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ABSTRACT. The SynechococcuBCC 7942mtoperon is responsible for cellular resistance to excess zinc
and consists of two divergently transcribed gersmiBand smtA SmtB is the Zn(ll)-sensing metal-
regulated repressor of the system and binds to-a2t212 imperfect inverted repeat in trentAO/P
region. Using fluorescence anisotropy to monitor Sm$tO/P multiple equilibria, we show that four
SmtB homodimers bind to a 40 bp oligonucleotide containing a singte2322 inverted repeat. The
binding affinities of the first two dimers are very tigh€ii: = 2.9 x 10° M~1) with the affinities of the
third and fourth dimers lower by 10- and~30-fold, respectively. A single monomer equivalent of Zn(ll),
Cd(ll), or Co(ll) promotes disassembly of the oligomeric complex to a mixture gfPand (B).-D
SmtB dimer-DNA complexes with the intrinsic affinity of all SmtB homodimers for DNA greatly reduced
by ~500—-2000-fold. Substitution or derivatization of cysteines which comprisen3i¢ metal binding

site (Cysl14 and Cys61) [VanZile, M. L., et al. (200RB)ochemistry 419765-9775] has no effect on
allosteric negative regulation by Zn(ll); in contrast, HL06Q SmtB, harboring a single zinc-liganding
substitution in thea5 metal binding site, is refractory to zinc-induced disassembly of SriMBA
complexes. The5 metal binding sites are therefore regulatory for Zn(ll) sensing in vitro and in vivo,
while the high-affinity 3N sites play some other role. This finding for SmtB is the opposite of that
previously determined fd8taphylococcus auregs258 CadC, a Pb(I1)/Cd(11)/Bi(lll) sensor [Busenlehner,

L. S., etal. (2002)). Mol. Biol. 319 685—-701], thus providing insight into the origin of functional metal
ion selectivity in this family of metal sensor proteins.

Thesmtlocus ofSynechococcuBCC7942 consists of two  binding by SmtB directly negatively regulatesnt O/P
divergently transcribed genesmtAand smtB which play binding 6, 8). A recent report reached the opposite conclu-
roles in the cellular response to zinc and cadmium (for a sion ©). The specific DNA binding affinity of a related Cd-
review, see refl) (Figure 1A). SmtB, a founding member  (I1)/Pb(l1)/Bi(lll) sensor from the SmtB/ArsR familySta-
of the SmtB/ArsR family of metalloregulatory repress@ps ( phylococcus aureupl258 CadC, is strongly negatively
is @ homodimeric helixturn—helix DNA binding protein regulated by direct binding of inducing metalk){-12).

(3) that regulates the expression of gratBandsmtAgenes, The smt O/P contains a pair of imperfect $2—12

the latter of which encodes a class Il metallothionein that . erted repeats designated S2/S1 and S4/S3, each of which
functions in the sequestration and metabolism of zinc. The ¢ontains a conserved core defined by the consensus sequence
solution structure of Zn(ll)-complexed SmtA was recently 5 _TGAAxx-xx-xxTTCA (Figure 1B). The S2/S1 inverted
reported 4). SmtA gene expression is repressed in the reneat is positioned at base paird to 22 relative to the
absence of heavy metals, and early studies revealed thagart ofsmtatranscription (Figure 1). This repeat is required
expression was induced upon addition of Zn(ll), Cd(ll), and ¢ requlation by SmtB and full zinc responsivenessioitA
C_u(ll) to the growth medium, and to a Ies_ser extent by Co(ll), expression in vivo§, 13). The S4/S3 repeat is positioned
Ni(l1), Hg(ll), Au(ll), and Ag(l) (5). The hierarchy of metals  pepyeen the putative10 and—35 sequences of themtA
as defined by Fhe inducibility .p.r(.)ﬁle in vivo appears to and smtB promoters (Figures 1A and 2mtO/P deletion
correlate well with the metal affinities of SmtB in vitro, i.e., gy gies reveal that the deletion of the S4/S3 repeat has little
Kzn > Kco > Kyi) (6), consistent with the idea that the  gtect on regulation ofmtAexpression, but may be involved
relative affinities of proteirmetal chelates might play some i, 5 toregulation ofsmtB expression at high intracellular
role in metal sensor selectlwt_y n V'V(.YX' . SmtB concentrations1@). Methylation protection experi-
Although the molecular details remain unclear, two studies . .nis reveal that the guanosines in the S2/S1 repeat are
support a simple dissociation model as the mechanism 0fprotected from methylation at low SmtB concentrations,

derepression and metalloregulation by SmtB; i.e., metal while those in the S4/S3 repeat require higher concentrations

: of SmtB, thus suggestive of weaker binding at the S4/S3
' This work was supported by grants from the NIH (GM42569) and yapaat ). ThesmtO/P also contains a short hexanucleotide
the Robert A. Welch Foundation (A-1295). o direct t which letel | the d t id
* To whom correspondence should be addressed. E-mail: giedroc@ GIF€Ct repeat which completely overlaps the downstream side
tamu.edu. Telephone: (979) 845-4231. Fax: (979) 862-4718. of the 12-2—12 inverted repeat (cf. Figure 2); mutagenesis
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A
]
-2-6
52/51
B smt 52/51: gctaAACRCATGARACR GT TATTCAGATATTcaaa
smt 54/583: ccacCATACCTGAATC AA GATTCAGATGITaggc
ziad: CtttAATATCTGAGCA TA TCTTCAGGTGITtcaa
czra/B: aattAATATATGAACA AA TATTCATATGAAagga
nmta: aataRhATARATGAACA TA TGATCATATATTctga
* * ok E Kk ok ok ok ok E * * * Ekk Kk =& * % *
cad B/B attaTACACTCAARATA AA TATTTGRATGAActac
core motif: TGARAx® xx xxTTCA
C SmtB: 73ESAVSHQLRSLEN
ZiaR: ®IESAVSHQLRILRS
Czrh: SIQSNVSHQLELLEKS
NmtR: 59QSAVSHOLRVLEN
CadC: T'TANASHHLRTLYE
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that conserves the central coréTESAAXX-XX-XXTTCA
sequence of themt O/P (Figure 1B). This finding is not
surprising given the high degree of sequence identity between
putative recognitiom-helices among SmtB, ZiaR, CzrA, and
a Ni(ll)/Co(ll) sensor fromMycobacterium tuberculosis
NmtR (Figure 1C). Mobility shift assays and DNase |
footprinting experiments reveal that Zn(ll) or Co(ll) dis-
sociates apo-CzrA from thezrA/Boperon, concomitant with
an increased runoff transcription from the promoter in the
presence of inducing metal5). It has also been reported
that Zn(ll) in the 66-100uM range is sufficient to dissociate
all SmtB—smtO/P DNA complexes in vitro5).

