 Zn(11):SmtB monomer] (A) andét®-weighted EXAFS (A, inset)

and Fourier transforms (B= 2—12 A-1) for Zn(Il)—SmtB (solid

line) and theoretical EXAFS and FTs for 2%(O,N) (dotted line;

(monomer) stock solution. The preparation of SmtB used in this fit 1, Table 2) and Zr-S(imid),(carboxylate) (dashed line; fit 3,

experiment contained 0.20 mol equiv of Zn(ll). (A) Optical spectra
recorded during the course of the titration. Reductioresgy is
reporting on dissociation of the PARZn complex by added apo-
SmtB to form Zn(l1)-SmtB. (B) Binding isotherm generated from

the data collected in panel A. The open and closed circles represen

Table 2).

SmtB Titrations of PAR-Zn. Under these solution condi-

fions (pH 7.4), PAR is calculated to form 1:1 and 2:1

the results obtained from two independent experiments. Condi- complexes with Zn(ll) with stepwise affinity constants of

tions: pH 7.4, 0.15 M KClI, 22C.

Zn(ll) Titration of SmtB in the Presence of Mag-Fura-2,
a Zinc Indicator Dye Since it was impossible to determine
the affinity of SmtB for Zn(ll) using a competition assay
with Co(ll)-SmtB due to the insolubility of SmtB at the high

7.7 x 10° and 5.0x 10> M1, respectively, which corre-
sponds to an overall conditional stability constedi} 6f 3.85

x 10% M~2 (39). For this reason, an excess of PAR was
used in our experiments to ensure that the PABY complex
was the only Zn(ll) complex in solution prior to addition of
protein. PAR is a useful indicator since addition of Zn(ll)

concentrations of Co(ll) required by these experiments, the results in an intense absorption band at 500 A= 66 000

fluorescent indicator mag-fura-2 was employ@@)( Mag-

fura-2 is reported to form a 1:1 complex and binds zZn(ll)
with an affinity of 5x 10° M~ (pH 7.0, 25°C). The binding

of zinc to mag-fura-2 can be followed by monitoring the
changes in the UVvis absorption spectrum of the dye
(Figure 2). When Zn(ll) binds to mag-fura-2, there is a shift
in the absorption maximum from 366 to 325 nm with a

M-t cm™), and it is therefore capable of reporting on
dissociation equilibrium constants of proteirinc complexes
in the nanomolar to picomolar rang2Q; 2J). A representa-
tive titration of a PAR—Zn solution with SmtB is shown in
Figure 4A. As is evident, the absorption spectrum of the
PAR,—Zn complex decreases as SmtB is titrated into
solution. The binding isotherm shown in Figure 4B reveals

substantial decrease in the molar absorptivity at 366 nm (from that one SmtB monomer is required to quantitatively remove

29900 to 1880 M!' cm™) (Figure 2). In contrast to

the Zn(ll) from the PAR—Zn complex and that this removal

observations in the absence of SmtB (Figure 3A), as Zn(ll) occurs in a stoichiometric manner. Estimation of the [Smt-

is titrated into a solution containing both SmtB and mag-

Blwee Using methods previously describe2d( 27 suggests

fura-2, there is essentially no change in the absorption that there is essentially no free SmtB in solution until the

spectrum of apo-mag-fura-2 until sufficient Zn(ll) is added

[SMtBlotar is greater than the [Zpla. This experiment

to saturate the single Zn(ll) binding site on each SmtB suggests a lower limit foKz, of 10'* M~1. Consistent with

monomer (Figure 3BD). As the concentration of SmtB

this, a titration of Zn(ll) into a solution containing 20M

monomer is increased relative to mag-fura-2, it takes a SmtB monomer and 200M PAR as outlined in Jefferson

correspondingly larger concentration of Zn(ll) before sig-
nificant Zn(ll) begins binding to the indicator dye (Figure

et al. 1) resolvesKz, of 4.2 (£1.5) x 10" M™%, or
approximately 250-fold large thafc, (data not shown).

