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Summary

Bacterial pathogens must overcome host sequestration of zinc (Zn2*), an essential micronutrient,
during the infectious disease process. While the mechanisms to acquire chelated Zn2* by bacteria
are largely undefined, many pathogens rely upon the ZnuABC family of ABC transporters. Here
we show that in Yersinia pestis, irp2, a gene encoding the synthetase (HMWP2) for the
siderophore yersiniabactin (Ybt) is required for growth under Zn2*-deficient conditions in a strain
lacking ZnuABC. Moreover, growth stimulation with exogenous, purified apo-Ybt provides
evidence that Ybt may serve as a zincophore for Zn2* acquisition. Studies with the Zn?*-
dependent transcriptional reporter znuA. lacZ indicate that the ability to synthesize Ybt affects the
levels of intracellular ZnZ*. However, the outer membrane receptor Psn and TonB as well as the
inner membrane (IM) ABC transporter YbtPQ, that are required for Fe3* acquisition by Yht, are
not needed for Ybt-dependent Zn2* uptake. In contrast, the predicted IM protein YbtX, a member
of the Major Facilitator Superfamily, was essential for Ybt-dependent Zn?* uptake. Finally, we
show that the ZnuABC system and the Ybt synthetase HMWP2, presumably by Ybt synthesis,
both contribute to the development of a lethal infection in a septicemic plague mouse model.

Introduction

Zinc (Zn?*) is an essential trace metal which has structural and/or catalytic functions in an
estimated 3-8% of bacterial proteins (Andreini et al., 2006; Hantke, 2005; Katayama et al.,
2002; Vallee and Falchuk, 1993). Similar to iron, mammalian hosts restrict the availability
of Zn?* to invading pathogens by a number of mechanisms. Zn2* serum levels are in the
micromolar range with the metal tightly chelated by proteins such as transferrin, albumin
and ap-macrogloubin (Foote and Delves, 1984; Rahuel-Claremont and Dunn, 1998; Rink
and Haase, 2007; Weinberg, 1972). Upon infection, mammals sequester Zn2* systemically
and locally in an attempt to further reduce access to this critical micronutrient; one example
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being calprotectin (Corbin et al., 2008; Foote and Delves, 1984; Hood and Skaar, 2012;
Kehl-Fie and Skaar, 2010; Liuzzi et al., 2005; Rahuel-Claremont and Dunn, 1998; Rink and
Haase, 2007; Sohnle et al., 2000; Weinberg, 1972). Consequently high affinity Zn2* uptake
systems should be needed to acquire this transition metal during the infectious process.

In contrast to the variety of bacterial iron uptake systems, relatively few bacterial high-
affinity Zn?* uptake systems have been identified. The ABC transporter ZnuABC (and its
cluster 9 [C9] family orthologs) remains the most widespread mechanism for high affinity
Zn2* uptake. In some bacteria, a second periplasmic Zn%*-binding protein, ZinT, works in
conjunction with ZnuA, the primary periplasmic ZnZ*-binding protein of the ZnuABC
system (Graham et al., 2009; Hantke, 2005; Kehl-Fie and Skaar, 2010; Petrarca et al., 2010).
ZupT, a member of the ZIP family of proton motive force-dependent transporters, is
described as a low-affinity Zn?* transporter but contributes to Zn?* uptake at a concentration
of 10 uM Zn2* in vitro, and in infection models, at least for E. coli UPEC and Salmonella
(Cerasi et al., 2014; Grass et al., 2002; Karlinsey et al., 2010; Sabri et al., 2009). Additional
inner membrane (IM) transporters ZevAB and ZurAM have recently been implicated in
Zn2* acquisition by Haemophilus influenzae and Listeria monocytogenes, respectively
(Corbett et al., 2012; Rosadini et al., 2011).

Little is known about ZnZ* transport across the outer membrane (OM). In Neisseria
meningitidis, a TonB-dependent OM receptor (ZnuD), with high similarity to heme OM
receptors, functions in zinc and heme uptake (Kumar et al., 2012; Stork et al., 2010). In
Acinetobacter baumannii, two genes encoding TonB-dependent OM receptors with
similarities to ZnuD are repressed by Zn?* (Hood et al., 2012). The cyanobacterium
Anabaena encodes two TonB-dependent OM receptors whose transcription is highly
repressed by the ZnZ*-responsive transcriptional regulator Zur (Napolitano et al., 2012).
However the substrate(s) for these receptors has not been investigated.

Secreted Zn2*-chelating compounds (zincophores), analogous to siderophores which chelate
Fe3*, have been proposed as a Zn?* acquisition mechanism for pathogens (Hood and Skaar,
2012) and confirmed in several organisms. The fungal pathogen Candida albicans secretes
an ~33 kDa Zn%*-binding protein, Pral, involved in Zn2* scavenging (Citiulo et al., 2012).
Pseudomonas putida produces a small siderophore (198 daltons), pyridine-2,6-
bis(thiocarboxylic acid) (PDTC), that binds Fe3* and Zn?* and delivers these cations to the
bacterial cell (Cortese et al., 2002; Leach et al., 2007). Finally, Streptomyces coelicolor
produces a siderophore-like molecule, coelibactin, which has been proposed, but not proven,
as a zincophore (Hesketh et al., 2009; Zhao et al., 2012).

A role for Zn2* acquisition during infections has been demonstrated in a number of bacterial
pathogens: Acinetobacter baumannii, Brucella abortus, Campylobacter jejuni, pathogenic E.
coli strains, Haemophilus ducreyi, H. influenzae, L. monocytogenes, Moraxella catarrhalis,
Neisseria gonorrhoeae, Pasteurella multocida, Proteus mirabilis, Salmonella enterica
serovar Typhimurium, Streptococcus pneumoniae, Streptococcus pyogenes, Vibrio
parahaemolyticus, and Yersinia ruckeri (Ammendola et al., 2007; Bayle et al., 2011,
Campoy et al., 2002; Cerasi et al., 2013; Cerasi et al., 2014; Corbett et al., 2012; Dahiya and
Stevenson, 2010; Davis et al., 2009; Gabbianelli et al., 2011; Garrido et al., 2003; Hood et
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al., 2012; Karlinsey et al., 2010; Kim et al., 2004; Lewis et al., 1999; Lim et al., 2008; Liu
etal., 2012; Liu et al., 2013; Murphy et al., 2013; Nielubowicz et al., 2010; Plumptre et al.,
2014; Rosadini et al., 2011; Sabri et al., 2009; Weston et al., 2009; Yang et al., 2006).