In the previous paperl{) as well as in previous work
(6), we reached the surprising conclusion that the SmtB
homodimer binds Zn(ll) and Co(ll) with a stoichiometry of
two metal ions per dimer in one dfvo metal binding sites.

FIGURE 1: smtoperator/promoter region. (A) Schematic representa- One site, designated the3N site, is proposed to involve

tion of the smtoperon. ThesmtAgene and its-10 and putative
—35 boxes are colored blue, while temtBgene and its-10 and

putative—35 boxes are gray. The S4/S3 and S2/S1 sites determine

by methylation interference assay ére shown to orient the Smt

coordination by Cys14 in the N-terminal arm and Cys61,
djust N-terminal to thea3 helix. This site appears to be
populated at equilibrium in wild-type SmtB in the absence
of DNA and binds Zn(ll) with aKz, of >10® M1 (17).

binding sites of interest. (B) Alignment of the DNA binding sites > & et ! \
of SmtB with other Zn(I1)/Co(ll)-responsive members of the SmtB/ The other metal binding site is found at the dimer interface

ArsR family of metalloregulatory transcription factods7j. TheS. and is proposed to be formed by tetrahedral coordination by
aureuspl258 CadC binding site is shown in blue for comparison. Asp104 and His106 from the5 helix in one monomer and
(C) Sequence alignment of the putative recognition helices of SmtB His117 and Cvs121f heos' helix of th h buni
and the other Zn(1l)/Co(ll)-responsive repressors. His117 and Cysl2lirom theas' helix of the other subunit

in the homodimer to form two symmetry-related tetrahedral
of S2 alone, both elements of the direct repeat, or the sites at the dimer interface. In the absence of DNA,dbe
complete S2/S1 inverted repeat all lead to high-level site appears to be filled by Zn(ll) only when Cys14 and/or
constitutive expression of the operator, consistent with a Cys61l is destroyed by substitution, or when all three Cys

substantially reduced affinity for SmtB in vivd.g).

residues in SmtB are S-methylatet?). In the latter case,

More recent studies carried out with the homologous Zn(ll) the metal coordination complex appears to be formed by

sensor fromSynechocystiZiaR (14), and the Zn(ll)/Co(ll)
sensor fromS. aureusCzrA (ZntR) (L5, 16), suggest that
each protein recognizes a-12—12 imperfect inverted repeat

Aspl04, His106, His117and Glu12Q a sequence of Zn(ll)-
liganding amino acids which is invariant in all known Co(ll)/
Zn(IN/Ni(Il) sensors in the SmtB/ArsR family, including

S2  5'-F-CACATGAACAGTTATCYAGATA
(22mer) GTGTACTTGTCAATAZAMCTAT-5 '
S2 ?
—_— -
S1S2 5'-F-CACATGAACAGTTATTCAGATA
(22mer) GTGTACTTGTCAATAAGTCTAT-5"
-
S1

S1S2x 5'-F-CACATGAACAGTTATTCAGATATTCAAAGG
(30mer) GTGTACTTGTCAATAAGTCTATAAGTTTCC-5"'

v

S2xMut 5'-F-CACATGAACAGTA CAGATATTCARAGG
(30mer) GTGTACTTGTCA' GTCTATAAGTTTCC-5"

S152xx (40mer) - -
. ——— -
5'-F-TAGGCTAAACACATGAACAGTTATTCAGATATTCARAGGA

ATCCGATTTGTGTACTTGTCAATAAGTCTATAAGTTTCCT-5"
| — -
“105mia

“105miB Sdex Soex

—_— \J wy ————»
5' -ACCATACCTGAATCAAGATTCAGATGTTAGGCTAAACACATGAACAGTTATTCAGATATTCARAGGA
TGGTATGGACTTAGTTCTAAGTCTACAATCCGATTTGTGTACTTGTCAATAAGTCTATAAGTTTCCT=-5"
-

S3ex Sier

Ficure 2: Fluorescein (F)-labeled oligonucleotides used for SaBIA binding assays (see the text for details). Shown at the base of the
figure is the complete sequence of the extended S1/S2 and S3/S4 sites protected from DNase | digestion by apo-SmtB in the context of an
~100 bpsmtO/P fragment, with sites of enhanced cleavage represented by the vertical a8®)yowhg 32 bp S1/S2 and 31 bp S3/S4
oligonucleotides used in ré&f are shaded in orange and green, respectively.
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ZiaR, CzrA, and NmtR, as well as in some CadCs§ (7). Subsequent dilutions were prepared via serial 1:10 dilutions
Like thea3N site, thisa5 metal binding site has a very high  with titration buffer.
affinity for Zn(ll) and Co(ll), albeit lower than that ai3N DNA Binding AnisotropyAll experiments were carried