3B—D). In all cases, the data indicate that the single binding  X-ray Absorption Spectroscopyhe intensities of the first

site on each SmtB monomer must be fully occupied before two peaks in the Zn K-edge X-ray absorption spectrum
the binding occurs to mag-fura-2. Unfortunately, since Zn(ll) (Figure 5A) of Zn-substituted SmtB and the position of the
binds to SmtB so avidly in the presence of mag-fura-2, this edge (9663.4 eV) are indicative of a Zn(ll) site coordinated
experiment can only be used to set a lower limit to the by a mixture of sulfur and light atoms (nitrogen or oxygen)
affinity of SmtB for Zn(ll) at Kz, > 101 M~! (see (40, 47). The results of extensive curve fitting are most
simulations in Figure 3C). consistent with the interpretation that SmtB contains a first-
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Table 2: Curve-Fitting Results for Zn EXAFS of SnitB

sample
filename krange)

Ak3y fit  shelP  Rus(R) 0.2 (R? frc
wt SmtB+2Zn 1  Zn—Ns 1.97 0.0036  0.075
P272D (2-12 A} Zn-S 2.29 0.0026
ARy =11.71

2 ZIn-S 2.30 0.0016  0.071
Zn—Njs 1.99 0.0020
Zn—C, 2.97 0.0082
Zn—C, [3.03] [0.0083]
Zn—C, [4.12] [0.0113]
Zn—N, [4.16] [0.0115]

3 Zn-S 231 0.0015 0.066
Zn—N, 2.02 0.0010
Zn—C, 2.94 0.0003
Zn—C, [3.08] [0.0005]
Zn—C, [4.11] [0.0007]
Zn—N, [4.19] [0.0007]
Zn—0 1.93 0.0018
Zn—C [2.85] [0.0027]
Zn—0 [3.12] [0.0031]

aGroup is the chemical unit defined for the multiple scattering
calculation.Ns is the number of scatterers (or groups) per m&alis
the metal-scatterer distaneg is a mean square deviationfas AEg

is the shift inEg for the theoretical scattering functions. Parameters in
square brackets were constrained to be multiples of the value above.
b Subscripts indicate the number of scatterers for that shell. For fit 2,
there are three first-shell nitrogen scatterers and two imidazole ligands.

{300~ "IN

[(k3X0bs)mzx - (k3XOb3min] .

¢f'is a normalized error (chi-squared).=

shell Zn coordination environment that includes one sulfur
and three light (oxygen or nitrogen) atoms (fit 1; Table 2),

VanZile et al.
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FIGURE6: Co K-edge X-ray absorption spectrum for Coi§mtB
[1:1 Co(ll):SmtB monomer] (A) and-weighted EXAFS (A, inset)
and Fourier transforms (B= 2—12 A1) for Co(Il)—SmtB (solid
line) and theoretical EXAFS and FTs for €8(O,N} (dotted line;
fit 1, Table 3) and Zna-S(imid)(carboxylate) (dashed line; fit 2,
Table 3).

although based on goodness-of-fit criteria alone, the presenceanalysis of Co(ll)-substituted SmtB was also performed

of two Cys thiolates in the first shell cannot be rigorously
excluded® The appearance in the Fourier transform (FT) of
a strorg 4 A peak in the absencd a 3 A peak is a unique
fingerprint (Figure 5B). More typical is the coincident
appearance of bbta 3 A and a 4 Aeak, which is diagnostic
for imidazole (histidine) coordination (e.g., Figure 9B). In
one other case, an archaeal zinc-containing ferred@dy (
we have obsencka 4 Apeak in the absencd a 3 A peak,
which in light of the crystal structure for this proteid2)
was attributed to destructive interference between the 3 A
imidazole contribution and the EXAFS from a carboxylate
ligand bound with a ZrO—C angle of 126. Application
of a similar model to the EXAFS for Zn SmtB reveals a
significant improvement in goodness-of-fit values when a
carboxylate ligand is added to a histidine- and sulfur-
containing Zn model (cf. fits 2 and 3; Table 2). The lower
than expected DebyéNaller factors were also observed for
the archaeal zinc-containing ferredoxir34) and can be
attributed to the destructive interference between the EXAFS
contributions of the carboxylate and histidine ligands. Thus,
the EXAFS for Zn SmtB are best fit assuming a-Zn
S(imid)(carboxylate) coordination environment, with a-Zn
O—C bond angle of approximately 126Fits assuming a
Zn—0—C bond angle of 180in Zn SmtB, the other common
coordination geometry found in the PDB, do not model the
destructive interference of ¢h3 A peak as well (data not
shown).