Yersinia pestis is a Gram-negative bacterium that causes a flea-borne zoonotic disease,
bubonic plague. After the infected flea bite, Y. pestis typically spreads from the site of the
mammalian skin wound to the regional lymph node where multiplying bacteria cause
necrosis resulting in a swollen and painful lymph node or bubo. Bubonic plague progresses
rapidly to an often terminal systemic stage of disease or septicemic plague. A small
proportion of mammals can develop septicemia without a prior lymphatic stage when plague
bacteria are directly injected into the blood vessel by the flea bite or other means.
Septicemia is required to infect naive fleas, completing the zoonotic disease cycle. During
the course of mammalian disease, the lungs may become infected leading to the
development of secondary pneumonic plague. In humans that have developed secondary
pneumonic plague, Y. pestis can then spread via respiratory droplets from person to person
causing primary pneumonic plague (Perry and Fetherston, 1997; Sebbane et al., 2010;
Sebbane et al., 2006).

We previously showed that ZnuABC is required during in vitro growth of Y. pestis in
Chelex-100-treated PMH2 medium (cPMH2) which contains submicromolar Zn2* levels
(Desrosiers et al., 2010; Perry et al., 2012). Both the znuA and znuCB promoters are
regulated by Zn2* via the transcriptional regulator Zur that is common to many bacteria; a
mutation in the Y. pestis znu system increases expression under low Zn?* conditions.
However, the growth response of the Y. pestis znu mutant to supplementation of cPMH2
with 0.4 pM ZnCl,, suggests that Y. pestis has a second high-affinity Zn2* transporter. In
addition, the znu mutant is highly virulent in mouse models of bubonic and pneumonic
plague lending further support to the existence of another unidentified Y. pestis Zn2*
transporter that can effectively substitute for ZnuABC during mammalian infections.
Deletion or overexpression of nine genetic loci that encode divalent cation transporters or
cation transporters repressed by Zn?* -Zur showed that none of these systems are needed by
a znu mutant for in vitro growth under Zn2* -deficient conditions (Desrosiers et al., 2010; Li
et al., 2009; Perry et al., 2012). Thus one or more Zn2* transporters of Y. pestis remained to
be identified.

Siderophores are low-molecular weight compounds produced and secreted by bacteria, fungi
and plants and are typically associated with the chelation of ferric iron (Fe3*) for acquisition
by the producing organism. Siderophores are often vital for bacteria in different
environments, including the mammalian host where some can remove iron from lactoferrin
and transferrin (Hood and Skaar, 2012; Schaible and Kaufmann, 2004). While siderophores
have a high affinity for Fe3*, some, including pyochelin which is structurally similar to the
yersiniabactin (Ybt) siderophore produced by Yersinia and other bacteria (Fig. 1), have been
shown to bind other transition metals as well (Braud et al., 2010; Braud et al., 2009a; Braud
et al., 2009b; Chaturvedi et al., 2012). In addition, micacocidin, a compound with a
chemical structure similar to Ybt made by Pseudomonas spp and Ralstonia solanacearum
(Fig. 1), has been crystallized with ZnZ*, Mn?*, and Fe3* (Kreutzer et al., 2011; Nakai et al.,
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1999). However, there is no evidence that siderophore-dependent acquisition of transition
metals other than iron plays any role in bacterial pathogenesis.

In'Y. pestis, the Ybt siderophore-dependent iron uptake system has been shown to have a
primary role in iron acquisition in vitro and to be essential for the development of bubonic
plague and critical in pneumonic plague (Fetherston et al., 2010; Perry and Fetherston,
2011). Iron uptake via the Ybt system requires the TonB-dependent OM receptor Psn, TonB
and the IM ABC transporter YbtPQ (Fetherston et al., 1999; Fetherston et al., 1995; Perry et
al., 2003b) Here, we demonstrate that the Ybt siderophore and the IM protein YbtX play a
role in Zn2* accumulation and that both ZnuABC and Yhbt synthetase HMWP2 are critical
for lethal infections in a mouse model of septicemic plague.

The pgm locus that encodes the Ybt system is required for growth under metal-deficient
conditions and for the virulence of a znu mutant

Previously we failed to identify a putative second Zn%* uptake system that allowed Zn?* use
from low concentrations in vitro and full virulence of a Y. pestis znu mutant (Desrosiers et
al., 2010; Perry et al., 2012). Since then two previously unknown bacterial Zn?*
transporters, ZurAM (not encoded in Y. pestis) and ZevAB, have been shown to be
important for Zn2* uptake and virulence by L. monocytogenes and H. influenzae,
respectively (Corbett et al., 2012; Rosadini et al., 2011). Y1329-1330 are ZevAB
homologues encoded in Y. pestis KIM10+. Y1329 and ZevA each have a COG3683 domain
which is annotated as a periplasmic component of an ABC transporter. Like H. influenza
zevB and the Y. pestis Zn2*-repressible y1245 gene (Li et al., 2009), y1330 encodes a NicO
domain that is annotated as a proton motive force-dependent nickel transport permease.
While some NicO domain proteins have demonstrated NiZ* uptake activity, including the
Y1245 homolog in Yersinia pseudotuberculosis (Sebbane et al., 2002), the evidence in H.
influenzae suggests they may also participate in Zn2* transport (Rosadini et al., 2011).
Previously, we showed that a znu y1245 double mutant grew as well as a znu mutant in
cPMH2 medium (Desrosiers et al., 2010). Since Y1245 and Y1330 might serve redundant
Zn2* uptake functions, we constructed and tested a AznuBC Ay1245: tam Ay1329-

y1330. kan triple mutant. Growth of the AznuBC single mutant and the triple mutant at 37°C
did not differ significantly in cPMH2 with or without ZnCl, added to 0.6 pM (Fig. Slin
supporting information). Thus neither of these NicO domain proteins nor Y1329 appears to
play a critical role in Zn?* uptake in Y. pestis.

We noted that the Ybt siderophore, which has a high affinity for Fe3* vs ferrous (Fe2*) iron,
has recently been shown to chelate Cu2* (Chaturvedi et al., 2012; Perry et al., 1999) and that
the structurally similar micacocidin (Fig. 1A) has been crystallized with Zn?* (Kreutzer et
al., 2011; Nakai et al., 1999). Therefore, we hypothesized that the Ybt system might be
involved in Zn2* uptake with the Ybt siderophore serving as a zincophore. In preliminary
studies, we used Y. pestis KIM6 strains with a spontaneous deletion of the chromosomal
pgm locus that eliminates four ybt operons encoding siderophore biosynthetic, uptake, and
regulatory functions (Bearden et al., 1997; Fetherston and Perry, 1994; Perry and
Fetherston, 2011). Strikingly, we found that a combination of pgm and znuBC deletions
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completely abrogated growth of this mutant in cPMH2 supplemented with 0.6 UM ZnCl,
compared to the parent Pgm* AznuBC mutant (Fig. 2A). This growth defect was rescued by
integration of the znuA and znuCB operons into the att Tn7 site on the chromosome of the
double Apgm AznuBC mutant (data not shown). Thus, it appears that gene(s) within the pgm
locus are involved in Zn2* acquisition by Y. pestis.