(Kzn®® ~ 10 M™Y) (17). Strikingly, none of the three  out with 40 nM dsDNA in 10 mM HEPES and 0.25 M KClI
cysteine residues in SmtB are required for zinc sensing and(pH 7.4) in a volume of 1.8 mL. Up to 80GL of ~25-35
metalloregulation in vivo 13). In fact, only one mutant  «M protein stocks was added in known aliquots up to a total
SmtB, H105R/H106R, has been characterized which is concentration o8 uM. DNA binding experiments were
known to abolish Zn(ll) sensing in vivd.g); the analogous  performed in the presence and absence giMEDTA for
substitution (H116R) abolishes Zn(ll) sensing by ZiaR as metal-free apo-SmtB and metalated SmtB, respectively. The
well (14). Since we speculate that His106 is a ligand to the binding equilibria of metalated SmtBs were determined for
Zn(Il) bound in theob site in SmtB [similar conclusions  protein titrants prepared 1:1 with metal (i.e., 1 molar equiv
were reached on the basis of mercuric acetate soaks of theof metal per monomer of SmtB or 2 molar equiv per dimer).
apo-SmtB crystal structureg)], these functional data are In consideration of the metal affinity for SmtB,(17), all
consistent with the hypothesis that thé site plays the  added metal is bound with no free metal in solution under
primarily metalloregulatory role in vivo for Zn(ll). The these conditions.
experiments presented here were designed to test this The steady state anisotropyd) was recorded on an SLM
hypothesis. 4800 spectrofluorometer in the ratiometric mode configured
Since thesmtO/P is unique among the other Zn(ll)/Co(ll)/ in the L-format using Glan-Thompson polarizers to select
Ni(ll) regulated operator promoters in containing an ad- for vertically and horizontally polarized excitatioinfa =
ditional 12-2—12 S4/S3 repeat that appearstto play a 494 nm; 4 nm bandwidth) and verticalli{ andlvs) and
primary role in the metalloregulation emtA(9), we focused ~ horizontally (v andlnn) polarized intensity using a Corning
our attention here on the S2/S1 inverted repeat to obtain 515 nm cutoff filter. All'l; values were recorded following
general insight into the mechanism of metal-induced met- continuous excitation for 40 s and were background-corrected
alloregulation of this and other SmtB/ArsR sensor proteins. by subtracting; values measured for a solution of binding
Using fluorescence anisotropy to monitor Smtént O/P buffer, corrected for dilution, withi,,s calculated from the
binding equilibria, we establish that the stoichiometry of polarization Posg using the following expressions:
protein—DNA binding is two dimers per 122—12 inverted |
repeat; however, two additional dimers were found to Ry = W
assemble on a 40 bp oligonucleotide centered around the ety
complete S2/S1 inverted repeat (cf. Figure 2). More impor-

tantly, in contrast to a recent repof){ we show that the _ ny
binding of two Zn(ll) ions per dimer to the5 helical sites Rhoriz = m
is necessary and sufficient to promote disassembly of the
multimeric apo-SmtB complex, even when considering Riert
linkage of Zn(ll) and DNA binding to the apo-SmtB orr — Reor
monomet-dimer equilibrium (8). oriz
MATERIALS AND METHODS p. = RCLl
obs RCO(I’+ 1
Chemicals. All buffers were prepared using Milli-Q
deionized water. HEPES buffer salt and potassium chloride 2P e
were obtained from Sigma. Ultrapure cobalt(ll) chloride, lobs ™ 3_p
cadmium(ll) chloride, and zinc(ll) sulfate were obtained from obs
Johnson-Matthey. whereRhoriz (the G-factor) was found to be 0.9% 0.01 in
Cell Growth and Purification of Variant SmtBsll all experiments. The total fluorescence emission intensity

variant_s of SmtB were pre_pared as previously descrih@d ( (1, calculated froml; = lw + 2lvy was found to vary in
All variants were determined to have the expected number some experiments over the course of a titration, but never

of reduced cysteine residues as determined by DTNB py more than 20% enhancement, with more typical values

reactivity assaysl@) and to be zinc-freef0.05 g of Zn(ll)/)  in the range of 510%. Simulations reveal that for a simple

mol of monomer] by atomic absorption spectroscopy on a himolecular equilibrium,rops values corrected for a 25%

P-E AAnalyst 700 instrumentL(Q). enhancement in total intensity as previously descril®l (
Preparation of Oligonucleotide Probed-luorescein- return akK, within 10% of that obtained without considering

labeled DNA oligonucleotides (see Figure 2 for sequences) the correction. Since this level of uncertainty is well within
were obtained from Operon Technologies. The oligonucle- the standard error df; derived from the coupled equilibria
otides were purified using TBE/urea gel electrophoresis analyzed here, the measured values &f were therefore
followed by ax 8 h elution from the gel matrix. The used directly in fitting the binding isotherms,,s versus
oligonucleotides were then desalted using a C18 column,[SmtB monomer}. Binding isotherms were fit using
eluted in 100% methanol, and taken to dryness in a Speed-DynaFit 21) utilizing a model involving the sequential
Vac. The DNA pellets were resuspended in 200 of binding of four or (in the case of the binding of wild-type
deionized water. dsDNA stocks (1@01) were prepared in ~ or C14S SmtB to the S1S2xx oligonucleotide) five SmtB
10 mM HEPES and 0.15 M KCI (pH 7.4), heated to 5 dimers (B) to the DNA oligonucleotide (D) each defined
and allowed to anneal at room temperature for 3 h. by the indicated;, linked to the monomerdimer equilib-
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Ky'ap K
2P +2Zn2t =2 PrZng T——————> (PyZny)y

K% (
Ky Ko'l| Kg .
WPLT—2P < > (Po)o Kq
Ks' A Ka'
K{ (PaZnp)™D & > (PyZn3)2*D ﬁs (PpZnp)3™D