To provide a complementary probe of the coordination
environment of the Co(ll) complex formed by SmtB, XAS

(Figure 6). The position of the Co K-edge XAS spectrum
(7718.3 eV first inflection) and the intensity of the 7710 eV
preedge 1s-3d transition (0.14 eV) are indicative of Co(ll)
coordinated by mostly light atoms, with a total coordination
number of 4 43, 44). The Co FT spectrum (Figure 6B) is
qualitatively similar to that of the Zn FT spectrum (Figure
5B), including the strog 4 A peak, indicating that Co(ll)
isomorphously replaces Zn(ll). Detailed curve-fitting analysis
of the Co EXAFS is again consistent with a first-shell
coordination environment containing one sulfur and three
light atoms (nitrogen, oxygen) (fit 1; Table 3). As with the
Zn EXAFS, however, fits which incorporate two thiolate and
two light-atom ligands give excellent goodness-of-fit values,
but with larger metatS Debye-Waller factors? In coor-
dination models which invoke a single thiolate ligand, these
data are best fit with a scattering model which invokes
destructive interference between a single carboxylate ligand
and two imidazole (histidine) ligands (fit 2, Table 3). Taken
together, these experiments provide compelling evidence that
the Zn(ll) and Co(ll) coordination complexes in SmtB are
identical.

Ni(Il) Titrations of SmtB Figure 7A shows the results of
a representative titration of apo SmtB with Ni(ll). The visible
absorption spectrum is of very low intensity in the 550
800 nm region where-dd ligand field transitions of Ni(ll)
would be expected to occw £ 50 M~* cm™); in addition,

2VanZile, M., Cosper, N., Scott, R. A., and Giedroc, D. P.,
unpublished results.



Zinc Binding to SynechococcuSmtB

Table 3: Curve-Fitting Results for Co EXAFS of SmitB

sample
filename krange)
A3 fit  shell Rs(R) 0.2(R2)  fb
wt SmtB+Co 1 CoNs 1.97 0.0058 0.082
P2C2A (2212 AY) Co-S 2.23 0.0056
Ak¥ =12.53
2 Co-S 2.25 0.0035 0.068
Co—Ny 1.99 0.0000
Co—C; 2.90 0.0004
Co—C, [3.03] [0.0004]
Co—C, [4.05] [0.0005]
Co—N, [4.13] [0.0005]
Co—0O 1.86 0.0038
Co-C [2.75] [0.0056]
Co—O [3.01] [0.0061]
a See footnotes to Table 2.
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Ficure 7: Ni(ll) titrations of SmtB and subsequent displacement
by added zn(ll). (A) Optical absorption spectra of 42M apo-
SmtB titrated with increasing concentrations of Ni(ll) in an aerobic
environment. Inset: Ni(ll) binding isotherm generated from the
optical spectra plotted aszs vs total [Ni(ll)]/total [SmtB monomer]
ratio. (B) Changes in the optical absorption spectra of Ni(ll)-
substituted SmtB recorded in the presence of 4 molar equiv of Ni-
(I1) following the addition of increasing amounts of Zn(lInset:
Zn(l) displacement binding isotherm that results from analysis of
the spectral data plotted asgss vs total [Zn(ll)])/total [SmtB
monomer] ratio. Conditions: pH 7.4, 0.15 M KClI, 22.

