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Abstract

Intracellular zinc levels are tightly regulated since zinc is an essential cofactor for numerous
enzymes, yet can be toxic when present in excess. The majority of intracellular zinc is tightly
associated with proteins and is incorporated during synthesis from a poorly defined pool of
kinetically labile zinc. In Bacillus subtilis, this labile pool is sensed by equilibration with the
metalloregulator Zur, as an indication of zinc sufficiency, and by CzrA, as an indication of zinc
excess. Here, we demonstrate that the low molecular weight thiol bacillithiol (BSH) serves as a
major buffer of the labile zinc pool. Upon shift to conditions of zinc excess, cells transiently
accumulate zinc in a low molecular weight pool, and this accumulation is largely dependent on
BSH. Cells lacking BSH are more sensitive to zinc stress, and they induce zinc efflux at lower
external zinc concentrations. Thiol reactive agents such as diamide and cadmium induce zinc
efflux by interfering with the Zn-buffering function of BSH. Our data provide new insights into
intracellular zinc buffering and may have broad relevance given the presence of BSH in pathogens
and the proposed role of zinc sequestration in innate immunity.

Introduction

Metal ions are essential for life and are required cofactors for ~30% of proteins. Zinc is one
of the few metal ions required for all life. Zn(11) functions both as a Lewis acid catalyst and
a structural cofactor for numerous enzymes. Due to its ubiquity, overall zinc quotas for
many cells are in the range of ~0.1-0.5 mM when averaged over the cell volume (Eide,
2006), which corresponds to ~10° atoms per cell for a bacterium of the size of Bacillus
subtilis. As expected from its position in the Irving-Williams series (which describes general
trends in the avidity with which metals interact with ligands; Irving & Williams, 1953),
Zn(I1) often binds to enzymes with very high affinity (measured dissociation constants in the
femtomolar range) and, correspondingly, may have very slow off rates (Maret & Li, 2009).
However, information on the speciation and exchange kinetics of Zn(Il) in vivo is still very
limited.
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Conceptually, intracellular Zn(1l) can be considered either sequestered (non-exchangeable)
or kinetically labile. However, this simple nomenclature belies the likely complexity of this
pool; the actual kinetics of exchange will vary widely depending on the chemical properties
and relative abundance of the various potential zinc ligands. For some proteins, such as the
B. subtilis Fur family regulator PerR, Zn(1l) is stably bound in a Cys, structural site and is
only released upon protein denaturation (Lee & Helmann, 2006). In such cases, the Zn(11)
may remain bound for the lifetime of the protein, and the sequestered Zn(ll) is not available
for exchange with other proteins. For other proteins, Zn(11) binding and dissociation may be
more rapid, perhaps facilitated by ligand exchange reactions (Maret & Li, 2009, Colvin et
al., 2010). In these cases, the bound Zn(ll) is considered exchangeable and may contribute
to the labile Zn(1l) pool. Examples include metallothionein, some Zn(Il) enzymes, and
Zn(11)-sensing metalloregulators (Maret & Li, 2009, Colvin et al., 2010). An intermediate
example is provided by those Escherichia coli mononuclear enzymes that are inactivated by
mismetallation with Zn(Il) under oxidative stress conditions. In this case, reactivation
(which is limited by the rate of Zn removal) occurs on a timescale of many minutes in a
reaction that may be facilitated by cysteine-dependent ligand exchange reactions (Gu &
Imlay, 2013). In addition to its interactions with proteins, the intracellular labile zinc pool is
buffered by other molecular constituents of the cell (Colvin et al., 2010).

Zn metalloregulatory proteins sense the labile zinc pool by reversible binding (Helmann et
al., 2007, Guerra & Giedroc, 2012, Waldron et al., 2009). Like many bacteria, B. subtilis
senses zinc sufficiency by binding of Zn(l1) to Zur which activates the repressor to bind
DNA (Gaballa & Helmann, 1998, Ma et al., 2011, Ma & Helmann, 2013). When Zn(ll)
levels are sub-optimal, the Zur regulon is derepressed leading to expression of a high affinity
zinc uptake system (ZnuABC, formerly YcdHI-YceA) and its associated accessory protein
(ZinT), a putative metallochaperone (YciC), a Zn-independent isozyme for folate
biosynthesis (YciA), and alternative (non-Zn-requiring) paralogs of three ribosomal proteins
(S14, L31, and L33) (Gaballa et al., 2002, Gabriel & Helmann, 2009, Gabriel et al., 2008,
Ma & Helmann, 2013). The Zn-independent ribosomal proteins function both in a strategy
of Zn-mobilization (by displacement of Zn(ll)-containing proteins from the large subunit of
the ribosome; Nanamiya et al., 2004, Akanuma et al., 2006) and to enable the continued
synthesis of ribosomes despite severe zinc limitation (in the case of the S14 paralog; Natori
et al., 2007).

Just as Zur equilibrates with the labile zinc pool to monitor zinc sufficiency, the CzrA
repressor binds Zn(11) under conditions of excess (Moore et al., 2005, Osman & Cavet,
2010). Binding of Zn(ll) to CzrA triggers derepression of the CadA efflux ATPase and the
CzcD (cobalt-zinc-cadmium) resistance protein. As their names suggest, the CadA and
CzcD resistance systems were originally described as contributing to cadmium resistance, in
addition to their role in resistance to excess zinc (Gaballa & Helmann, 2003, Solovieva &
Entian, 2002, Guffanti et al., 2002, Moore et al., 2005). Together, Zur and CzrA sense
changes in the labile Zn(I1) pool and effect changes in gene expression that mediate zinc
homeostasis (Ma et al., 2011, Ma & Helmann, 2013).

Labile zinc pools have been investigated in a variety of eukaryotic cell types where
buffering by metallothionein often plays a key role (Colvin et al., 2010). In bacteria lacking
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metallothionein, glutathione (GSH) has been implicated as one buffering agent (Helbig et
al., 2008). In other cases, including the yeast mitochondrial matrix (Atkinson et al., 2010),
the relevant low molecular weight (LMW) ligands have yet to be identified. Operationally,
the labile Zn pool has been defined as that portion of cellular zinc accessible to chemical
chelators and this is presumed to be comparable to that fraction of the Zn pool that can be
sensed by metalloregulatory proteins (Thambiayya et al., 2012).

Although the detailed speciation of zinc within the labile pool is still uncertain, insights into
the effective (buffered) concentration of free Zn(I1) have been derived from measurements
of the biochemical affinity of zinc-sensing metalloregulators for their metal ligands. In E.
coli, for example, Zur binds Zn(ll) with an affinity (Kg) in the femtomolar (fM) range,
whereas the regulator of zinc efflux ZntR binds Zn(Il) with a slightly lower affinity (Outten
& O'Halloran, 2001). These findings led to the conclusion that there is no free (fully
hydrated) Zn(ll) in the cell at equilibrium (since 1 atom per cell corresponds to a
concentration of ~1 nM). Similarly, studies in B. subtilis have determined that Zur is
activated to bind DNA when free Zn(Il) levels approach 1 fM (Ma et al., 2011). Although
these observations reveal the effective concentration of free cytosolic Zn(l1) at equilibrium,
the magnitude and composition of the labile zinc pool has remained mysterious.