Kg//’ Kq K% Ky %
Ks v Kg Ko K11

>y

P2*D (P2)2"D=Z > (P)3'D €———2= (P)y'D T——=2 (Pa)5'D

Ficure 3: Thermodynamic linkage scheme for the coupled equilibria of SmtB self-association, Zn(ll) binding, and DNA binding used to
guantitatively analyze the fluorescence anisotropy-derived binding isotherms Ke#ddt is shown is for the association reaction in the
presence (back of the linkage scheme) or absence (front of the linkage scheme) of two Zn(ll) ions per dimer df7pritigt{er-order
oligomers of SmtB in thebsenceof DNA are not shown in the scheme since there is no evidence that SmtB oligomerizes beyond the
tetramer stage. The monomeatimer equilibrium association constants in the absence and presence of Ka@#hdK,', respectively)

were determined to be 36 10° and 1.2x 10" M1, respectively 18). The dimertetramer equilibrium constant&{andKj', respectively)

are small under these conditionté;[= K3' = 990 M1 (18)].

rium (K,) established for SmtB [cf. Figure 3.§)]. determined for each. For example, given the clearly palin-
dromic nature of the S2/S1 inverted repeat and the fact that
SmtB exists in solution as a dissociable homodimer, it
seemed reasonable to speculate that a single SmtB dimer
would bind specifically to an oligonucleotide containing a
single 6-2—6 core consensus sequence of the inverted repeat
(3). The shortest oligonucleotide, S1S2, is a 22-mer and
contains the central portion of the inverted repeat but is
lacking the outer two base pairs on both ends of the complete
imperfect 12-2—12 repeat (cf. Figure 1B). The S2 oligo-
nucleotide contaim a 3 bpsubstitution which effectively
destroys the core SI-3GAA sequence. The 30-mer, S1S2x,

is extended 8 bp on the downstream side of S1S2 and
contains one half of the ¥2—12 repeat, as well as the

P+Pe=P,K,
P,+ D= P,D; K,

P, + Py:D = (P,),"D; Ks
P, + (Py)yD = (P)sD; Kg
P, + (Pps'D < (P))4D; Kq
P, + (PpyD = (PsD; Kyy

In these fits,K; was fixed at the value determined by lete direct £ SoxMut dest i half of th
analytical equilibrium ultracentrifugation under similar solu- compiete direct repeat. Sexviut destroys the one halt o the

tion conditions 18) to be 3.5x 10° M~ for apo-SmtB and direct repeat as well as the inside portion of the STGAA
1.3x 107 M~ for Zn(ll)-saturated SmtB; thus, there is strong S€AUeNnce; this mutation was designed on the basis of a
linkage to the monomerdimer equilibrium under these previously described mutasmtO/P characterized in vivo

solution conditions. The characteristic anisotropigsfor (13). Finally, S1S21xx contains 40 bp, encompassing the
each (B),D complex, i.e.rp,p, P20, [yrd: ANAT (e 0, entire 12-2—12 inverted repeat flanked on both sides by 7

were determined from stoichiometric additions of wild-type PP in their natural context.
SmtB to 10uM dsDNA. These were found to be 0.145 Representative fluorescence anisotropy-derived binding
0.001, 0.135+ 0.002, 0.158+ 0.002, and 0.173- 0.002, isotherms are shown in Figure 4A under conditions of
respectively, relative to a measured anisotropy value for the moderate salt concentration (0.25 M KCI, pH 7.4, and 25
uncomplexed DNATp) of 0.100, and were typically treated °C) for the binding of apo-SmtB to the S1S2, S1S2x,
as fixed parameters in the resolutionkgffrom all fits (cf. S2xMut, and S1S2xx oligonucleotides. The solid lines
Tables 1 and 2). Ifp in a particular experiment was smaller through the experimental data are nonlinear least-squares fits
or larger than 0.100, then the fixed valuegiofere linearly to the sequential dimer binding model described in Materials
adjusted accordingly. The value fog,.0 was set to 0.22  and Methods. The binding parameters derived from these
in all fits when it was necessary to include it; however, the fits (K; andr;) and the calculated binding free energid€x()
magnitude oKy; was found to have essentially no influence are compiled in Table 1 and Figure 4B. The most striking
on the optimized values df, Ks, Kg, orKgin any case due  observation from these experiments is that as the oligonucle-
to the small value oKy;. Theser; values are also consistent  otide increases in length from a 22-mer to a 30-mer to a
with the rp andrp,p values determined independently for 40-mer, the global binding isotherm shifts incrementally to
the binding ofS. aureupI258 CadC to a 34 bp fluorescein-  the left, indicative of an increasingly higher-affinity binding
labeled oligonucleotidelQ). Free energies of DNA binding  in each case (Table 1) (discussed more fully below). In
(AG) were determined fromAG; = —RT In K. addition, all of the binding isotherms show little evidence
RESULTS of clear saturation, even in the case of the S1S2 oligonucle-
otide; attempts to selectively reduce or eliminate the binding
Characterization of SmtBDNA Binding Equilibria As of weakly bound dimers by increasing the KCI concentration,
Monitored by Fluorescence Anisotrof8ince it was not clear  like that previously done for Cad&cad O/P binding
from previous studies as to what constituted the minimal site equilibria (L0), were unsuccessful. This suggests that SmtB
for the binding of apo-SmtB to the S2/S1 inverted repeat oligomerizes or assembles on the DNA, forming complexes
sequence, five different oligonucleotides (see Figure 2) were characterized by stoichiometries beyond that of a simple
prepared and multiple SmtBDNA binding equilibria were dimer binding to the S1/S2 inverted repeat. The stoichiometry
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Table 2: Stepwise Equilibrium Association Constan€g é@nd Free Energy ChangeA@;) for the Formation of the Individual Oligomeric
(P2)nD Species on the S1S2xx Oligonucleofide