A'Y. pestis KIM Apgm mutant is completely avirulent by subcutaneous injection (bubonic
plague) and highly attenuated by intranasal installation (pneumonic plague). However,
various Y. pestis Apgm strains, including KIM, are fully virulent via an intravenous route of
infection (septicemic plague) (Bearden and Perry, 1999; Fetherston et al., 2010; Jackson and
Burrows, 1956; Une and Brubaker, 1984). Consequently, we used a mouse model of
septicemic plague to compare Apgm and Apgm AznuBC mutants. Unlike our in vitro studies,
these strains carry pCD1Ap, a plasmid encoding a type three secretion system and effector
proteins that is essential for virulence (Gong et al., 2001; Perry et al., 1998). The Apgm
AznuBC mutant had an ~ 10°-fold loss of virulence compared to the Apgm strain. The
virulence of the Apgm AznuBC mutant was restored by complementation with the znuABC*
locus integrated into the chromosome (Table 1). A time-to-death analysis comparing these
three strains (Apgm, Apgm AznuBC, Apgm znuBC™*) strikingly illustrates these virulence
differences (Fig. 2B). Thus, the Zn2* uptake system, ZnuABC, and components within the
pgm locus are critical for the development of lethal infection in a mouse model of septicemic
plague.

The irp2 gene, encoding the Ybt synthase HMWP?2, is involved in Zn2* acquisition

To specifically address the role of the Ybt system in Zn?* acquisition, we constructed an
irp2: kan mutation in the AznuBC strain. The irp2-encoded HMWP2 protein is essential for
the synthesis of Ybt — condensing two cysteines and linking them to salicylate to form three
of the first four heterocylic rings of Ybt (Fig. 1A) (Perry and Fetherston, 2011). We
previously demonstrated that the kan insertion in irp2 has a polar effect on downstream
genes in the irp2-irp1l-ybtUTE operon, completely abrogating Ybt biosynthesis (Bearden et
al., 1997; Miller et al., 2010; Perry et al., 1999). For growth studies of this mutant, cPMH2
was supplemented with 1 uM FeCl3 and 0.6 uM ZnCl,. Iron was added to compensate for
the loss of iron uptake via the Ybt system while submicromolar Zn?* was added to enhance
the growth of the single AznuBC mutant. This single mutant showed the expected growth
defect compared to the Ybt™ Znu* parent strain while the irp2: kan AznuBC double mutant
exhibited no growth in cPMH2 despite FeCl3 and ZnCl, supplementation (Fig. 3A).
Moreover, a similar severe growth defect was caused by an in-frame deletion of irp2 in the
AznuBC background. This defect was alleviated by complementation of the Airp2 mutation
with a plasmid expressing the cloned irp2 gene (Fig. 3B). Thus, our data indicate that, in
addition to Zn2* uptake by the ZnuABC system, the Ybt system is needed for Y. pestis
growth under low Zn?* conditions in the absence of ZnuABC and that Ybt may serve as a
zincophore.

Our original AznuBC mutation eliminates the entire znuC ORF, most of znuB and the
promoter regions between znuA and znuCB (Desrosiers et al., 2010). The y2248 gene that
encodes a member of the M23 family of endopeptidases lies only 20 bp downstream of znuA
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(Fig. S2). Thus, it is possible that znuA and y2248 are transcribed from the same promoter,
in which case the expression of y2248 would be abrogated in the znuBC mutant.
Consequently, we constructed an in-frame znuA deletion (Fig. S2) in KIM6+ and the Airp2
mutant and tested their growth under low Zn%* conditions. Both the AznuA and Airp2 AznuA
mutants had identical in vitro and in vivo phenotypes compared to the AznuBC and Airp?2
AznuBC mutants, respectively (data not shown; Table 1). These data together with the
results showing that the AznuBC mutation is complemented by integration of znuABC* into
the att Tn7 site confirm that the znuBC mutation is responsible for the Y. pestis growth
defect under in vitro low Zn2* conditions.

The intracellular levels of Zn2* in Y. pestis and other bacteria are tightly regulated by the
Zn2*-responsive transcriptional regulator Zur that represses znuA and znuCB promoters
under Zn2*-sufficient conditions (Desrosiers et al., 2010; Hantke, 2005; Li et al., 2009).
Using a znuA. 1acZ reporter we have previously shown that transcription from the znuA
promoter during growth in cPMH2 in the AznuBC mutant is higher than in the parent Znu*
strain (Desrosiers et al., 2010). We used the same reporter to determine whether the Ybt
system plays any role in Zn2* acquisition when ZnuABC is functional. In the single

irp2. kan mutant, growth in unsupplemented cPMH2 showed a significant (~2-fold)
increase in transcription from znuA: lacZ compared to the Ybt* parent strain (Fig. 4A). Thus
the Ybt system contributes to intracellular Zn2* levels even when ZnuABC is functional.

We again used the znuA. lacZ reporter to determine if the double irp2. kan AznuBC mutant
is more Zn?* starved than the single AznuBC mutant. In the single mutant, 10 pM ZnCl,
caused a 5-fold loss of -galactosidase activity from znuA: facZ compared with 0.6 uM
ZnCl, while the double irp2: kan AznuBC mutant showed only a 1.3-fold loss of 3-
galactosidase activity under the same growth conditions. At 10 uM ZnCl,, znuA: lacZ
activity in the single mutant was repressed 4.7-fold compared to the double mutant (Fig.
4B). These data indicate that the Ybt system supplies Zn2* that represses the znuA. lacZ
reporter under these growth conditions.

These differences in intracellular Zn?* levels due to loss of uptake functions translate into
growth defects. Zn2* titration studies demonstrated that the AznuBC mutant in cPMH2 with
0.6 uM ZnCl, grew as well as the irp2. kan AznuBC mutant only when the double mutant
was grown with 2.5 uM ZnCl, (Fig. 4C). In addition, supplementation of cPMH2 with 0.6
UM ZnCl, and 10 pM FeCl3 showed no alleviation of the growth defect (Fig. 4C). Thus, our
data confirm that growth of the double mutant is Zn?*-dependent and not iron-dependent.