Here, we explore the contribution of bacillithiol (BSH), the dominant LMW thiol in B.
subtilis (Gaballa et al., 2010, Newton et al., 2009), to zinc homeostasis. Zn(Il) binds with
high affinity to BSH and is coordinated by both its thiolate and carboxylate moieties.
Genetic and physiological studies demonstrate that this BSH zinc complex comprises a
physiologically relevant pool of chelated Zn(l1). This pool of Zn is mobilized under
conditions that deplete cellular thiol pools, including treatment with diamide or the
thiophilic heavy metal cadmium, and the resulting increase in Zn(ll) is sensed by the CzrA
metalloregulatory protein.

BSH binds zn(ll) with high affinity

BSH, the a-anomeric glycoside of L-cysteinyl-D-glucosaminyl-L-malate (Fig. 1A) (Newton
et al., 2009), is the dominant LMW thiol in B. subtilis with cytosolic concentrations in the
millimolar range (Sharma et al., 2013, Gaballa et al., 2010, Helmann, 2011). The thiol group
of BSH is slightly more acidic than that in GSH, with ~22% ionization to the thiolate at pH
7.7 (Sharma et al., 2013). We used a spectroscopy-based competition assay to determine the
affinity of BSH for Zn(ll). These assays were carried out at pH 7.7, the measured
intracellular pH for B. subtilis (Kitko et al., 2009). Under our assay conditions, the
competitor magfura-2 (MF2) binds one Zn(l1) with an affinity of 1.7(x0.1) x 10’ M~ (Fig.
1B), a value similar to the reported affinity of 5.0 x 107 M~1 (VanZile et al., 2000, Simons,
1993). When Zn(I1) was titrated into a mixture of MF2 and BSH, significant competition
occurs as indicated by the non-linear change of absorbance (Fig. 1B). These data best fit a
model in which BSH can form either a 1:1 or 2:1 complex with Zn(I1). Initially, BSH is
present in excess and addition of Zn(l1) leads to the formation of a BSHy:Zn(Il) complex. As
BSH is consumed, a BSH:Zn(11) complex forms toward the end of the titration. The data are
best fit by two step-wise binding constants of K;=7.5 x 108 M~1 and K,=2.5 x 10° M1, for
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a cumulative binding constant B, of 1.9 x 1012 M~2, This allows the physiological BSH pool
to buffer Zn in the nM-pM range (see Discussion). Notably, BSH binds Zn(Il) with a much
higher affinity than the other common biological LMW thiol, GSH. Competition
experiments with GSH and MF2 allow estimation of the GSH:Zn(l1) binding affinity as ~3 x
10* M1 (Fig. 1C).

Zn(11) is a moderately thiophilic metal ion, so we reasoned that the BSH thiol group was
likely to be a key contributor to Zn(ll) binding. Evidence for a critical role of the thiol group
in Zn(11) binding derives from analysis of oxidized BSH (BSSB), in which the thiol groups
are linked as a disulfide. Competition assays with MF2 indicate that BSSB bind Zn(I1) much
weaker than BSH with an estimated K, of ~10* M~1 (Fig. 1D). Similarly, we failed to
observe significant binding with BOH, a BSH derivative in which the thiol (derived from
Cys) is replaced by an alcohol (derived from Ser) (data not shown). Direct evidence for the
presence of thiolate-metal bonds was obtained using Co(ll) as a surrogate for Zn(I1). We
monitored the binding of Co(ll) and BSH spectroscopically by following the ligand to metal
charge transfer (LMCT) indicative of thiolate-Co(ll) coordination (SI Fig. S2). In proteins,
the presence of S—Co(ll) LMCT typically leads to absorption in the near UV with an
extinction coefficient at ~320 nm indicative of the number of thiolate ligands (320 ~900 to
1200 M1 cm™1 per S—Co(ll) bond; VanZile et al., 2000). Titration of Co(ll) into BSH
leads to substantial absorbance in the near UV, consistent with thiolate coordination to
Co(ll). To assess the contribution of the malate carboxylates to Zn(Il) binding, we used a
previously described BSH derivative (MeO-GIcN-Cys) in which the malate portion is
substituted with the uncharged methyl aglycone (Sharma et al., 2013). Unlike BSH, MeO-
GIcN-Cys formed a 3:1 complex with Zn with an overall association constant 3 of 3.0 x
1016 M3 (SI Fig. S3). The coordination complex is distinct from BSH, suggesting that the
carboxylate groups are normally involved in metal coordination.

In summary, BSH uses both the thiolate and carboxylate groups to form a complex with
Zn(I1) with physiologically relevant affinity. Although we do not have a structure of the
complex, we suggest that the dominant BSH»:Zn complex likely has two sulfur (thiolate)
and two oxygen ligands, presumably from the malate carboxylates, whereas the 3:1 complex
with the aglycone likely has three thiolate ligands to Zn(l1).

BSH functions as a Zn(ll) buffer

If BSH binds a significant fraction of the total cellular Zn(ll), we hypothesized that cells
lacking BSH would contain less total Zn(ll) than wild-type (WT) cells. To test this notion,
we used ICP-MS to monitor the total Zn(l1) quota. However, both the WT and the isogenic
bshC null mutant strain, which lacks the cysteine-adding enzyme that functions in the last
step of BSH synthesis (Gaballa et al., 2010), had equivalent Zn(1l) quotas (~800 uM) when
growing in LB medium as measured either in logarithmic growth (Fig. 2A; time zero) or
stationary phase (data not shown). Next, we determined the Zn(lIl) quota in cells at various
times after challenge with 200 uM Zn(l1). Five minutes after imposition of Zn(ll) stress, the
total Zn(I1) quota had increased dramatically, but bshC mutant cells contained ~25% less
Zn(I1) compared to wild-type (Fig. 2A). Zn(I1) levels begin to decrease after 10 minutes,
most likely due to the induction of the CadA and CzcD Zn(Il) efflux systems. Finally, after
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about 30 minutes, Zn(I1) levels in both wild-type and bshC cells reach a steady state level
nearly equivalent to that in the absence of Zn(ll) stress, suggesting re-establishment of
homeostasis.

To identify the fraction of the Zn(Il) quota associated with the LMW pool, we quantified the
Zn(11) present in cell lysate from Zn(11)-challenged cells after passage through a 3000 Da
cut-off ultrafiltration column. Since the molecular weight of BSH is 398 Da (or 861 Da for a
BSH,:Zn(I1) complex), metals associated with BSH are expected to be recovered in the
filtrate. Prior to Zn(I1) shock, both WT and BSH null cells contained ~800 uM total Zn(l1),
with <10% of this Zn(I1) in the LMW pool (SI Fig. S4). In contrast, five minutes after
challenge with 200 UM Zn(l1) the cellular Zn(Il) quota has increased several-fold, with ~2/3
partitioning into the LMW fraction in wild-type cells. Significantly, there was about 3-fold
less Zn(11) in this LMW fraction in BSH null cells (Fig. 2B). Thus, BSH allows Zn(l1)-
stressed cells to accumulate substantially higher amounts of Zn(ll), and this Zn(ll) is largely
present in a LMW pool.