apoprotein Zn(l1)
P,-D (P2)2"D (P2)s*D (P2)4°D P,-D (P2)2"D (P2)s:D
wild type
Ki (x1M™Y) 29+ 4 29+ 4 34404 0.084+ 0.007 0.044+ 0.005 0.015+ 0.003 0.0034 0.001
(670-fold) (2000-fold) (1100-fold)
AGj(kcal/mol) —-12.94+0.1 -1294+0.1 -11.6+0.1 —-9.5+0.1 —9.1+0.1 —-8.4+0.1 —75+0.2
C14S
Ki (x1° M1 37+ 11 3P+11 51+1.1 0.0604+ 0.008 0.024+ 0.005 0.021+ 0.005 nae
(1600-fold) (1800-fold)
AGi (kcal/mol) —-13.0+0.2 -13.0+0.2 -119+0.1 -9.24+0.1 —-8.8+0.1 —8.6+0.1
C61S
Ki (x1®M™Y) 76+ 16 4.2+ 0.3 0.08+ 0.01 0.003+ 0.001 0.16+0.01 0.00144 0.0002 0.00764 0.0016
(480-fold) (3000-fold) (10-fold)
AG; (kcal/mol) —13.54+0.1 -—-11.8+0.1 —9.4+0.03 —-7.5+0.1 —9.8+0.1 —-7.0£0.1 —8.0+0.1
S-methylated
Ki (x1M™Y) 2404+ 90 3.1+40.4 0.079+0.006 0.002-0.001 0.009Gt 0.0011 nd nd
(26000-fold)
AGi(kcal/mol) —-14.1+0.2 -11.6+0.1 —-9.4+0.1 —7.1£0.2 —-8.1+0.1

a All experiments were performed with 40 nM S1S2xx in 10 mM HEPES and 0.25 M KCI at pH 7.4 ahd.25ssociation constant«{) for
each binding event were resolved as described in Materials and Methods. The magnitude of the rediciiothi presence of Zn(ll) is given
in parenthesed. TheseK; values were estimated frorfK2Ks due to the inability to resolve the first and secondd®ner binding events: nd, K;
for the formation of the indicated §2-D complex was treated as an adjustable parameter butadas 10° M.
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Ficure 4: Binding isotherms for binding of wild-type SmtB with 0 05 1 15 2 25 3 35 4
various DNA oligonucleotide probes. (A) The anisotropys is [Me(IJ[SmtB dimer]
plotted vs the total wild-type SmtB monomer concentration. The ) o
data for binding of apo-SmtB to the S1S2x@)( S1S2x O), Ficure 5: (A) Wild-type apo-SmtB binding to the S1S2xx

S2xMut (), and S1S29) oligonucleotides are shown. Solid lines  oligonucleotide in the absenc®) and presence of stoichiometric
through each of the isotherms represent nonlinear least-squares fitZn(ll) (®), Cd(ll) (@), or Co(ll) (O). The anisotropyeps is plotted

to the DNA binding model as described in the text with the as a function of total protein concentration in monomer. The solid
values given in Table 1. (B) Bar chart representation of the loading lines through the data represent nonlinear least-squares fits to the
free energiesAG)) for binding of the first AG,, solid bar), second binding model_descnbed in the text with tKevalues compiled in
(AGs, gray bar), third AGs, stippled bar), and fourth\Go, hatched ~ Table 1. (B) Disassembly of preformed apo-SmtB complexes (2.0
bar) dimers to each of the oligonucleotides as derived from the uM SmtB monomer and 40 nM DNA,; see the arrow in panel A)
fitted curves in panel A. Error bars shown are those derived from by titration of Zn(ll) (©), Cd(ll) (@), or Co(ll) (®). Conditions:

fits to two or three separate experiments. Conditions: 40 nM DNA, 40 nM S1S2xx DNA, 10 mM HEPES, 0.25 M KClI, pH 7.4, and
10 mM HEPES, 0.25 M KCI, pH 7.4, 56M EDTA, and 25°C. 25°C.

metalated proteins corresponding to a binding free energy substantially reduced (Table 1), and binding of a fourth dimer
that is some 4 kcal/mol less favorable (TableKy.is also is not observed under these conditions.
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apo-SmtB (A) and Zp—-SmtB (B) complexes calculated for the
binding isotherms of Figure 5 from thg values compiled in Table
1.

As shown in Figure 5B, addition of 1 molar equiv of
Zn(l1), Co(ll), and Cd(Il) per monomer to a preformed apo-
SmtB—S1S2xx complex (M total monomer and 40 nM
DNA) is necessary and sufficient for full negative regulation
of S1S2xx binding by apo-SmtB. For example, 1 molar equiv
of Cd(Il) and Co(ll) reducesqs from the starting value of
0.174 to 0.125, both of which are exactly as expected from
the direct binding isotherms (Figure 5A). Zn(ll) also reduces
ronsto its lowest value, although in this particular experiment
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FiGure 7: (A) DNA binding isotherms for binding of apo-C14S
(2), apo-C61SM), and apo-S-methylate®} SmtBs to the S1S2xx
oligonucleotide compared to those obtained with themplexes

Iobs appears to be somewhat smaller than expected. In any(filled symbols). The anisotropyps is plotted vs the protein

case, note that in neither situation dagg fall to a value
characteristic of free DNA, but instead falls to the value well-

predicted by the direct titrations; i.e., both analyses are indeed

reflective of protein and coupled metal binding at equilib-
rium.

Another way to visualize this is shown in Figure 6, which
shows a fractional DNA species population analysis for apo-
SmtB (panel A) and Zpnbound SmtB (panel B) throughout
the course of the titrations shown in Figure 6A. Au®
monomer [the point at which the proteidNA complex was
dissociated by Zn(ll) in Figure 5B], there is 65:35 mixture
of (P,)4D and (R)s°D complexes, which upon addition of a
single monomer equivalent of zZn(ll), shifts the species
population to a weighted average of 1.5 dimers/DNA, with
~10% free DNA present. Thus, Zn(ll) clearly promotes
disassembly of the multimeric apo-SmtB complex. Zn(ll)
also negatively regulates the binding of apo-SmtB to the
S1S2x and S1S2 oligonucleotides (Table 1).

concentration expressed in monomer. The solid lines represent
nonlinear least-squares fits to the model described in the text with
theK; values summarized in Table 2. Fractional S1SIXxgpecies
population analysis of apo-C61S SmtB (B) vs;:Z2€615 SmtB

(C) complexes calculated for the binding isotherms of panel A from
the K; values compiled in Table 2. Conditions: 40 nM S1S2xx
DNA, 10 mM HEPES, 0.25 M KClI, pH 7.4, and Z%.