Expression of HMWP2 from the irp2-irpl-ybtUTE promoter is normally repressed by iron
(Perry et al., 2003a), to determine if it is also affected by Zn?* we examined the activity of
an irp2. lacZ transcriptional reporter (pEUIrp2) in Ybt* Znu™ and Ybt*™ Znu~ strains. Cells
were grown in cPMH with or without ZnCl, or FeCls added to 10uM. In a Znu*
background, transcription of the irp2 promoter was repressed by iron but not by Zn?* (Fig.
5). This is in agreement with the microarray finding of Li et al that ybt operons are not
regulated by Zn2* or Zur (Li et al., 2009). However, the znu mutation resulted in an ~1.7
fold increase in transcription from the irp2 promoter compared to the Znu* parent, which
was repressed by Zn2* (~1.6-fold) as well as Fe3* (Fig.5). Iron repressed transcription of
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the irp2 reporter ~10-12 fold in a Znu™ background but only ~4 fold in the Znu- strain.
These results show that extreme Zn2* starvation can affect expression of the Ybt system;
perhaps, the low intracellular Zn2* levels affect Fur activity. At least in vitro, E. coli and
Bacillus subtilis Fur proteins bind Fe2* as well as other divalent metals, including Zn2*. In
addition, Fur has been shown to bind Zn?* as a structural component (Althaus et al., 1999;
Ma et al., 2012; Mills and Marletta, 2005; Sheikh and Taylor, 2009). Perhaps, in the znu
mutant, there is insufficient Zn2* for maximal Fur activity. Thus, in the absence of Zn?* the
irp2: :lacZ reporter is not fully repressed in this strain. The finding that the activity of this
reporter in the presence of Zn2* is the same in both Znu* and Znu strains lends credence to
this hypothesis.

TonB-dependent OM receptors are not required for Zn2* acquisition in Y. pestis

The OM receptor Psn is required for Fe3* acquisition by the Ybt siderophore and its
function is dependent upon TonB, an IM anchored, periplasm spanning protein that is
required for active transport across the OM via TonB-dependent receptors. Y. pestis strains
with mutations in either psn or tonB exhibit a severe growth defect due to increased
chelation of residual Fe3* from the medium by Ybt that is unable to enter the cells. These
growth defects can be rescued by supplementation with 1uM FeCls. Y. pestis has a second
TonB-like gene (hasB) that is not required for Fe3*-Ybt utilization (Fetherston et al., 1995;
Perry et al., 2003b; Perry and Fetherston, 2011).

In Pseudomonas species, TonB-dependent receptors required for Fe3*-siderophore uptake
are also needed for the uptake of siderophores complexed with other metals (Braud et al.,
2010; Hannauer et al., 2012; Leach et al., 2007; Schalk et al., 2011). To test if the Psn
receptor is also involved in Zn2* acquisition via Ybt, we constructed either Apsn or

Apsn. kan mutations in the Znu- strain. Surprisingly, in contrast to the Airp2 AznuBC and
irp2: kan AznuBC double mutants, both the Apsn AznuBC and Apsn. kan AznuBC mutants
grew as well as the AznuBC and psn single mutants in cPMH2 supplemented with 1.0 pM
FeClsz and 0.6 M ZnCl; (Fig. 6A). Curiously, the Apsn. kan AznuBC strain grew better than
the Aznu mutant when Zn2* was omitted from the growth medium (Fig. 6A), suggesting that
the Psn receptor might hinder Ybt-dependent Zn2* uptake in Y. pestis.

While these results suggest that Ybt synthesized by HMWP2 provides Zn?* by a route
independent of the Fe3*-Ybt uptake system, a different OM receptor might be used for Zn2*
uptake. Y. pestis has a second locus encoding Ybt-like proteins with Y3404 showing
significant similarity to Psn (21% identity and 39% similarity) (Forman et al., 2010; Perry
and Fetherston, 2004). In addition, the TonB-dependent OM receptor ZnuD in Neisseria
meningitidis has similarities to the family of heme receptors and functions in heme and Zn2*
uptake (Kumar et al., 2012; Stork et al., 2010). To determine if TonB is required for Zn2*
acquisition, we constructed a mutant lacking both of the Y. pestis tonB genes in a AznuBC
background. Again, the AtonB. kan AhasB AznuBC and single AznuBC mutants had similar
growth defects in cPMH2 supplemented with 1.0 uM FeCls and 0.6 pM ZnCl;, (Fig. 6B).
This indicates that Ybt-dependent Zn?* uptake does not require any TonB-dependent OM
receptor in Y. pestis.
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The Ybt synthetase but not the Ybt OM receptor is critical for virulence in a Znu-
background during septicemic plague

Based on studies using Y. pestis Apgm strains, it is clear that the Ybt system is not essential
for the virulence of Y. pestis by an intravenous route of infection (Bearden and Perry, 1999;
Jackson and Burrows, 1956; Une and Brubaker, 1984). However, specific mutations in ybt
genes have not been tested in a mouse model of septicemic plague. LDsgs for the Ybt* strain
as well as the Apsn. kan and irp2. kan mutants were similar and confirm that Y. pestis does
not require the Ybt system to cause lethal septicemic plague in mice (Table 1).

However, the irp2. kan mutant, which had an LDsg similar to that of the Ybt* parent strain,
showed some attenuation at low infectious doses. While all 8 mice infected with the parent
strain at infectious doses of 13 and 15 quickly succumbed to infection, 5 out 8 mice infected
with doses of 11 and 16 cells of the irp2. kan mutant survived (p = 0.01). Thus, while the
Ybt system is not required for septicemic plague it may play a modest role during the
systemic stage of the infection resulting from low infectious doses.

To assess the importance of the Ybt-dependent Zn?* acquisition during septicemic plague,
we tested the effect of irp2 mutations in Aznu backgrounds. All three double mutants, Airp2
AznuBC, irp2. kan AznuBC, Airp2 AznuA, showed drastic attenuation (~10°-fold virulence
losses) compared to the Ybt* Znu* parent strain as well as single AznuBC and znuA mutants
(Table 1). Thus HMWP?2 is required for virulence in the septicemic plague model in strains
lacking a functional ZnuABC system.

To demonstrate that HMWP2 contributes to virulence of znu mutants due to Zn%* and not
Fe3* uptake, we tested the Apsn. kan AznuBC strain in the septicemic plague model. The
Psn receptor, that is required for Fe3* uptake via the Ybt siderophore, is critical for lethal
infection during bubonic and pneumonic plague (Fetherston et al., 2010). Unlike HMWP2,
Psn is not involved in Zn2* uptake in vitro. Thus, we reasoned that a Apsn. kan AznuBC
mutant would not show a drastic virulence defect in the septicemic plague model. Indeed,
this double mutant remained highly virulent indicating that Fe3* uptake via the Ybt
siderophore is not needed for virulence of the AznuBC mutant during septicemic plague and
that the Psn receptor is not involved in Zn2* acquisition in vivo. Thus the combination of
data from in vitro growth and animal experiments strongly suggest that the virulence defect
observed for the irp2 znu mutants in mice is not due to defects in the acquisition of both
Zn2* and Fe3* but rather attributable to the roles of the ZnuABC system and Ybt in Zn2*
uptake.