BSH protects from Zn(ll) toxicity in cells defective for Zn(ll) efflux

Both CzcD (Guffanti et al., 2002) and CadA (Gaballa & Helmann, 2003) have been
previously implicated in Zn(11) and Cd(ll) efflux. Using a zone-of-inhibition assay, we here
demonstrate that these two transport systems are functionally redundant; single mutants have
only a modest effect on metal sensitivity whereas the czcD cadA double mutant is highly
sensitive to both Zn(I1) and Cd(Il) (Fig. 3). Cells lacking BSH (bshC null mutant) were not
detectably affected in resistance to Zn(I1) or Cd(ll) in the wild-type background, but loss of
BSH exacerbated the metal sensitivity of the export defective czcD cadA double mutant
strain. This phenotype could be fully complemented by expression of a xylose-inducible
copy of bshC. These results indicate that BSH protects against the toxic effects of thiophilic
metal ions, presumably in part by serving as a buffer, and that this function is most apparent
in cells lacking the ability to efflux excess metal. In addition, these results imply that BSH is
neither an obligatory co-substrate nor a chaperone for the CadA P1g-type ATPase (Arguello
et al., 2011), nor is it required for CzcD, as anticipated from prior biochemical studies that
demonstrated an antiport mechanism (Guffanti et al., 2002).

Induction of the CadA efflux system by Zn(ll) is increased in cells lacking BSH

The millimolar levels of BSH in the cytosol represent a substantial pool of potential Zn(Il)
binding ligands. To determine if BSH affects the ability of Zn(ll) to induce the CzrA-
regulated Zn(Il) efflux systems we monitored the expression of a Peaga-lacZ fusion. Cells
lacking BSH displayed an increased induction when compared to wild-type at all tested
Zn(11) concentrations, suggesting that CzrA had an increased responsiveness to Zn(ll) in the
absence of the competing ligand BSH (Fig. 4A). Similar results were seen when induction of
a second CzrA-repressed gene, czcD, was monitored as a function of time (Fig. 4B). Even
prior to challenge with external Zn(ll), the basal expression of the Pgga-lacZ fusion was
slightly elevated in the bshC null mutant, and expression was dramatically elevated in the
efflux defective cadA czcD double mutant; this derepression was further enhanced in cells
additionally lacking BSH (Fig. 4B). These data are consistent with a significant loss of
intracellular Zn(11) buffering capacity in the absence of BSH.
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Induction of the CadA efflux system by diamide is decreased in cells lacking BSH

CadA is one of the most highly induced genes upon treatment with the thiol oxidant diamide
(Leichert et al., 2003). Derepression of the CzrA regulon by diamide was unexpected since
CzrA lacks cysteine residues, and is therefore not an obvious target for inactivation by
disulfide stress. Using qRT-PCR, we confirmed that cadA mRNA levels increased >50-fold
in wild-type cells upon treatment with either 0.1 mM or 1 mM diamide for 5 minutes (Fig.
5). Remarkably, induction by 0.1 mM diamide was almost completely eliminated (~2-fold
residual induction) in cells lacking BSH. However, a full response was still obtained with 1
mM diamide. These results indicate that the major effect of 0.1 mM diamide is to oxidize
intracellular BSH pools to BSSB with concomitant release of bound Zn(ll), and this released
Zn(11) is then sensed by CzrA leading to induction of cadA.

Ribosomal proteins represent a second pool of mobilizable zZn(ll)

Induction of cadA mRNA was similar in both wild-type and BSH null cells when treated
with 1.0 mM diamide. Previous studies have suggested that the L31 and L33 Zn(ll)
metalloproteins, associated with the surface of the large subunit of the ribosome, each
contain a Cys,:Zn site. This Zn(11) that can be mobilized by a protein displacement
mechanism in times of Zn(l1) deprivation (Akanuma et al., 2006, Gabriel & Helmann, 2009,
Nanamiya et al., 2004). To determine whether or not Zn(lI1)-binding ribosomal proteins
contribute to Zn(I1) mobilization in response to diamide we used a strain (designated C-)
lacking both of the Zn(l1)-containing L33 paralogs (RpmGA and RpmGB) and L31 (RpmE).
As reported previously, this strain is viable and still encodes the non-Zn(Il) binding L31
(YtiA) and L33 (YhzA) paralogs that are regulated by Zur (Akanuma et al., 2006, Gabriel &
Helmann, 2009, Nanamiya et al., 2004). Induction of cadA expression after diamide
treatment is only modestly lower in the C- mutant than in wild-type (Fig. 5). However,
Induction of cadA by diamide was greatly reduced in a C- bshC mutant (lacking both the
zinc-storing ribosomal proteins and BSH) even when cells were treated with 1.0 mM
diamide (Fig. 5). This suggests that BSH and the surface-exposed, Zn(ll)-storing ribosomal
proteins are the two major sources of Zn(11) released by diamide under these conditions.
Diamide presumably releases Zn(lI1) from ribosomal proteins by oxidation of the
coordinating cysteine residues.

Cd(ll) induction of the CzrA regulon is a consequence of Zn(Il) mobilization

Previous studies demonstrate that the CzrA regulon was broadly induced by a wide variety
of metals/metalloids (Gaballa & Helmann, 2003, Moore et al., 2005). A greater than 10-fold
induction of the CzrA regulon was observed in transcriptome analyses after treatment with
various thiophilic metals including Ag(l), As(V), Cd(lI), Ni(Il), and Zn(lIl), with only
slightly lower induction by Cu(ll). This is curious because B. subtilis CzrA does not contain
any cysteine residues in its metal-sensing site in the a5 helix (Fig. 6A). Based on the known
metal specificity determinants of the ArsR/SmtB family of proteins, B. subtilis CzrA is
thought to be a bona fide Zn(lI1) sensor, much like the well studied S. aureus ortholog
(Busenlehner et al., 2003, Ma et al., 2009b, Osman & Cavet, 2010). We therefore
hypothesized that the induction of the CzrA regulon by thiophilic metals is likely indirect,
with binding of thiophilic metals to BSH displacing the activating Zn(ll) ion.
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To test this hypothesis, we monitored induction of both CzrA repressed operons, cadA and
czcD, by Zn(I1) and Cd(1l) in wild-type and BSH null cells. Consistent with the results of
Fig. 4A, Zn(l1) induction was increased for each gene in the absence of BSH. With Cd(ll),
however, there was essentially no (<2-fold) induction for either cadA or czcD in cells
lacking BSH (Fig. 6B). This supports the hypothesis that Cd(I1) mobilizes Zn(Il) by
displacement from BSH. In addition, these results indicate that, unlike high concentrations
of diamide, Cd(1l) does not significantly displace Zn(ll) from the L31 or L33 ribosomal
proteins.

BSH broadly affects metalloregulation

In contrast with the results for the CzrA regulon, BSH has a relatively modest effect on
metalloregulation mediated by the Cu(l)-sensor CsoR, and the paralogous As(lI11) sensors,
ArsR and AseR (Fig. 6B and Sl Fig. S5). The ArsR and AseR regulated arsenate/arsenite
resistance systems are induced by As(I11), either directly or after reduction of externally
added As(V) by arsenate reductase (ArsC) (Gaballa & Helmann, 2003, Moore et al., 2005).
The autoregulated arsR operon responds most strongly to As(l11), and this response is
reduced by ~2-fold in cells lacking BSH (Fig. 6B). In contrast with ArsR, the autoregulated
aseR operon is only weakly regulated, as noted previously (Moore et al., 2005, Harvie et al.,
2006), and its responsiveness is insensitive to the presence or absence of BSH (Sl Fig. S5).
There is little difference in the case of added As(V), in which case induction may be limited
by the rate of reduction of As(V) to As(l11). The mechanism underlying the decreased
response of AsrR to As(l11) in the absence of BSH is not immediately apparent. It is possible
that As(lI11), like Cd(I1), mobilizes Zn(1l) from BSH and that released Zn(ll) serves as an
antagonist of ArsR DNA-binding. Alternatively, in the absence of BSH the mobility of
As(111) within the cell may be reduced, due to lack of the facilitating effects of an abundant
LMW thiol ligand, and this may reduce the efficacy of As(l1l) loading into ArsR.