there is some S—Ni(ll) LMCT absorption (306-500 nm
region) with the peak maximum at 336 nm, suggestive of
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Ficure 8: Ni(ll) binding to apo-SmtB. (A) Series of Ni(ll) binding
curves plotted as molar absorptividyss vs [Ni(I)]/[SmtB mono-
mer] ratio recorded at 227, 43.7 @), 46.0 @), 47.0 ), 97
(©), 109 (#), and 197 &) uM SmtB monomer. (B) Plot of the
relationship of molar absorptivity4se) vs Zv; (see text for details).
(C) Nonlinear least-squares fit of a model-independent Ni(ll)
binding isotherm (4&M SmtB monomer) to a model corresponding
to n identical sites characterized by an affinik;. Resolved
parameters ary; = 1.7 (#0.4) x 1®* M~ andn = 1.16 @0.02).

L L
0 510°

equiv of Ni(ll) per SmtB monomer (at 48M monomer).
However, stoichiometric Zn(ll) (Figure 8B) and Co(ll) (data
not shown) readily dissociate Ni(ll) from SmtB when
incubated at a 4:1 stoichiometry, suggesting that Ni(ll) binds
in the same vicinity as Zn(ll) and Co(ll) on SmtB, but with
a far lower affinity.

Given the unusual shape of the binding isotheegas(vs
[Ni(ID]}/[SmtB]), multiple titrations were carried out in which
the SmtB monomer concentration was varied over a nearly
10-fold range, from 22 to 198M (Figure 8A). The binding
curves which result essentially superimpose at [Ni(ll)]/

Ni(ll) —thiolate coordination bonds but only at a large excess [SmtB] <0.5-0.6 and are characterized by very low detect-

of Ni(ll). Interestingly, whenrezsg is plotted as a function of
[Ni(IN]:[SmtB monomer] molar ratio, the isotherm is clearly
sigmoidal, with comparatively little S—Ni(ll) LMCT
absorption below a [Ni(I)]:[SmtB monomer] molar ratio of
1, and with maximal absorption in this region requirivg

able absorptivity, and ultimately diverge to greatggs values

at lower [Ni(I1)]/[SmtB] as the SmtB monomer concentration
is raised. Application of a macromolecular binding density
function analysis to this set of binding isotherm§)(allows

a model-independent determination Bi;, the average
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Ficure 9: Ni K-edge X-ray absorption spectrum for g§iSmtB
(A) and k3-weighted EXAFS (A, inset) and Fourier transforms (B)
(k= 2—12 A-1) for Nigg SmtB monomer (solid line) and theoretical
EXAFS and FTs for Ni-(O,N)4(imid), (dotted line; fit 5, Table
4).

number of Ni(ll) ions bound per SmtB monomer [or more
precisely, the distribution of Ni(ll) ions bound in different
stated], at eachesss value. This plot is shown in Figure 8B
and makes two important points. (1) The molar absorptivity
at €335 IS Not a simple linear function of the average degree
of saturation of the SmtB monomer with Ni(ll) ions. In fact,
at mostZy; values less than 1, there is little detectable
absorptivity at 336 nm. (2) The maximum Ni(ll) binding
stoichiometry is near 1:1 even whegys is maximal €336 =
1700 Mt cm™t M~%; see Figure 7A). Knowledge of the
relationship betweeXy; and €335 allows construction of a
model-independent Ni(ll) binding isotherm (Figure 8C; 48
uM protein monomer) which when fit to a 1:1 binding model
allows resolution oKy = 1.7 #0.4) x 10° M~t andn =
1.16 @&0.02). A similar analysis of all model-independent
Ni(Il) binding isotherms reveal&y, = 1.3 (&£0.5) x 1C¢°
M~tandn = 1.21 @0.04) or roughly 4 orders of magnitude
less tightly than Co(ll). These data suggest that at [Ni(ll)]/
[SmtB monomer]<0.6, Ni(ll) forms a non-native metal
complex which is likely not tetrahedral and largely lacks

VanZile et al.