The IM protein YbtX, but not YbtQ, is required for Zn2* acquisition via the Ybt system in
vitro

Two genes, ybtP and ybtQ, encoded within a putative ybtPQXS operon, are required for Ybt-
dependent Fe3* transport into the cell. YbtP and YbtQ are putative IM proteins with both
permease and ATPase domains (Fetherston et al., 1999). We tested if these components are
also involved in Zn%* transport using a AybtQX AznuBC double mutant. Previous studies
have shown that ybtX is not required for Fe3* uptake via Ybt (Fetherston et al., 1999). In
cPMH2 supplemented with 1.0 uM FeCls and 0.6 pM ZnCl,, the growth of this double
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mutant was defective compared to that of the AznuBC and AybtQX single mutants. A higher
level of ZnCl, supplementation was required to significantly enhance the growth of the
AybtQX AznuBC mutant compared to the AznuBC mutant (Fig. 7). Addition of FeCl3 to 10
UM did not stimulate growth of the double mutant (data not shown). This demonstrates that
the growth defect was due to a defect in Zn2* uptake.

This growth defect was alleviated by complementation with the ybtPQX locus expressed
from its native promoter on a recombinant plasmid (Fig. 8A). However, a plasmid
expressing ybtPQ did not complement the growth defect of the AybtQX AznuBC mutant
(Fig. 8A) while expression of only ybtX did restore the growth of this mutant (Fig. 8B).
Based on bioinformatics, YbtX is an IM protein that belongs to the Major Facilitator
Superfamily (MFS). Several members of MFS have been shown to be involved in
siderophore utilization (Chatfield et al., 2012; O Cuiv et al., 2004). Our data suggest that
YbtX, but not YbtQ, is involved in Zn2* uptake. To further confirm this we constructed and
tested an in frame AybtX AznuA mutant. This mutant showed a growth defect similar to that
of the double AybtQX AznuBC mutant (data not shown) indicating that YbtX is required for
Ybt-dependent Zn2* utilization.

We also used feeding assays with culture supernatants from a Ybt-producing strain and an
irp2. kan mutant to determine whether secreted siderophore/zincophore supported the
growth of strains lacking the Fe3*-Ybt receptor Psn but not the IM protein YbtX (Fig. 9A).
Indeed, the growth of a triple Apsn irp2. kan AznuBC mutant was supported by Ybt-
containing supernatant from KIM6+ but not by the Ybt-negative supernatant from the

irp2. kan mutant KIM6-2046.1. Supernatant from a ybtU mutant, KIM6-2071, also failed to
stimulate the growth of the Apsn irp2. kan AznuBC mutant (data not shown). YbtU reduces
the middle thiazoline ring to thiazolidine (Fig. 1) and thus it is required for Ybt synthesis
(Miller et al., 2002). Finally, we tested purified apo-Ybt for its ability to stimulate the
growth of Apsn irp2. kan AznuBC mutant cells in cPMH2 supplemented with 1.0 uM FeCl3
and 0.6 uM ZnCls,. As expected, addition of apo-Ybt stimulated growth of this mutant
similar to the addition of culture supernatants containing Ybt (Fig. 9B). This provides
evidence that Ybt in the external environment likely serves as a zincophore. Moreover, Ybt-
dependent Zn2* translocation across the OM is independent of TonB and the OM receptor
Psn.

In contrast, the Ybt-containing supernatant did not alleviate the growth defect of a quadruple
Apsn irp2: kan AybtX AznuBC mutant (Fig. 9A). Thus the IM protein YbtX is essential for
Ybt -dependent Zn?* uptake demonstrating that Zn2* uptake via this route uses a pathway
completely different from that for Fe3*-Yhbt utilization.

Discussion

Zinc is essential for bacterial growth and the development of disease in mammals where it is
chelated as a component of nutritional immunity. While some pathogens appear to depend
upon the high-affinity Zn?* ABC transporter ZnuABC and its homologues, the mechanisms
used to circumvent Zn?* sequestration remain largely unknown. It has been suggested that
pathogens may use zincophores analogous to siderophores to scavenge Zn2* from
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mammalian hosts (Cerasi et al., 2013; Hood and Skaar, 2012). Previously, we found that a
Y. pestis AznuBC mutant retained nearly full virulence in mouse models of bubonic and
pneumonic plague (Desrosiers et al., 2010). Our data here provides evidence that Y. pestis
likely uses the siderophore Ybt as a zincophore to acquire Zn2*.

Several lines of evidence indicate Ybt-dependent Zn?* acquisition by Y. pestis under low
Zn2* conditions in vitro. First, in combination with the AznuBC mutation, two different irp2
mutations caused a more severe growth defect compared to the znu mutant in cPMH2
medium supplemented with 0.6 pM ZnCl, and 1.0 uM FeClj3 (Fig. 3). Second, this growth
defect was complemented in trans by the cloned irp2 gene or by zinc supplementation to 2.5
UM (Fig. 3 and 4C). Third, analysis of the expression of $-galactosidase from a znuA: 1acZ
reporter indicates that the Y. pestis irp2. kan mutant was more Zn2*-deficient than its Ybt*
parent (Fig. 4A) and the irp2: kan AznuBC double mutant failed to accumulate significant
intracellular Zn%* in cPMH2 medium supplemented to 10 uM ZnCl, (Fig. 4B). Finally,
purified apo-Ybt or culture supernatants containing Ybt but not Ybt-negative culture
supernatants supported the growth of a triple Apsn irp2. kan AznuBC mutant under low
Zn2* conditions (Fig. 9).