The CsoR protein senses Cu(l), reduced in the cell from externally added Cu(ll), by
coordination to one His and two Cys residues which triggers the allosteric change required
for repressor dissociation (Ma et al., 2009a). Induction of the CsoR-repressed copZA operon
was slightly elevated in the BSH null mutant cells (SI Fig. S5). This is analogous to the
increased induction of the Zn(Il)-sensitive CzrA regulon in the absence of BSH, and may
reflect the lack of competition from BSH.

Next, we wished to determine if the effects of BSH on induction of metal/metalloid
resistance operons had physiological implications. We used a growth inhibition assay to
monitor the effects of Zn(I1), Cd(11), Cu(ll), As(l11) and As(V) added at levels that led to
reductions of up to 10-fold in cell growth. There was no discernable effect on metal ion
sensitivity for BSH null mutants when tested with Zn(ll) (consistent with Fig. 3), Cu(ll), or
As(V) (SI Fig. S6). In contrast, BSH null mutant cells were modestly more sensitive to both
Cd(I1) and As(111), with an ~2-fold reduction in the amount of metal/metalloid that led to a
reduction in growth yield by 50% (SI Fig. S6). While the origins of these effects are not
entirely clear, we note that in the bshC null background Cd(Il) is an extremely poor inducer
of the CzrA regulon (Fig. 6B), which includes the primary Cd(ll) resistance determinant
CadA, and As(111) is reduced in its ability to induce the arsR operon, which is the primary

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ma et al.

Page 8

resistance determinant for As(l11) (Gaballa & Helmann, 2003, Moore et al., 2005). This
correlation suggests that BSH plays a role in Cd(I1) and As(l11) resistance, perhaps by
facilitating the efficient induction of the corresponding resistance operons. In contrast, the
role of BSH in resistance to Zn(ll) is proposed to result directly from its role in Zn(Il)
buffering, and this effect is only detectable in cells lacking the major Zn(Il) efflux systems

(Fig. 3).

CzrA is a Zn(ll) selective metalloregulator

Zn(11) homeostasis in B. subtilis is controlled by a pair of metalloregulatory proteins, Zur
and CzrA, via the regulation of Zn(ll) uptake and efflux gene expression, respectively (Ma
& Helmann, 2013, Moore & Helmann, 2005). Previously, Zur was shown to bind two Zn(ll)
ions per dimer in a high affinity structural site and two additional Zn(Il) ions in the sensing
site that results in activation of DNA-binding. The two sensing sites (site 2) in each dimer
(one per monomer) bind Zn(11) with negative cooperativity with K, of 1.8 x 1013 M~1 for
the first bound Zn(l1) and 8.3 x 1011 M1 for the second (Ma et al., 2011). Since Zn(Il)
binding activates DNA-binding, the converse is also true. When the sensitivity of Zur to
added Zn(11) was measured using a DNA-binding assay it was noted that levels of free
Zn(11) <10715 M activate binding (Ma et al., 2011). These results suggest that Zn(I1) import
is repressed when free Zn(1l) levels rise much above the fM level.

CzrA is the major regulator of Zn(1l) efflux, so we presume that the affinity of CzrA for
Zn(11) represents the concentration judged to represent Zn(1l) excess. To determine the
affinity of CzrA for Zn(I1) we measured binding by using FluoZin-3 and Quin-2 as
competitors. CzrA binds Zn(I1) with an affinity of 1.7(x0.2) x 1012 M~1 (SI Fig. S7a and b).
This defines a lower limit, in the pM range, for the concentration of free Zn(l1) that might
trigger derepression of Zn(ll) efflux due to binding of Zn(ll) to apo-CzrA in solution
together with rapid equilibration of solution and DNA-bound CzrA. However, since CzrA is
a DNA-binding repressor and derepression occurs only upon Zn(11) binding, the relevant
Zn(11) binding affinity for CzrA may be that of the CzrA-DNA complex. Since Zn(Il)
binding negatively regulates DNA binding affinity =1000-fold (SI Fig. S8), it is expected
that Zn(11) will bind to the CzrA-DNA complex with an affinity 21000-fold lower than for
free CzrA (Guerra & Giedroc, 2012). If binding to the repression complex is the relevant
parameter, accumulation of nM levels of free Zn(11) may be needed to trigger derepression.
Indeed, transient increases in free Zn(1l) levels to the nM level have been reported in Zn(Il)
shocked E. coli (Wang et al., 2012).

Previous studies have demonstrated that the metal-responsiveness of CzrA can be monitored
in vitro using a fluorescence anisotropy-based DNA-binding assay (Harvie et al., 2006).
Using a similar approach, we monitored the ability of various metals to release CzrA from
DNA. Ininitial studies, we noted that both Zn(I11) and Cd(Il) eliminated DNA-binding
activity in vitro, and DNA-binding was restored by addition of an excess EDTA, consistent
with prior studies of both B. subtilis CzrA (Harvie et al., 2006) and the S. aureus ortholog
(Pennella et al., 2003). The ability of Cd(ll) to directly inactivate the CzrA repressor in vitro
contrasts with the apparent BSH-dependence of the in vivo response (Fig. 6B). We reasoned
that a trivial explanation for this discrepancy might be the lack of competing thiols in our in
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vitro reactions. Indeed, inclusion of either Cys or BSH in the DNA-binding assays
eliminated the response to Cd(I1), but not to Zn(l1) (Fig. 7). A similar effect was noted
previously in studies of the mammalian metal-regulatory transcription factor MTF1; in this
case the ability of Cd(ll) to activate transcription in vitro was dependent on the release of Zn
from Zn-metallothionein (Zhang et al., 2003). These results highlight the importance of
including physiologically relevant competing ligands in efforts to reconstitute the selective
responsiveness of metalloregulatory proteins.

BSH facilitates Zn(ll) dissociation from CzrA

The above results highlight several mechanisms by which BSH might affect
metalloregulation. The effects on Zn(l1) sensing by CzrA are most simply explained by
simple competition; in the presence of millimolar BSH the cell must accumulate higher
Zn(I1) levels in order to have sufficient free Zn(I1) to bind CzrA and trigger derepression. In
the case of Cd(ll), cellular pools of BSH»:Zn(Il) can be destabilized in the presence of the
thiophilic Cd(1l) ion leading to a release of Zn(ll) into the cytosol which is then sensed by
CzrA. Finally, we suggest that the decreased efficacy of As(lI1)-mediated induction of the
arsR operon may result from the ability of BSH to help mobilize As(I11) within the cell
thereby facilitating binding to ArsR. Testing this latter proposal is a challenge, however,
since metalloregulation by the B. subtilis ArsR protein has not been successfully
reconstituted in vitro. Therefore, we chose to test the idea that BSH may facilitate metal
association and dissociation from regulatory proteins using CzrA as a model system.