Table 4: Curve-Fitting Results for Ni EXAFS of SmtEy =
0.80%

sample
filename k range)

Ak3y fit  shell Rus(A) 0a2(A? f'b
wt SmtB+ Ni 1 Ni—Ns 2.08 0.0026  0.086
P2N2A (2-12A™) 2 Ni—Ns 2.08 0.0039 0.082
Ak3 = 13.99 3 NiN; 208 0.0052 0.083

4 Ni—Ng 2.08 0.0039 0.076
Ni—C 2.96 —0.0002
Ni—C [3.07] [-0.0002]

Ni—C [4.09] [-0.0003]
Ni—N [4.15] [-0.0003]

5 Ni—Ns¢ 2.08 0.0039 0.077
Ni—-C, 2.95 0.0038
Ni—C, [3.06] [0.0038]
Ni—C, [4.08] [0.0052]
Ni—N. [4.15] [0.0054]

6 Ni—N¢ 2.08 0.0039  0.080
Ni—C;  2.95 0.0072
Ni—C; [3.06] [0.0072]
Ni—C; [4.07] [0.0097]
Ni—Ns [4.14] [0.0100]

a See footnotes to Table 2.

with a Ni(ll) (N,O)s coordination environment4g). Fur-
thermore, the Ni FT spectrum is characterized by typical
metal-histidine interactions in which the second-shell 3 A
and 4 A peaks are of comparable intensity (Figure 9B).
Detailed curve-fitting analysis reveals that the average Ni(ll)
site is best fit with a model involving six light-atom scatterers
(fit 2; Table 4), two of which result from imidazole (histidine)
ligation (cf. fits 4-6; Table 4). This coordination geometry
is expected to have extremely weak molar absorptivity
throughout the visible region, as is observed (Figure 7). Thus,
Ni(ll) does not appear to have the same coordination
environment as Co(ll) or Zn(Il) in SmtB.

DISCUSSION

The smt operon plays a key role in the resistance of
Synechococcusacterial strains to Zn(ll), Cu(ll), and Cd(ll),
and to a lesser extent by Co(ll) and Ni(18)( Thesmtoperon
has been shown to be regulated by the transcriptional
repressor SmtB which binds Zn(Il) as determined&n(l1)
equilibrium dialysis experiments9{ 12). Incubation of
SmtB—DNA complexes with Zn(ll) has been reported to
reversibly inhibit DNA complex formation in the 50.00
uM range of Zn(ll) concentration, as deduced from electro-
phoretic mobility shift assays9( 10. These results are
consistent with the hypothesis that the mechanism of
derepression of themtoperon by Zn(ll) involves simple
Zn(Il)-induced dissociation of the repressor, allowing for

Ni(ll) —thiolate bonds, perhaps drawing on ligands derived access by RNA polymerase and subsequent initiation of

from each monomer; eventually, the metal complex ulti-

transcription. This simple hypothesis makes the prediction

mately rearranges to form a new 1:1 complex with at least that the Zn(ll) affinity will be appropriate such that regulation

one Ni(ll)—thiolate bond, in a process that requires a
significant molar excess of Ni(ll).

A sample of Ni(ll)-substituted SmtB was prepared at a
[Ni(ID]:[SmtB monomer] ratio of 0.8 £v; = 0.8) and

occurs in vivo over a concentration rangefiefe metal ion
comparable to Kz,. Furthermore, it predicts that the ability
of other divalent metals to induce the operon will be directly
dictated by their relative affinities for the repress@y. Many

subjected to XAS analysis. The edge position and maximum aspects of this hypothesis remain to be tested, including the

intensity of the Ni K-edge XAS spectra (Figure 9A) as well

mode of Zn(ll) binding by SmtB. This report investigates

as the intensity of the 8332 eV preedge peak are consistenthe binding of Zn(ll) to SmtB by determining the coordina-
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tion environment and the affinity of the metal binding site
and begins to define the metal specificity of SmtB.
Our experiments show that SmtB binds zZn(ll), Co(ll), and

Biochemistry, Vol. 39, No. 38, 2001827

conditions,Kz, > 10° M~ (data not shown). This is fully
consistent with the findings presented here.
If a second Zn(ll) binding site is indeed present on SmtB,