Recently, Chaturvedi et al have shown that Ybt binds copper and reduces copper toxicity in
an E. coli strain producing Ybt and enterobactin (Chaturvedi et al., 2012). In addition, a
Ybt-like compound, micacocidin, produced by some Pseudomonads and Ralstonia
solanacearum chelates Zn2* (micacocidin A), Cu?* (micacocidin B), and Fe3* (micacocidin
C) and has anti-mycoplasma activity. A pentyl chain on the salicylate moiety of Ybt is the
only structural difference between micacocidin and Ybt (Fig. 1A) (Kobayashi et al., 1998a;
Kobayashi et al., 2000; Kobayashi et al., 1998b; Kreutzer et al., 2011). Moreover, two
primary siderophores of Pseudomonads, Pyoverdine | (PVVDI) and Pyochelin (Pch) have
been shown to bind a wide range of divalent cations including Zn?*. These non-iron PVDI
and Pch complexes appear to function in cation homeostasis and reduction of metal
toxicities. These studies demonstrate effective chelation of non-iron metals by these two
siderophores; however, acquisition of these metals, particularly Zn2* and Mn2*, for
nutritional use has not been assessed. Note that Pch (Fig. 1B) has a structure nearly identical
to Ybt minus the malonyl linker group and the second thiazoline ring (Brandel et al., 2012;
Braud et al., 2009a; Braud et al., 2009b; Braud et al., 2010; Schalk and Guillon, 2013;
Schalk et al., 2011). In S. coelicolor, coelibactin, a non-ribosomally synthesized molecule
whose expression is regulated by Zur has been proposed as a zincophore. However, Zn2*
chelation and acquisition by coelibactin has not been demonstrated. Coelibactin has a
predicted structure with similarities to Ybt and micacocidin, at least prior to further putative
enzymatic tailoring (Hesketh et al., 2009; Zhao et al., 2012). The secreted protein, Pral, has
a proven role in Zn?* scavenging in C. albicans (Citiulo et al., 2012) but this system is more
analogous to the bacterial hemophore system (Cescau et al., 2007) — both are ribosomally
synthesized small proteins.

Pyridine-2,6-bis(thiocarboxylic acid) (PDTC), a small siderophore (198 daltons) produced
by some Pseudomonads forms 1:1 or 1:2 complexes with a number of biometals with the
highest affinity for Fe3*. Growth of P. putida is stimulated by supplementation with
micromolar Zn2* only if the strain produces PDTC. However, Zn?* acquisition by PDTC
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appears to be much less efficient than Fe3* acquisition (Cortese et al., 2002; Leach et al.,
2007). P. putida PDTC and Y. pestis Ybt are the only two examples of siderophores/
zincophores with proven roles in Zn?* acquisition. Whether siderophore/zincophore-
dependent Zn2* uptake is wide-spread in bacteria remains to be determined.

Although the Y. pestis OM receptor Psn and the TonB system are required for Fe3* uptake
via the Ybt siderophore, neither of these are needed for Ybt-dependent Zn2* acquisition
(Fig. 6). In Gram-negative bacteria, involvement of the TonB-ExbBD complex in
siderophore-Fe3* uptake via an OM receptor is a paradigm for iron acquisition via
siderophores (Miethke and Marahiel, 2007). TonB-dependent receptors also appear to be
needed for uptake of Zn%*-siderophore complexes in Pseudomonas species. In P. putida, the
TonB-dependent OM receptor PdtK is required for efficient growth stimulation by Zn2*-
PDTC complexes (Leach et al., 2007). Hannauer et al. observed accumulation of Zn2*-PVD
complexes into the periplasm of Peusdomonas aeruginosa cells only when the TonB-
dependent OM FpVA receptor was present. In this instance unwanted metals were then
effluxed from the periplasm (Hannauer et al., 2012). However, there are several examples of
siderophore uptake by TonB-independent receptors. Legionella pneumophila and
Fransicella tularensis each lack the TonB-ExbBD system. However, the OM receptor
proteins LbtU and FsIE are involved in Fe3*-siderophore utilization by these two pathogens
(Chatfield et al., 2011; Ramakrishnan et al., 2008; Ramakrishnan et al., 2012). Use of
ferrioxamines B and E are dependent upon TonB and the TonB-dependent OM receptor
FoxA in Salmonella enterica; however a tonB mutant still exhibited reduced utilization of
these two siderophores (Kingsley et al., 1999). How these ferrisiderophores or Zn%*-
siderophore/zincophore complexes are transported through the OM remains unanswered. In
Y. pestis, a putative OM receptor for Ybt-dependent Zn2* utilization could rely upon the
TolABQR system (Lloubeés et al., 2012) for providing energy. While this is a possibility, the
mechanism for translocation across the OM remains to be elucidated.

Transport of ferrisiderophores through the cytoplasmic membrane of bacteria typically
requires ABC permeases (Miethke and Marahiel, 2007). In Y. pestis, the putative IM ABC
transporter YbtPQ is essential for Fe3*-Ybt utilization (Fetherston et al., 1999). Unlike Fe3*-
Ybt uptake, this study indicates that a predicted MFS member, YbtX (with no known role in
Fe3* uptake), not YbtPQ, is critical for Ybt-dependent Zn2* import (Fig. 7 and 8).
Strikingly, another MFS member, PdtE, was required for utilization of Zn2*-PDTC
complexes in P. putida (Leach et al., 2007). MFS type proteins have been shown to be
involved in both siderophore uptake and efflux (Chatfield et al., 2012). Several MFS
members including RhtX, FptX (orthologs of YbtX) and LbtC are needed for Fe3* uptake
via the rhizobactin, pyochelin and legiobactin siderophores in Sinorhizobium meliloti, P.
aeruginosa and L. pneumophila, respectively (Chatfield et al., 2012; Michel et al., 2007; O
Cuiv et al., 2004). However, in our experiments, inactivation of ybtX did not prevent
secretion of the Ybt siderophore or cause any growth defects in metal-chelated medium,
traits generally found in bacteria with mutations in genes encoding siderophore efflux
pumps (Crouch et al., 2008; Fetherston et al., 1999; Furrer et al., 2002) suggesting that
YbtX is not required for Ybt export. Thus, Ybt-dependent uptake of Fe3* and Zn?* appear to
require completely different transport routes through the OM and IM (Fig. 10). This
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suggests that Ybt complexes with Fe3* and Zn2* may have sufficiently different structural
conformations to require separate transport systems. Two isomers of the Pch siderophore,
which has a similar structure to Ybt, use different OM receptors and IM transporters. In P.
aeruginosa, Fe3*-Pch translocates through the OM and IM using the OM receptor FptA and
MFS permease FptX, respectively, while transport of its isoform ferri-enantio-Pch occurs
via the OM receptor FetA and IM ABC transporter FetDE in P. fluorescens. These transport
components are not interchangeable — FptA and FptX transports Fe3*-Pch not ferri-enantio-
Pch (Youard et al., 2011).