We monitored the DNA-binding activity of CzrA using fluorescence anisotropy as a readout
of the ability of BSH to remove Zn(1l) from CzrA. Zn(I1)-loaded CzrA was mixed with
FAM-labeled cadA promoter DNA. The metal chelator, TPEN, and/or BSH were then added
and CzrA binding was monitored (Fig. 8). Although TPEN has a high affinity for Zn(1l)
(~10%> M~1), the Zn(11) bound by CzrA is only slowly transferred to TPEN, as indicated by
the slow association of the resultant apo-CzrA with DNA (t;/» ~1.6 x 103 sec). Even this
relatively slow reaction may be facilitated by ligand exchange reactions since TPEN has
four flexibly linked pyridine ligands. When 300 uM BSH was present, the dissociation of
Zn(11) from CzrA and transfer to TPEN occurred approximately six times faster as
monitored by the rate of DNA-binding (t1/, ~280 sec). This suggests that BSH facilitates the
removal of Zn(ll) from CzrA, and its ultimate transfer to the high affinity TPEN ligand,
through relatively facile ligand exchange reactions. In contrast, 300 uM GSH was relatively
inefficient in facilitating Zn(11) removal with only a slight decrease in the CzrA:Zn half-time
(ty2 ~1.1 x 103 sec) relative to TPEN alone (data not shown). Together, these data suggest
that, as cells transition from Zn(11) excess to normal conditions, BSH may accelerate the
repression of CzrA regulated Zn(I1) efflux genes, cadA and czcD. Conversely, BSH may
facilitate Zn(ll)-loading into DNA-bound apo-CzrA and thereby increase the kinetics of
derepression. Further analyses of these proposed facilitating mechanisms are underway.

Discussion

Zn(I1) plays an essential role as a structural and catalytic cofactor in numerous cell
processes. Here, we have identified the LMW thiol, BSH, as a key buffer for the labile
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Zn(I1) pool in B. subtilis. We propose that BSH helps maintain free Zn(Il) concentrations at
levels high enough for proper metallation of Zn(1l) requiring proteins, and low enough to
prevent rampant mismetallation of other proteins. The high affinity of BSH for Zn(ll) is
largely dependent on the cysteine-derived thiol group, although the malate carboxylates also
contribute (Fig. 1). The dominant complex at low levels of saturation, which is likely the
case in vivo, is a BSHy:Zn(ll) complex.

The intracellular concentration of BSH is ~1 mM for mid-logarithmic phase cells, and can
increase to ~5 mM during stationary phase (Sharma et al., 2013). Thus, there are likely 6 x
10° molecules or more of BSH per um?3 of cell volume. At equilibrium, it is likely that
BSH»:Zn(I1) complexes represent a small fraction of total BSH. Based on our measured
affinity of Zn(I1) for formation of BSH,:Zn(I1) complexes, if 1% of BSH (at 1 mM) is
associated with Zn(ll) (corresponding to ~5 pM BSH,:Zn(I1)) the free Zn(l1) concentration
would be buffered to ~2.5 pM, the Zur protein would be metallated, and further transcription
of the znuABC operon, encoding the major high affinity Zn(Il) uptake system, would be
inhibited. Indeed, our biochemical measurements imply that free CzrA (although not
necessarily DNA-bound CzrA) would also be inactivated at this level of free Zn(1l), possibly
leading to expression of efflux. However, the actual sensitivity of zinc efflux systems in
vivo, and whether they are under thermodynamic or Kinetic control, remains unresolved
(Wang et al., 2012). Moreover, the effective rate of efflux may be limited by the affinity of
the efflux systems for Zn(lI1) rather than their expression level.

The level of zinc bound to BSH likely rises much higher in Zn(11) shocked cells. The
maximum Zn(11) binding capacity of a 1 mM pool of BSH is between ~0.5 mM (as
BSH»:Zn(I1)) and ~1 mM (as BSH:Zn(I1)). It is interesting to note that 15 min. after a Zn(ll)
shock, the difference in total cell-associated Zn(lI1) between WT and BSH null cells is ~0.6
mM, and most of the difference corresponds to a LMW pool of Zn(Il) (Fig. 2B and Sl Fig.
S4). One interpretation of this result is that the BSH pool becomes nearly saturated with
Zn(I1), at least transiently. Under these conditions, the calculated level of free Zn(I1) will
rise to the nM level (80% saturation of a 1 mM BSH pool buffers free Zn(lIl) to ~ 5 nM),
more than sufficient to inactivate the CzrA repressor and derepress the corresponding Zn(1l)
efflux pumps which are presumably quite active at these high concentration of Zn(ll). In
summary, these calculations suggest that BSH can serve as a Zn(1l) buffer in the pM to nM
range, which is within the likely intracellular free Zn(Il) concentration range determined
based on the Zn(1l) binding affinities of the regulators of Zn(Il) homeostasis, Zur (Ma et al.,
2011) and CzrA (Sl Fig. S7). These results are consistent with recent studies using
ratiometric fluorescent reporters that suggest that pM to nM levels of free Zn(ll) are
common in several systems (Qin et al., 2011, Vinkenborg et al., 2009). To date, most of
these studies are in eukaryotic systems, but studies of E. coli have suggested free Zn values
in the 10-200 pM range (Wang et al., 2011, Haase et al., 2013), rising to >10 nM after a Zn
shock (Wang et al., 2012).

Several observations support the notion that BSH is a physiologically significant buffer for
intracellular Zn(I1). First, cells lacking the Zn(I1) efflux systems encoded by the czcD and
cadA operons are sensitive to elevated Zn(l1), and this sensitivity is exacerbated in cells
lacking BSH (Fig. 3). Second, the CzrA regulon is more sensitive to induction by Zn(ll) in
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cells lacking BSH (Fig. 4 and 6B), consistent with the loss of significant intracellular zinc
buffering capacity. Third, the presence of a significant pool of BSH»:Zn(ll), and the metal
binding potential of BSH itself, can explain many other previously puzzling observations.
For example, the thiol oxidant diamide strongly induces the cadA and czcD operons
repressed by CzrA (Leichert et al., 2003), a repressor protein that itself lacks any Cys
residues (Harvie et al., 2006, Moore et al., 2005). We here demonstrate that induction with
0.1 mM diamide is largely dependent on BSH, presumably because the BSH,:Zn(11) pool is
much more sensitive to this thiol oxidant than most protein-bound Zn(l1l). However, 1 mM
diamide additionally mobilizes Zn(1l) from L31 and L33 (Fig. 5), consistent with the
proposal that these two proteins represent a significant and mobilizable store of Zn(1l)
(Akanuma et al., 2006, Gabriel & Helmann, 2009, Nanamiya et al., 2004). Since these
proteins are normally synthesized as Zn(l1) metalloproteins in Zn(I1) sufficient cells, they
represent a mobilizable store of Zn(ll), but do not buffer the cell against Zn(I1) shock.