Ni(ll), each with a stoichiometry of 1 metal ion per SmtB we conservatively estimate that its affinity would have to
monomer. Optical absorption spectra of the Co(ll) complex be less than TOM™%, since anything tighter would have

and Zn and Co EXAFS studies reveal that Zn(ll) and Co(ll) effectively competed with mag-fura-2 (Figures 2 and 3). In
occupy the same binding site to form a tetrahedral, or all of these experiments, once all of the SmtB binding sites
distorted tetrahedral, coordination environment that appearsin solution are loaded with Zn(ll), a single mole equivalent

to contain one cysteine thiolate ligand in the first shell, in
the presence of a mixture of carboxylate- and imidazole-
containing ligands. Co(ll) binds witkc, of 1.7 x 10° M1,
while Zn(ll) binds with an apparent affinity in the 16-
10*2 M~* range under these conditions. It is interesting to
note thatKz, and K¢, determined for SmtB are essentially
identical to those determined for the structural Zn(ll) site in
phage T4 gene 32 protein under very similar solution
conditions (7). Ni(ll) binds to SmtB with a far lower
apparent affinity than Co(ll)Kni = 1.3 x 10° M2, and
exhibits complex binding equilibria characterized by the

of zZn(ll) relative to [mag-fura-2] is all that is required to
fully saturate the competitor ligand. UWis Co(ll) titrations
carried out at high concentrations of prote#300uM) also
provide no evidence for a second Co(ll) binding site. Thus,
if one is present, it would have to be bound in an octahedral
liganding geometry withKc, < 10* M1, in a way which is
not easily distinguished from hexa-aquo Co(ll). Whether or
not the closely relatedSynechocystiZiaR, like SmtB,
contains only one high-affinity Zn(ll) binding site is as yet
unclear. Preliminary mag-fura-2 competition experiments
reveal that ZiaR, like SmtB, contains one-high affinity Zn(ll)

formation of a non-native octahedral or distorted octahedral site, withKz, > 10 M~1; Zn EXAFS studies suggest that

site largely lacking cysteine ligands, which ultimately

this site is spectroscopically similar to that in SnitB.

rearranges to form an average site of lower coordination However, metal binding experiments with ZiaR are com-

number (given the low but significant absorption in thedd
ligand field transition region) with some Ni(Hthiolate
character3l). Given that apo SmtB is largely a dimer under
these conditions, it seems possible that the first Ni(ll) ion

plicated by the fact that all preparations of the protein
reproducibly contain less than the full complement of reduced
cysteine residues.

Other factors regarding the structure and stability of SmtB

binds to the dimer in a non-native geometry, perhaps acrossmay also significantly complicate the analysis of other metal
the dimer interface, but is nearby or perhaps shares a subseind DNA binding data in the literature. We were careful to
of ligands with the native site on each monomer; as the perform our optical titration experiments with fully reduced

second Ni(ll) binds to the dimer, it recruits a cysteine ligand,
ultimately perturbing the original complex with no change
in the average number of Ni(ll) ions bounlf). Further
evidence that the stoichiometry remains 1:1 under all
conditions greater than stoichiometric Ni(ll) is that 1 equiv
of Zn(ll) results in full displacement of the bound Ni(ll).
We have previously observed complex metal binding equi-
libria like these in a Co(ll) titration of a metal ligand mutant
of the SN Zn(ll) site of T4 gene 32 proteird{), where the

apoprotein in the absence of exogenous thiols (such as DTT)
in an anaerobic environment. We have found that the three
cysteines of SmtB remain reduced and air-stable>f8rh

at room temperature as quantitated by DTNB reactivity time
course experiments; however, we have also found that SmtB,
like other members of the ArsR family of proteins, is capable
of forming cross-linked dimers even when frozen-&80

°C for a few months in the absence of reducing agent (data
not shown). Furthermore, we have experienced difficulties

optical data suggested that formation of an octahedralin removing all of the EDTA from SmtB purified in the

complex containing little thiolate character was followed by

presence of this chelator as is typically done; an exhaustive

rearrangement to a tetrahedral or pentacoordinate complex day dialysis with multiple changes of buffer is required to

in the presence of excess Co(lD)7.