Mutagenesis or Deriatization of thea 3N Metal Binding
Cysteines Has No Effect on Allosteric Regulation of smt O/P
Binding by Zn(ll).It was next of interest to determine the
extent to which the DNA binding activity of the cysteine
mutant SmtBs characterized previously’y could be nega-
tively regulated by Zn(ll) binding. Figure 7A presents
representative binding isotherms for C14S, C61S, and
S-methylated SmtBs as apo (empty symbols) ang(#lied
symbols) proteins. Just like the situation for wild-type SmtB,
Zn(ll) binds very tightly to each of these proteins in forming
a 1:1 complexKz, > 10" M~1) (17) and is therefore unlikely
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to dissociate in solution. Note that in the previous paper it
was shown that C14S SmtB binds Zn(ll) only in 8 site,

as do C14S/C61S, C61S, C61S/C121S, and S-methylated

SmtBs (7). The solid lines through the data points describe
nonlinear least-squares fits to the sequential dimer binding
model with the parameters collated in Table 2. The most
important finding from these data is that Zn(ll) binding by
all SmtB cysteine variants strongly negatively regulates DNA
binding; thus, Zn(ll) binding to the5 site alone appears to
be necessary and sufficient for negative regulation of DNA
binding. For example, C14S SmtB is essentially indistin-
guishable from the wild-type protein, in that it is character-
ized by very high-affinity binding of two dimers to the DNA,
with the Zn(ll) form strongly inhibited. In contrast, substitu-
tion or derivatization of Cys61 has no effect on the binding
of the first dimer K, ~ 5 x 10° M~1) but negatively
influences the binding of the second dimer 4sg-fold (Ks

~ 4 x 108 M71) and strongly negatively influences the
binding of the third (and fourth) dimers to the S1S2xx
oligonucleotide withKg andK;; reduced by~220-fold. This

suggests that Cys61 plays a detectable role in modulating 7,

the assembly of the multimeric apo-SmtB complex; this is
borne out by the fractional species population analysis for
this mutant (Figure 7B). Interestingly, C61S SmtB has been
shown to be a poorer repressor in vivo under uninduced
conditions {3). In any case, the binding affinities of all four
cysteine substitution and/or derivatized forms of SmtB are
strongly negatively regulated by Zn(ll) in vitro (Figure 7A,C)
and in vivo (3).

Thea5 Metal Binding Site Is Required for Zn(ll)-Mediated
Disassembly of the Apo-SmtBNA Complex Previous
metal binding experiments showed that a conservative
substitution of His106 for GIn (H106Q) destroyed metal
[Co(IN] binding to thea5 site, while maintaining detectable
binding to the peripherak3N sites (7). Shown in Figure
8A are representative S1S2xx binding titrations performed
with apo- and Zgbound H106Q SmtB [one Zn(Il) per
monomer] compared to that of the wild-type protein.
Although a quantitative analysis of these data is complicate
by an apparent perturbation in the monomeéimer equi-
librium of apo-H106Q SmtB (data not shown), it is quali-
tatively apparent that H106Q SmtB is characterized by a
binding profile that is similar to that of wild-type apo-SmtB.
In striking contrast to the wild-type protein, HL06Q SmtB
preincubated with one Zn(Il) per monomer maintains a high
affinity of binding to the S1S2xx oligonucleotide (Figure
8A). Consistent with this, titration of the H106Q SmtB
DNA complex with Zn(ll) [up to 7 equiv of Zn(ll) per
monomer] is incapable of disassembling the complex (Figure
8B). These data reveal that His106 is obligatory for zinc
sensing by SmtB in vitro, a result fully compatible with the
characterization of an HL05R/H106R mutant of SmtB in vivo
(13).

DISCUSSION

The smtlocus plays a major role in the resistance of
Synechococcubacterial strains to Zn(ll) and Cd(ll). The
transcriptional repressor, SmtB, istrans-acting repressor
that is bound to thesmt operator/promoter region in the
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Ficure 8: (A) Binding isotherms for binding of wild-type apo-
SmtB @) and apo-H106Q SmtBa() to the S1S2xx oligonucleotide
vs that obtained in the presence of stoichiometric Zn(ll) [H106Q
(2) and wild-type SmtB ©)]. The anisotropyraps is plotted as a
function of total protein concentration in monomer. The solid lines
through the wild-type data represent nonlinear least-squares fits to
the binding model described in the text with fevalues compiled

in Table 1. The binding isotherms for HL06Q SmtB could not be
fit since K; andK;' (see Figure 3) could not be determined under
these conditions. (B) Disassembly of preformed apo-wild-tye (
and H106Q ©) SmtB—S1S2xx complexes (2/M SmtB monomer
and 40 nM DNA; see the arrow in panel A) by titration with Zn(ll).

dConditions: 40 nM S1S2xx DNA, 10 mM HEPES, 0.25 M KClI,

pH 7.4, and 25C.

rescein-labeled DNAs (Figures 1 and 2) to determine the
binding affinities of wild-type and variant SmtBs for thmtA
operator/promoter region overlapping the S1/S2 inverted
repeat in the presence and absence of inducing metals, from
which a coupled equilibrium model fully consistent with our
findings has been formulated (Figure 3).