Release of Zn(Il) from cellular BSH,:Zn(11) pools may also contribute to several other
previously noted stress responses. For example, the CzrA regulon is induced by numerous
thiophilic metal ions (Moore et al., 2005), by acid stress (Wilks et al., 2009), and by reactive
electrophiles such as methylglyoxal and formaldehyde (Nguyen et al., 2009). One plausible
model posits that in each case induction results from release of Zn(lIl) from BSHy:Zn(11)
pools. Indeed, methylglyoxal has been shown to rapidly deplete the BSH pool in the cell
(Chandrangsu et al., 2014), and reduction of intracellular pH may release bound Zn(11) by
protonation of the BSH thiolate (Sharma et al., 2013).

As the dominant LMW thiol in the cell, BSH has numerous functions. We here document its
dominant role in buffering Zn(l1), consistent with prior suggestions that GSH may play a
similar role in other cells (Helbig et al., 2008), despite its significantly lower affinity for
Zn(1l) (Fig. 1C). In addition, BSH likely buffers the impact of other thiophilic metals/
metalloids, as here shown for Cd(I1). It has been suggested that GSH, for example, serves as
a buffer for the labile Fe(Il) pool (Hider & Kong, 2013, Hider & Kong, 2011). BSH also
functions, by virtue of its ability to form mixed disulfides with proteins (S-bacillithiolation),
to protect Cys residues against overoxidation in response to oxidative stress (Chi et al.,
2011, Chi et al., 2012, Gaballa et al., 2014). Finally, BSH is a cofactor for BSH-S-
transferases such as the fosfomycin detoxifying enzyme FosB (Roberts et al., 2012,
Thompson et al., 2013), DinB family enzymes (Perera et al., 2014), and BSH-dependent
glyoxalases (Chandrangsu et al., 2014). In addition, it is likely that BSH plays a key
facilitating role in the ligand transfer reactions that allow metals/metalloids to equilibrate
rapidly with ligands within the cell. Indeed, as shown here, addition of BSH increases the
rate of Zn(I1) dissociation from CzrA as measured by the rate of apo-CzrA DNA association
(Fig. 8). Similarly, mobility of As(ll) in biological systems is facilitated by LMW thiols and
loading of As(lI11) into the ArsD metallochaperone is stimulated by GSH (Yang et al., 2010).
We speculate that a similar kinetic role for BSH in loading of As(l11) into ArsR could
account for the decreased efficacy of induction of the arsR operon noted in the BSH null
cells (Fig. 6B).

BSH and other LMW thiols could also play a crucial role in the host-pathogen competition
for zinc. Zinc in the second most abundant transition metal in the host and is important for
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proper immune function (Kehl-Fie & Skaar, 2010). In response to infection by
Staphylococcus aureus, neutrophils release calprotectin, a protein which sequesters zinc,
thereby limiting its availability to the pathogen and increasing sensitivity to superoxide
stress (Kehl-Fie et al., 2011). To circumvent nutritional limitation by the host, bacteria
express high affinity metal uptake systems, such as the Znu-like systems (Liu et al., 2012).
Once Zn(11) is brought in to the cell, BSH may contribute by providing an effective means
for bacteria to store Zn(ll) in an easily accessible form.

The nature of the labile Zn(lI1) pool in bacteria has been elusive. Our work suggests that
BSH forms high affinity interactions with Zn(Il) and plays a dominant role in Zn(ll)
buffering. Moreover, our suggest results that the Zn(11) associated with ribosomal proteins
can be mobilized in response to diamide stress, consistent with the prior suggestion that
zinc-containing ribosomal proteins serve as a storage form of Zn(I1) (Gabriel and Helmann,
2009). Since BSH is widely distributed among the Firmicutes, whose members include
important human pathogens such as Bacillus anthracis and S. aureus, our findings may also
have implications for understanding the intense competition for metal ions during host-
pathogen interactions.

Experimental Procedures

Bacterial strains, plasmids, and growth conditions

Strains and plasmids used in this study are listed in Table 1. Bacteria were grown in the
media described in the following sections. When necessary, antibiotics were used at the
following concentrations: chloramphenicol (10 pg mi~1), kanamycin (15 ug mi~1),
spectinomycin (100 pg mi~1), and tetracycline (5 pg mi~1). Gene deletions were constructed
using long flanking homology PCR as previously described (Mascher et al., 2003).
Chromosomal DNA transformation was performed as described (Harwood & Cutting,
1990). To generate promoter—lacZ fusions, a DNA fragment containing czcD promoter was
PCR-amplified using czcD-F (5'CGCGAATTCTTTCAGTTACAAGTAAATCC3') and
czcD-R (5'CGCGGATCCTTCATTATGATTGTGACCCAZ') and cloned into vector
pDG1661 (Guerout-Fleury et al., 1996).

Disk diffusion assays

Strains were grown in LB at 37 °C with vigorous shaking to an ODggg~0.4. A 100 pl aliquot
of these cultures was added to 4 ml of LB soft agar (0.7% agar) and poured on to prewarmed
LB agar plates. The plates were then allowed to solidify for 10 minutes at room temperature
in a laminar flow hood. Filter disks (6.5 mm) were placed on top of the agar and 10 pl of
Zn(I1) or Cd(I1) (50 mM) was added to the disks and allowed to absorb for 10 minutes. The
plates were then incubated at 37 °C for 16-18 hours. The diameter of the zone of inhibition
was measured. The data shown represent the average and standard deviation of three
biological replicates.

Growth inhibition assays

Strains were grown in LB at 37 °C with vigorous shaking overnight. An aliquot of the
overnight culture was used to inoculate LB containing Zn(11), Cd(11), Cu(ll), or As(l1l) at the
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indicated concentrations to a starting ODggg of 0.02. The cultures were allowed to grow
overnight, at which time the final ODggp Was measured. The data shown represent the
average and standard deviation of three biological replicates.

p-Galactosidase assays

Cells containing cadA-lacZ or czcD-lacZ were grown in LB with different concentrations of
Zn(11) or Cd(I1) to mid-exponential phase. Cells containing arsR-lacZ were grown in LB
with different concentrations of As(l11) or As(V) to mid-exponential phase. f-galactosidase
assays were done as described previously (Chen et al., 1993, Miller, 1972). For monitoring
the time-course of induction, cells containing czcD-lacZ were grown in LB until mid-
exponential phase and 50 UM Zn was added. Samples were taken before and after Zn(11)
addition at the indicated time.

Quantification of total Zn(ll) quota by ICP-MS

gRT-PCR

Cells for quantification of the total Zn(1l) quota were grown in 5 ml LB medium in the
presence or absence of 200 uM ZnCl, to mid-log phase. For fractionation experiments, 25
ml of cells were grown in presence or absence of 200 uM Zn(I1). Samples were prepared and
analyzed by ICP-MS using the same protocol as previously described (Faulkner et al.,
2012). Cells were collected and washed with PBS buffer containing 1mM nitrotriacetic acid
followed by two PBS only washes. Cells were then resuspended in PBS and a fraction was
used for an OD600 measurement. The remaining cells were lysed by incubation at 37C for
20 minutes in the presence of 10 ug of lysozyme. For fractionation experiments, the cell
lysate was passed through a 3000 dalton cutoff ultrafiltration column (Ambion). Nitric acid
(final concentration of 3%) and 0.1% (vol/vol) Triton-X100 was then added and the samples
were boiled at 95C for 30 minutes. Samples were then centrifuged and subjected to ICP-MS
(Perkin EImer ELAN DRC Il using ammonia as the reaction gas and gallium as an internal
standard). Zn(I1) content was averaged over the cell volume and cell number assuming 5 x
108 cells ODggo 1 and 1.0 x 10714 liters cell™2. The data shown represent the average and
standard deviation of three biological replicates.