Here, we propose a model for Zn2* acquisition in Y. pestis by the ZnuABC and Ybt
siderophore/zincophore systems using two independent uptake routes (Fig. 10). Under in
vitro conditions, Zn2* may enter the cell passively through OM porins. In the periplasm,
ZnuA chaperones Zn2* to the ZnuBC ABC transporter required for the active transport of
Zn2* across the IM. Although ZnuABC is a major Zn2* uptake system under the in vitro
growth conditions we have used (Fig. 3A; (Desrosiers et al., 2010), both Zn2* transport
systems appear to be equally important in vivo. Strains with a mutation in either system
retain nearly full virulence in the septicemic plague model while a double mutant is highly
attenuated. We propose that Ybt is secreted to the external environment where it chelates
Zn2* and serves as a zincophore to bring this essential metal into the bacterial cell using a
TonB-independent receptor or porin. How Zn2* translocates through the OM remains to be
determined but it is likely to be an energy dependent process. Subsequent transport of Zn%*
or Zn2*-Ybt from the periplasm into the cytoplasm requires YbtX in the IM. Finally, the
mechanism for removing Zn2 * from Ybt is uncharacterized.(Fig. 10).

Under in vitro conditions when low concentrations of unchelated Zn?* are present, the
growth of many bacterial species is dependent on ZnuABC or a related C9 family ABC
Zn2* transporter. In vivo, mutations in genes encoding the Znu family of transporters cause a
severe loss of virulence or colonization by B. abortus, C. jejuni, M. cararrhalis, P.
multocida, N. gonorrhoeae, S. Typhimurium, S. penumoniae, S. pyogenes, and Y. ruckeri
(Ammendola et al., 2007; Bayle et al., 2011; Campoy et al., 2002; Dahiya and Stevenson,
2010; Davis et al., 2009; Garrido et al., 2003; Kim et al., 2004; Lim et al., 2008; Liu et al.,
2012; Murphy et al., 2013; Plumptre et al., 2014; Weston et al., 2009; Yang et al., 2006).
Clearly, in the mammalian host, the Y. pestis ZnuABC transporter acquires sufficient Zn2*
to cause disease despite chelation by host proteins. In the inflamed gut, the Znu system of
Salmonella overcomes Zn2*-chelation by calprotectin (Liu et al., 2012). How Zn2* is
removed from calprotectin and/or other host Zn?*-sequestering proteins is unknown. The N.
meningitidis TonB-dependent OM receptor protein CbpA has been recently reported to bind
calprotectin, allowing its utilization as a Zn2* source (Stork et al., 2013). Another,
possibility is that inflammation and necrosis may release Zn2* from some host proteins.

In other bacterial pathogens, A. baumanii, uropathogenic E. coli, H. ducreyi, H. influenzae,
L. monocytogenes, P. mirabilis, Vibrio parahaemoliticus, and Y. pestis, mutations in znu do
not affect virulence or have a subtle effect on virulence or colonization (Desrosiers et al.,
2010; Hood et al., 2012; Lewis et al., 1999; Liu et al., 2013; Nielubowicz et al., 2010;
Rosadini et al., 2011; Sabri et al., 2009) suggesting that additional Zn2* uptake systems are
involved in the virulence of these bacteria. Indeed, in uropathogenic E. coli, H. influenzae,
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L. monocytogenes, and S. Typhimurium, mutation of a second Zn?* transporter in a znu
background further decreased virulence or colonization. Thus, in these pathogens, both
ZnuABC and the 2"d ZnZ* transporter contribute to virulence (Cerasi et al., 2014; Corbett et
al., 2012; Rosadini et al., 2011; Sabri et al., 2009).

A'Y. pestis irp2 mutant is avirulent in the mouse model of bubonic plague and highly
attenuated in the pneumonic plague model (Fetherston et al., 2010). Consequently, in this
study, we have used a mouse model of septicemic plague in which a Apgm mutant (which
lacks the entire Ybt system) is known to be highly virulent (Bearden and Perry, 1999;
Jackson and Burrows, 1956; Une and Brubaker, 1984). Here we show an absolute
requirement for Zn2* acquisition for Y. pestis virulence in septicemic plague. The double
irp2 znu mutants had a >10°-fold attenuation compared to the Ybt* Znu* parent strain
(Table 1). Since a Y. pestis znu mutant is highly virulent in all three mouse plague models
(Desrosiers et al., 2010) (Table 1), these data suggest that Ybt-dependent Zn%* uptake
compensates for the loss of Zn2* acquisition in mice by a znu mutation in Y. pestis. Since the
irp2 single mutant is highly virulent in the septicemic plague model, it appears that the
ZnuABC and Ybt serve redundant functions for Zn2* acquisition in mammals with either
being sufficient to cause disease. It is also possible that Ybt may remove Zn2* from
mammalian proteins. Y. pestis is the first pathogen with interrelated siderophore/zincophore
systems involved in Zn2* and Fe3* acquisition in vitro and in vivo.

Experimental Procedures

Bacterial strains, plasmids, primers and growth conditions

The bacterial strains, plasmids and primers used in this study are listed in Table S1 in
supporting information. All bacterial strains are stored in glycerol stocks (Beesley et al.,
1967) at -80°C. E. coli strains DH5a and DH5a (\pir) were used in the construction and
maintenance of recombinant plasmids and were grown in Luria broth (LB) or on LB agar at
28-37°C. Select agent-exempt Y. pestis strains lacking the pCD1 virulence plasmid or the
102-kb chromosomal pgm locus were used for the construction of all mutants and in vitro
studies. Y. pestis strain designations that lack a plus sign have a pgm deletion or a mutation
within the pgm locus, which encodes the ~29 kb ybt locus/high pathogenicity island. The
pgm locus can be lost spontaneously in vitro at a rate of 10" (Brubaker, 1969; Fetherston
and Perry, 1994; Perry and Fetherston, 2011). From glycerol stocks, Y. pestis strains were
inoculated onto Tryptose Blood Agar Base (TBA) (Difco) or a modified Congo Red (CR)
agar (Surgalla and Beesley, 1969) consisting of TBA supplemented with 0.2% (w/v)
galactose, 1% (w/v) CR and ZnSO,4 or ZnCl,, to a final concentration of 100 uM and grown
at 32-33°C for 2 days. Formation of red colonies on CR plates indicates that the strain has
retained the pgm locus and a red colony was inoculated onto TBA slants. From slants, VY.
pestis strains were grown in Heart Infusion Broth (HIB) with indicated supplementations or
cPMH2 at 30-37°C. Where necessary, ampicillin (Ap), kanamycin (Km), spectinomycin
(Spc) or streptomycin (Sm) were used at final concentrations of 100, 50, 25 and 50 ug ml2,
respectively. TBA medium supplemented with 5% sucrose was used to cure suicide vectors
as previously described (Fetherston et al., 1999).
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Comparison of bacterial growth under metal-deficient conditions

All glassware used for Zn- and/or Fe-restricted growth studies was soaked overnight in a
saturated chromic acid solution to remove contaminating metals and copiously rinsed in
deionized water. For growth studies, Y. pestis strains were inoculated from TBA slants to an
ODgpg of ~ 0.1 in the chemically defined medium, cPMH2, which had been extracted prior
to use with Chelex-100 resin (Bio-Rad Laboratories), with or without ZnCl, or FeCl3
supplementation to various concentrations. Unsupplemented cPMH2 medium has a residual
Zn2* concentration of ~0.5 M (Desrosiers et al., 2010; Gong et al., 2001). Cultures were
aerated (250 rpm) at 37°C with culture volumes ~10-20% of the volumes of treated
glassware or plastic conical tubes (Falcon). Growth through one or two transfers (~3-4 or
6-8 generations) was used to acclimate cells to cPMH2 and varying Zn*2 or Fe*3 conditions
prior to use in all experimental studies, unless otherwise indicated. Growth of the cultures
was monitored by determining the ODgog With a Genesys5 spectrophotometer (Spectronic
Instruments, Inc.).