Stoichiometry of SmtB Homodimer Binding to a Single
12—2—-12 Inverted Repeat: Structural Implication3he
fundamental stoichiometry of the binding of the SmtB
homodimer to a single ¥22—12 inverted repeat is two
dimers per repeat, with the affinity and calorimetric enthalpy
of each dimer binding increasing significantly when the
number of flanking base pairs dooth sides of the repeat is
extended to 6 or 7 bp (Table 1). This stoichiometry is
compatible with that found recently for 31 and 32 bp
fragments centered over the extended S4/S8{S2#) and
S2/S1 (S2YS1¥) sites, respectively (colored green and
orange, respectively, in the bottom part of Figure 2) by
boundary velocity sedimentation and equilibrium ultracen-

absence of metals and is thought to dissociate from the DNAtrifugation ©).

upon metal binding§, 9, 13). To test this hypothesis, a series
of DNA binding experiments were carried out using fluo-

A ribbon representation of two apo-SmtB dimers and the
40 bp S1S2xx oligonucleotide are shown in Figure 9A. Two
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Ficure 9: (A) Ribbon representations of two SmtB homodimers scaled to a 40 bp S1S1xx oligonucleotide drawn as straight B-form DNA.
A single 12-2—12 imperfect inverted repeat is boxed, with the positions of the tWD@AA repeats associated with S1 and S2 colored

in red, with the two “outside” 5T(G/A)AA repeats colored green (cf. Figure 2). (B) Cartoon models of the dimer-of-dirap@n¢l
two-dimer-binding o) models proposed to assemble on the S2S1xx oligonucleotide, with an extension of the two-dimer-binding model to
a full smtO/P site €), which might rearrange to a £{B3-D looped complex in which two of the four bound dimers dissocigjg4ee the

text for details). The red boxes represent thd GAA repeats within the entire imperfect £2—12 inverted repeat (shaded green). The
yellow spheres represent the approximate position of Cys61 within each subunit of the homodimer.

possible structural models for the organization of two SmtB the enthalpic signature as measured by isothermal titration
homodimers on this oligonucleotide are shown in Figure 9B calorimetry (data not shown) of the JRrD complex in
(modelsa andb). In modela, a single dimer binds to the  moving from the S1S2 to the S1S2x to the S1S2xx
inverted repeat, with the second dimer binding essentially oligonucleotide. This is not easily explained in the dimer-
only to protein on the backside of the molecule, i.e., forming of-dimers DNA complex. Such an arrangement of bound
a dimer-of-dimers complex. This model is supported by the dimers is also compatible with the finding that the DNase |
fact that SmtB homodimers have been shown to form weak footprint of the homologous metal sensor pl258 CadC is
tetramers in solutionl@), although nothing is known about offset from the center of the inverted 42—12 repeat22)

the structure of these tetramers. In mobieleach of two to a point nearly centered over the downstredrT GAA
dimers binds on opposite sides of the DNA, with each dimer repeat in thecad O/P (analogous to the 3 GAA repeat in
nearly centered on a conservedT®AA repeat. We favor  the smt O/P; see Figure 1B). CadC is known only to form
modelb because this structure readily explains how increas- only a dimeric B-D complex under high-salt condition$(Q,

ing the number of flanking base pairs bnth sides of the 11), although a second dimer binds with detectable affinity
repeat would increase the number of intermolecular contacts,under low-salt conditions (L. Busenlehner and D. Giedroc,
thus increasing the overall affinity (Figure 4) and altering unpublished results). In addition, a DNase | hypersensitive
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site is positioned here as well (Figure 2, bottor®). (This
model also nicely explains how a third “bridging” dimer

Biochemistry, Vol. 41, No. 31, 2008785

in the DNase | and gel mobility shift experiment8).(
Alternatively, only in the back-to-back dimer-of-dimer

might bind to the upstream side of S1S2xx (i.e., toward the “looped” complex would thea5 metal binding sites be

S3/S4 site) with relatively high affinity (Table 1).
Unfortunately, neither structural model readily explains

expected to be more protected from solvent; this might hinder
their metal-induced dissociation relative to the complexes

how substitution of Cys61, exposed on the surface of the characterized here.

protein at the periphery of the dimer, slightly alters the free

Zn(I)-Induced Dissociation of Oligomeric Apo-SmtB

energy of loading of the second and subsequent dimers toDNA Complexes Occutsa the a5 Metal Sites and Appears

the S1S2xx oligonucleotide (Figure 7). It seems possible,

however, that substitution of Cys61 might alter in some way

To Be Functionally Important in Wb. Mutations which have
no effect on zinc sensing in vivo (C14S, C61S, and C121S)

the SmtB-induced conformational changes that are expected(13) have no effect on metal-induced DNA disassembly in

to occur in S1S2xx upon loading of a single dim@y, ¢ather
than directly altering proteinprotein interactions in the ¢-

D complex. Interestingly, the analogous substitution in the
context of pl258 CadC is also destabilizing toward DNA
complex formation 11).

Structural Implications for the Binding of Apo-SmtB to
the Full smt O/P Although not investigated here, structural
modelb is also compatible with recent DNase | footprinting
data obtained with ar:100 bp operator/promoter fragment
encompassing the entire intergenic region betweesrité
andsmtBgenes of themtlocus 0). If our two-dimer model

vitro; in fact, complete derivatization of all three Cys residues
in SmtB to mixed disulfides has essentially no effect on
negative regulation of DNA binding by inducing metals
(Figure 7). This effectively rules out the3N site as a site
playing an obligatory role in metal sensing, since this metal
site is destroyed in these mutanis’), In contrast, thex5
site mutant, HL06Q SmtB, is characterized by nearly wild-
type affinity for DNA, but is totally insensitive to Zn(ll)-
promoted disassembly in vitro (Figure 8). Consistent with
this, an HO15R/H106R mutant has been shown to be an
active repressor but has lost the ability to sense Zn(ll) in

were extended to a DNA fragment containing both the S1/ vivo in Synechococcuél3).

S2 and S3/S4 sites (Figure 9B, modg] the two inside
dimers would be separated by4—6 bp which would then

be positioned over a region of pronounced DNase | hyper-

Our findings therefore clearly reveal that the primary
Zn(ll)-sensing role in SmtB is carried out by the site,
rather than thex3N site. However, it cannot be stated that

sensitive cleavage (see Figure 2, bottom) precisely halfwaythe a3N site plays no regulatory role smtO/P binding. In

between the two palindromes. This complex of four dimers
bound might be the “bent” structural intermediate inferred
by Kar et al. @) which is proposed to rearrange and form a
“looped” complex at high SmtB concentrations with a
stoichiometry of just two dimers per fdmtO/P, rather than
four (9); here, the two dimers could be bound formally as a
back-to-back dimer-of-dimers (as in mo@g! Formation of
such a (R)2:D complex would appear to be more readily
accommodated by dissociation of the “inside” dimers,
although this is not yet known.