gRT-PCR was performed as previously described (Guariglia-Oropeza & Helmann, 2011).
Briefly, cells were grown at 37 °C in LB medium with rigorous shaking till ODggg ~0.4. 1
ml aliquots were treated with freshly prepared diamide for 5 min. Total RNA from both
treated and untreated samples were extracted RNeasy Mini Kit following the manufacturer's
instructions (Qiagen Sciences, Germantown, MD). RNA samples were then treated with
Turbo-DNA free DNase (Ambion) and precipitated with ethanol overnight. RNA samples
were re-dissolved in RNase-free water and quantified by NanoDrop spectrophotometer. 2 ug
total RNA from each sample was used for cDNA synthesis with TagMan reverse
transcription reagents (Applied Biosystems). gPCR was then carried out using iQ SYBR
green supermix in an Applied Biosystems 7300 Real Time PCR System. 23S rRNA was
used as an internal control and fold-changes between treated and untreated samples were
plotted.
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Metal binding experiments with BSH

All metal binding experiments involving GSH, BSH and its derivatives were carried out in
20 mM HEPES, pH 7.7, 0.15 NaCl. 0.1 mM TCEP as reductant was added to prevent
oxidation. This concentration of TCEP was shown not to interfere with metal binding.
Concentrations of BSH and GSH were determined using DTNB assay. For Co(ll) titration,
Co(ll) was titrated into a solution containing BSH and the UV-vis absorption spectrum was
recorded after each addition. For Zn(ll) titration, the competitor magfura-2 was included in
the solution. After each addition, 10 min equilibration time was allowed and then the UV-vis
absorption spectrum was recorded. Absorption at 325 and 366 nm were plotted for analysis.
Data were fitted using Dynafit with competition model as described in the text. Experiments
with BSH derivatives and GSH were performed in a similar manner.

Overexpression and purification of CzrA

B. subtilis CzrA was overexpressed in E. coli BL21 pLysS strain carrying a pET-16b
plasmid containing CzrA coding sequence. A single colony was inoculated and grown in LB
medium with 100 pg mI~1 ampicillin at 37 °C overnight. The overnight culture was then
diluted 1:100 with fresh LB medium containing 100 pg mI~1 ampicillin. Cells were grown at
37°C with rigorous shaking. 1 mM IPTG was added at mid-log phase (ODggg~0.4) and cells
were harvest by centrifugation after 2 hours of induction. Cell pellets were resuspended in
15 ml buffer A (20 mM Tris, pH 8.0, 0.1 M NaCl) and lysed by sonication. CzrA remained
in the lysis pellet but can be recovered by stirring in 50 ml of the same buffer overnight.
After centrifugation, the supernatant was loaded onto a MonoQ anion exchange column and
eluted with Buffer A with salt gradient from 0.1 to 1 M. Fractions containing CzrA were
pooled and found to be ~90% pure as judged by coomassie blue stained SDS-PAGE gel.
CzrA was finally dialyzed against Buffer B (20 mM Tris, pH 8.0, 0.4 M NaCl) and stored in
—-80 °C. Relatively high salt condition was used to increase the solubility of CzrA. These
buffer conditions were also used in subsequent metal and DNA binding experiments with
CzrA. Due to the low calculated extinction coefficient, the concentration of CzrA was
determined by two independent titration methods: i) Zn(11) titration monitored by tyrosine
fluorescence, which assumes CzrA binds 1.0 Zn(1l) per monomer; ii) DNA binding
monitored by fluorescence anisotropy, which assumes 1:1 binding of CzrA dimer to a 28 bp
operator DNA. Those assumptions are based on the known properties of the closely related
CzrA from S. aureus (46.5% sequence identity) (Arunkumar et al., 2009). Both methods
provide similar results on the concentration of CzrA.

Zn(ll) binding by CzrA

Binding of Zn(ll) to CzrA was monitored by competition assay using FluoZin3 (Fz3) or
Quin-2 as competitor, which binds one Zn(11) with affinities of 5.0 x 10’ M~1 and 2.7 x 1011
M1, respectively. All experiments were carried out in Buffer B as previously described (Ma
et al., 2011). Data were analyzed using Dynafit.

DNA binding by CzrA

DNA binding by CzrA was monitored by fluorescence anisotropy. A 28 bp 6-FAM-labeled
DNA derived from the cadA promoter was used (5’-6-FAM-TTATATATGA
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GTATATGCTCATATATAT-3" and its complement). Fluorescence anisotropy was
measured with Aey = 495 nm and Aem = 520 nm in Buffer B. The averaged anisotropy value
from at least five measurements was reported. For experiments measuring DNA binding of
CzrA in the presence of BSH, 10 nM FAM-labeled was mixed with 300 nM CzrA and 1 uM
Zn (20 mM Tris, pH 8.0. 0.4 M NaCl). 100 uM TPEN was then added with 300 uM BSH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. BSH bindsto Zn(l1) with high affinity
(A) Structure of BSH. (B) Zn(ll) was titrated into a mixture of 13.5 uM Magfura-2 without

(circles) and with 19.2 uM BSH (squares). Absorbance at 325 nm (increasing values) and
366 nm (decreasing values) were plotted. In the absence of BSH, magfura-2 (MF2) binds
one Zn(Il) with an affinity of 1.7(+0.1) x 107 M~1 (see SI Fig. 1a for comparison with
theoretical curves at 10-fold higher and lower affinity), a value similar to the reported
affinity of 5.0 x 107 M~1 (Vanzile et al., 2000, Simons, 1993). The data from the
competitive binding experiment with BSH and Magfura-2 are best fit to a model where BSH
forms a 2:1 complex with Zn(l1) with stepwise affinity constants of K= 7.5 (+0.0) x 10°
M~1, Ky= 2.5 (+0.0) x 105 M1 (or the accumulative binding constant o= 1.9 x 1012 M~2)
(see Sl Fig. 1b for comparison with theoretical curves at 10-fold higher and lower values for
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Ky and Kj). (C) Zn(Il) was titrated into a mixture of 13.5 pM Magfura-2 and 18.8 UM (open
symbols, solid line) or 188 uM GSH (filled symbols, dashed line). The data acquired with
188 uM GSH allows an estimation of the GSH-Zn binding constant of ~3x10* M1,
Conditions: 20 mM HEPES, pH 7.7, 0.15 M NaCl, 0.1 mM TCEP. (D) BSSB binds Zn(Il)
with low affinity. Zn(l1) was titrated into a mixture of 6.8 uM Magfura-2 and 200 uM BSSB.
Only minor competition was observed suggesting an affinity of ~10* M1 (see Sl Fig. 1c for
comparison with theoretical curves at 10-fold higher and lower affinity) Conditions: 20 mM
HEPES, pH 7.7, 0.15 M NacCl.
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Fig 2. BSH function to buffer Zn(I1) under zinc stress conditions
(A) Change of total cellular Zn(1l) content in WT (CU1065) and bshC (HB11079) mutant

cells following treatment of 250 uM Zn(I1) for different time periods. (B) Fraction of total
Zn(I1) content of WT and bshC cell lysate fractionated through an Amicon
ultracentrifugation filter (3 kD molecular weight cutoff) after exposure to 200 pM Zn(Il) for
5 min. The data shown represent the mean and standard deviation of three biological
replicates.
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Fig 3. BSH playsa protectiverolein cellsdeficient in Zn(11) efflux
Susceptibility of wild-type and mutant strains (WT, CU1065; bshC, HB11212; cadA,

HB11393; czcD, HB11394; cadA czcD, HB11395; cadA czcD bshC, HB11396; cadA czcD
bshC Pxyl-bshC, HB11427) to Zn(ll) (black bars) or Cd(Il) (grey bars) was determined by
disk diffusion assay. The data is expressed as the average fold-increase (z standard
deviation) of the area of the zone of inhibition relative to wild-type.