This Zn(Il) stoichiometry and affinity determined by our
optical titrations at first glance contradicts a publisigth
equilibrium dialysis experiment which concluded that Zn(ll)
binds to SmtB with a 2:1 Zn(ll))monomer stoichiometry,

fully remove adventitiously bound EDTAObviously, the

presence of bound chelator will severely complicate the
interpretation of metal binding experiments. Finally, in our
hands, the addition of excess Zn(ll) at concentrations of
protein in the low micromolar range results in precipitation

modeled as two independent binding events with a stepwiseof the protein under most solution conditions (data not

affinity constant of only 3x 10° M~ (Kq of 3.5 x 1076 M)
(12). However, in that experiment, the high-affinity zinc
chelator nitrilotriacetic acid (NTAKz, = 1.8 x 1 Mt at
pH 7.4, 0.1 M NacCl, 25C) was present in large excess (1
mM) over SmtB monomer concentration (37:81) on both
sides of the dialysis membrane, with all of the ad&&th

shown). Thus, it seems possible that Zn(ll)-induced dis-
sociation of SmtB from the DNA observed by others in
electrophoretic mobility shift experiment8, (10 may at least
partially derive from precipitation of the protein.

The optical absorption and EXAFS data show that the first
shell of coordinating ligands contains one to two cysteine

present only on the non-protein-containing side of the dialysis thjolate ligands which must be derived from the three Cys

membrane at the start of the experiment. Thus5ie will

in SmtB: Cys14 in the unstructured N-terminal arm; Cys61

equilibrate across the membrane in a way which is dictatedjyst N-terminal to the putative helixturn—helix DNA

by Kz, for NTA vs SmtB. The fact that there was signifi-
cantly more %5Zn on the SmtB-containing side of the
membrane at equilibrium is direct evidence thgat for SmtB

> Kz, for NTA. A reanalysis of the data presented Y
reveals essentially stoichiometric 1:1 binding of zinc to SmtB
with an affinity too tight to measure under those solution

binding motif; or Cys121 near the C-terminudgl). Of these,
only Cys61 is strongly conserved among SmtB, ZiaR, and

3 Busenlehner, L., Cosper, N., Scott, R. A., and Giedroc, D. P.,
unpublished results.
4VanZile, M., and Giedroc, D. P., unpublished results.
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CadC (as well as ArsR¥Q). Cys14 is somewhat conserved to be required to derepress the SmtB-mediated repression
in the Zn/Cd-specific metalloregulatory repressors even of the smt operator-promoter region; however, it is not
though the sequences and lengths of the N-terminal domainsknown how these changes total Zn(ll) translate into
diverge rather strongly from one another, and at least in onechanges irfree Zn(ll) concentration inside cells or within
case,S. aureu®12 CzrA (ZntA) @9), is absent altogether.  particular cellular compartments. If the free concentration
Interestingly, none of the conserved cysteines in SmtB haveof Zn(ll) is vanishingly small in the resting state, and only
been reported to be absolutely essential for Zn(ll) induction changes slightly upon stimulation, activation of SmtB by zinc
in vivo (15). However, an SmtB mutant containing a T11S/ to mediate zinc homeostasis 8ynechococcusiight have
C14S substitution, although Zn(ll)-inducible, appeared to be interesting parallels to copper homeostasis in prokaryotic and
less so than the wild-type proteibs). These functional data  eukaryotic cells, in which specific copper chaperones are
suggest that Cysl14 is a strong candidate for providing arequired to insert copper ions into copper enzymes under
thiolate ligand in SmtB. This would be consistent with a conditions of essentially no free Cu in the cell (for a review,
recent NMR study which suggests that only the backbone see ref52). Experiments are currently underway to further
amide group of Cysl4 and immediately adjacent residuesdefine the mechanism by which Zn(ll) induces this metal-

are strongly perturbed in solution upon addition of Zn(ll) to loregulatory system.

apo-SmtB 16, 50). These experiments suggest that there

might be a conformational change in the protein which occurs ACKNOWLEDGMENT
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