Zn(Il) Binding Promotes Disassembly of Oligomeric Apo-
SmtB-smt O/P Complexe¥ar et al. Q) reported that the
apo-SmtB-full smt O/P DNA complex (assembled at 7.5
uM monomer and 40 nM DNA) is completely refractory to
Zn(l)-induced dissociation, as evidenced by gel mobility
shift analysis and DNase | footprinting experiments. This is
in contrast to previous studies, @) as well as those reported
here. At first glance, this result directly contradicts our
findings, in that we find that 1 molar equiv of metal results
in significant disassembly of the apo-SmtB1S2xx complex
(Figures 5-7). At 2 uM total monomer, Zn(ll) shifts the
equilibrium from one that is characterized as a mixture of
(P,)s:D and (R)4-D complexes to one that is dominated by
P,:D and (B).*D complexes, but clearly not one dominated
by free DNA (Figure 7). This is because despite A#1H00-
fold decrease in the intrinsic affinity of individual complexes
for the DNA (Table 1), a 40-foldncreasein the apparent
dimerization constant(;’ in Figure 3) upon Zn(ll) binding
to SmtB partially offsets this. However, if this experiment
was carried out at 7.6M like that of Kar et al. 9) instead
of at 2.0uM, only a small shift in the species population
would have resulted, i.e., from a JRpD complex to a
mixture of (B).:D and (B)s*D complexes (Figure 6). This

fact, Co(ll) bound to theo5 site in S-methylated SmtB
readily equilibrates between the3N and o5 sites upon
reduction of the mixed disulfides, despite the very high
affinity of each site for metal1(7). Although it is not yet
clear if Zn(ll) is characterized by the same rapid re-
equilibration, the affinity of thea3N site for Zn(ll) is
conservatively +2 orders of magnitude greater than that
for the a5 site in the absence of DNALY). This suggests
the following model (Figure 10). After Zn(ll) induces
disassembly of the SmtBcognate DNA complex, the metal
bound at thex5 sensing site rapidly moves to th&N site

in a manner dictated by their relative affinities for Zn(ll) at
equilibrium. Once this occurs, metal bound@N may also
preclude stable reassociation of the SmIBNA complex,
thus makingoa3N a regulatory site as well. Once the
intracellular free Zn(ll) concentration has returned to un-
stressed levels, this Zn(ll) must be removed for SmtB to
regain its repressor function. It is tempting to speculate that
this removal is carried out by partially metallated SmtA or
apo-SmtA itself 4), through thiol ligand exchange reactions,
much like eukaryotic metallothioneins that have been
observed to transfer Zn(ll) to and from Zn(lIl)-binding
proteins 23, 24). Experiments are underway to test this
model.

Implications for Metal Selectity of ArsR/SmtB Family
MembersThe observation that th@5 metal binding site is
the regulatory Zn(ll)-sensing site in SmtB leads to some
interesting questions about the mode of regulation of other
members of the ArsR/SmtB family of metalloregulatory
metal sensor proteins. First, th& site is strictly conserved
in members of the family known to sense Zn(ll) (SmtB,
ZiaR, and CzrA), in a manner that does not strictly require
an intacto3N site (L7). Second, a cysteine thiolate-rict8

would have been difficult to measure in our anisotropy-based or a3N site is strictly conserved among members that sense
binding isotherms (cf. Figure 5A), and may have been missedlarger, softer metals such as Cd(ll), Pb(ll), and Bi(I10p{
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sense distinct metal ions and may play a primary role in
dictating the metal specificities throughout the ArsR/SmtB
family in vivo. Further studies on additional members of the
family will lead to additional insight into the metalloregu-
latory mechanisms of these metal sensor systems.
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Ficure 10: Hypothetical model of the DNA binding activity of
SmtB in the presence of Zn(ll). In this model, Zn(ll) binds at the
o5 site which induces dissociation of dimeric SmtB from the DNA
(only a dimer is drawn for clarity, and the metal sites are assumed
to be identical). This dissociation is followed by movement of the
metal from theo5 site to thea3N site as dictated by their
equilibrium affinities for Zn(ll) (L7); this in turn might facilitate
intermolecular transfer of Zn(Il) from SmtB to an acceptor protein,
shown here as apo-SmtA or partially metalatédImtA (see the
text for details).

12, 25). Work performed withS. aureupl258 CadC reveals
that two of four cysteine residues that comprise ¢(8N

site (Cys7 and Cys60) are required for Cd(Il) sensing in vitro
(25) and in vivo (L2) by CadC, with Cys60 being absolutely
essential. Indeed, a C60G mutation in CadC is functionally
inactive in vitro (L1, 25) and in vivo (L2) despite forming
stable nonnative coordination complexes with metal ions
(25); this is a naturally occurring sequence variant in SmtB
(Gly63), further support for the idea that Zn(ll) sensing by
SmtB and Cd(ll) sensing by CadCs occur via two distinct

allosteric pathways. Although most CadCs possess structur- 19. Gt _
0. Giedroc, D. P., Khan, R., and Barnhart, K. (198I9chemistry

ally intact a5 sites as predicted by the sequence alignment 2
(11), we have argued that these sites may be vestigial in the 5

thiophilic metals, e.g., Cd(ll) and Pb(Il), which evolved on
the periphery of the dimerl(). Along the same line of
reasoning, the BIO a3N site in SmtB might simply endow
SmtB with the ability to efficiently sense and detoxify a
wider range of metals beyond simply Zn(ll), e.g., Cd(ll). In
any case, our findings argue strongly that these two sites

24,

25.
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