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ma et al.

100

o ©©
o O

(Miller units)
NN
o

0

W B-galactosidase activity >

350
300
5250
E 200
=150
=100

N

B-galactosidase activity
M
(O)
o O

Page 23

——\WT

-B-bHshA

| T | | |

0 50 10015020025030035040
Zn (UM)

/\\x——x cadA czcD bshC
/\‘\A——-A cadA czcD

././.\.\.bShC
W

I | | | T
-Zn 15 30 60 90

Time (min)

Fig 4. Induction of cadA in responseto Zn(l1) isincreased in cellslacking BSH
(A) Induction of Pgaga-cat-lacZ as a function of Zn(1l) concentration. Wild-type (HB11058)

cells (diamonds) and an isogenic bshA null (HB11061) mutant (squares) carrying a cadA-
cat-lacZ reporter fusion were grown to mid-logarithmic phase in LB medium with the
indicated concentration of Zn(ll) and assayed for B-galactosidase. (B) Pcaga-lacZ activity in
wild-type and mutant strains was monitored as a function of time after 50 uM Zn(11)
addition. Representative results are shown for experiments repeated at least three times.
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Fig 5. Induction of cadA in responseto diamideisreduced in cellslacking mobilizable Zn(I1)
pools
Expression of cadA was monitored by gRT-PCR in wild-type (CU1065), bshC (HB11212),

C- (rpmGA rpmGB rpmE mutant; HB6916), and C- bshC (HB15912) mutant strains after
the treatment with 0.1 or 1 mM diamide for 5 minutes. 23S rRNA was used as an internal
control and the fold-change between treated and untreated samples were plotted. Results are
the mean and standard deviation of 3 biological replicates.

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnuen Joyiny Vd-HIN 1duosnuen Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Maetal.

A

H86

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Ma et al.

0

120
P...p-lacZ
100
o 80 -
5
» 60 A
2
S 40 -
20
0
Zn (uM)
120
aqa-cat-lacZ

100
4}
‘€80
E]
'G:JGO
E

40

20 -
0 T T T 1
0 200 400 600
Zn (uM)
250.00
ParsR'laCZ
200.00
2150.00
: i
E100.00
50.00 -
0.00 - . . l
0 200 400 600
As Il (uM)

Miller units

120

100

120

100

Fig 6. BSH null mutants ar e affected in metalloregulation
(A) CzrA and ArsR are both members of the ArsR/SmtB family of repressors, but they

differ in the location and composition of their sensing sites. The crystal structure of S.
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PCZCD"'/aCZ
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15
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Cd (uM)

15

aureus CzrA dimer (PDB: 1rlv; 49% identical to the B. subtilis CzrA ortholog) is shown
with the two protomers colored green and pink, respectively (Eicken et al., 2003). In CzrA,
Zn is coordinated at the a5 site by D84, H86 along with H97” and H100” from the opposite
protomer (adapted from Pennella et al., 2006). In ArsR, As(l11) is coordinated by three Cys
residues in the a3 site (putative location highlighted in yellow) (Numbering based on B.
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subtilis ArsR by alignment with the E. coli ArsR sensing site; Shi et al., 1996). (B) Wild-
type cells (blue diamonds) and an isogenic bshC null mutant (red squares) carrying the
indicated reporter fusion (Pg;cp-lacZ WT, HB11423; bshC, HB11424; Pgaga-lacZ WT,
HB8125; bshC, HB16680; P4sr-lacZ WT, HB5015; bshC, HB16666) were grown to mid-
log phase in LB medium with the indicated concentration of metal ions and assayed for -
galactosidase. Results are shown as the mean and standard deviation of triplicate cultures.
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Fig 7. CzrA respondsdirectly to Zn(I1), but not to Cd(I1), in the presence of physiological levels
of thiols

The association and dissociation of CzrA-DNA complexes was monitored by fluorescence
anisotropy. Anisotropy was determined with 10 nM DNA only (white bars) and after
addition of 250 nM CzrA monomer (light grey bars), 1 uM indicated metal ions (deep grey
bars). 300 uM thiols were added as indicated. Conditions: 20 mM Tris, pH 8.0, 0.4 M NaCl.
Anisotropy values are mean and standard deviations of >4 technical replicates and are
representative of experiments repeated at least 3 times with similar magnitude changes, but
different absolute anisotropy values.
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Fig 8. Bacillithiol (BSH) facilitates Zn-dissociation from Czr A
10 nM FAM-labeled cadA promoter DNA was mixed with 300 nM CzrA and 1 UM Zn in 20

mM Tris, pH 8.0. 0.4 M NaCl. 100 uM TPEN was then added with 300 uM BSH. DNA
binding was monitored by fluorescence anisotropy with normalized fractional saturation
plotted on the y-axis. x-axis represents the time after TPEN addition. All data were fitto a
simple first-order decay model with the half-life (t1/,) of CzrA-Zn complex under these
conditions being 1633 s (triangles; TPEN only) and 278 s (squares; TPEN and BSH).
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Table

Strain
CU1065
HB11002
HB11079
HB11212
HB11675
HB11393
HB11394
HB11395
HB11396
HB11427
HB11423
HB11424
HB11436
HB11437
HB11058
HB11061
HB5015
HB16666
HB8125
HB16680
HB6916
HB15192

Genotype

WT

CU1065 bshA::kan

CU1065 bshC::kan

CU1065 bshC::mls

CU1065 bshC::spec

CU1065 cadA::kan

CU1065 czeD::tet

CU1065 cadA::kan czcD::tet

CU1065 cadA::kan czcD::tet bshC::mls

Reference

Laboratory stock

Gaballa et al. (2010)
Gaballa et al. (2010)
Chandrangsu et al. (2014)
This work

This work

This work

This work

This work

CU1065 cadA::kan czcD::tet bshC::mls amyE::P,y-bshC  This work

CU1065 Pg,ep-lacz (pDG1661) cat
HB11423 bshC::mls

HB11423 cadA::kan czcD::tet

HB11423 cadA::kan czcD::tet bshC::mls
CU1065 SPB(cadA’-cat-lacZ) (mls, neo)
HB11058 bshA::kan

CU1065 P,ep-lacZ (pDG1661) cat
HB5015 bshC::mls

CU1065 Pyga-lacZ (pDG1661) cat
HB8125 bshC::spec

CU1065 rpmGA::tet rpmGB::cm rpmGE::spc (C-)
HB6916 bshC::mls

This work

This work

This work

This work

This work

This work

Moore et al. (2005)
This work

Moore et al. (2005)
This work

Gabriel and Helmann (2009)
This work
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