Mutant strain constructions

Suicide plasmids pSucZnu3.5, pKNGAznuA, pKNGAtonB2, pPSN15, pCIRP498.8 and
pCVDybtX (Table S1 in supporting information) were used to introduce mutations in
znuBC, znuA, hasB, psn, irp2, and ybtX, respectively, into various Y. pestis KIM strains by
allelic exchange as described previously (Fetherston et al., 1995). The A red recombinase
method (Datsenko and Wanner, 2000; Lathem et al., 2007) was used to inactivate y1329-
y1330 and y1245. The PCR product for replacement of y1329-1330 in KIM6-2077+ with a
kan cassette was prepared using y1329red-Forw and y1330red-Rev primers and pKD4 as a
template. In a double znu y1329-1330 mutant carrying pWL204, y1245 was replaced with a
cat cassette from pKD3 using y1245-KMI and y1245-KMII primers. All genetic mutations
were confirmed by PCR using primers listed in Table S1 in supporting information.

To construct the suicide vector pKNGAznuA with an in-frame znuA deletion, pZnu2
(Desrosiers et al., 2010) was digested with Hindl1l and Pstl to release a 1.9 kb fragment that
was cloned into the same sites in pBluescript-KS to yield pBSZnuA. A 156 amino acid
deletion within ZnuA (Fig. S2) was created by ligating a Hindl11/Xmnl fragment and a Pstl/
Fspl fragment from pBSZnuA into the Hindlll and Pstl sites of pBluescript-KS. This
plasmid, called pBSAznuA was cut with Sall and Xbal and the 1.5 kb piece containing the
deleted version of znuA was ligated into the same sites of pKNG101, resulting in
pKNGAZnuA.

Complementation of the znuBC mutation

An ~3 kb Stul/Agel fragment that contains the coding sequences for ZnuA, B and C, was
isolated from pZnu2 and cloned into the Stul and Xmal sites of pUC18R6K-mini-Tn7T-Km
to generate the Znu integration vector, pUCR6K-ZnuABC-Km. The plasmid was
electroporated, along with the Tn7 transposase expression vector, pTNS2, into KIM6-2077+
and KIM6-2077. Kanamycin resistant strains containing the mini-Tn7 transposon with
ZnUABC™ integrated at the attTn7 site were confirmed by hybridization and PCR. A 240 bp
DNA fragment encompassing parts of znuA and znuC ORFs as well as the intergenic region
between the znuA and znuCB operons was DIG-labeled by PCR with primers ZnuC.3 and
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ZnuC.5 and used as a probe against EcoRI and Hindl11/BamHI digested genomic DNA from
tested strains. For verification of znuABC™ integration into the chromosomal attTn7 site by
PCR, ZnuA 5.3 and attTn7Yp-Fwd primers were used. The resulting strains were named
K1M6-2077.10+ and KIM6-2077.10.

Construction of a YbtX expressing plasmid

To delete the ybtPQ genes (~ 3.4 kb) from pYbtPQX, primers ybtPQdel_F and ybtPQdel R
were used in reverse splicing by overlap extension PCR. Following the reaction, Dpnl was
added to digest template DNA; the PCR product was precipitated with ethanol and
transformed into E. coli DH5a chemically competent cells. Clones with the appropriate
ybtPQ deletion were detected by PCR and confirmed by sequencing (ACGT Inc.). The
resulting plasmid, pYbtX, was introduced into KIM6-2077.13 for complementation studies.

p-Galactosidase assays

The B-galactosidase activities from znuA: facZ or irp2. lacZ reporter fusions were measured
in Y. pestis strains carrying the reporter plasmids pEUZnul or pEUIrp2, respectively
(Desrosiers et al., 2010; Perry et al., 2003a). To compare znuA. lacZ reporter activity in
AznuBC (KIM6-2077+) and irp2: kan AznuBC (KIM6-2077.7) mutants, the strains were
grown at 33-34°C overnight on TBA slants supplemented with Spc and ZnCl, at a final
concentrations of 25 pg ml~1 and 10 pM, respectively. The cells were resuspended in
cPMH2 supplemented with Spc and various concentrations of ZnCl, and/or FeCl3 to an
ODgyg ~ 0.1, grown at 37°C for ~ 3 generations and harvested. To compare znuA: :lacZ
reporter activities in the KIM6+ parent to irp2. kan (K1M6-2046.1) and AznuBC mutants,
the strains were grown on TBA slants with Spc at 33-34°C overnight. The cells were grown
through two transfers in cPMH2 with Spc for 5.5-6.5 generations before harvesting. To
monitor irp2: :lacZ reporter activities in the KIM6+ and AznuBC mutant, TBA/Spc pre-
grown cells were propagated through two transfers in cPMH2/Spc with or without ZnCl, or
FeClj3 for 4.5-5.5 generations before collecting samples. -Galactosidase activities from
whole-cell lysates were measured by monitoring the hydrolysis of o-nitrophenyl-3-D-
galactopyranoside spectrophotometrically with the results expressed in Miller units (Miller,
1992).

Purification of apo-Ybt

Apo-Ybt was purified in a multi-step procedure modified from previous methods (Miller
and DeMoll, 2011; Miller et al., 2010). No iron was added to the spent media before
extraction. Eight liters of spent media were extracted in 500 ml aliquots with three washes of
200 ml ethyl acetate. The organic layers were collected, combined, and the solvent was
removed by rotary evaporation at 40°C. The material was then re-dissolved in ~5 ml of
100% ethanol. The crude material was then diluted to 50 ml with 18 M water for the next
step of purification.

Final Ybt purification was performed on a Combiflash Rf. Crude Ybt was dissolved in a
10:1 water-ethanol solution, loaded onto a 2.5 g pre-packed C18 reverse phase cartridge, and
purified on a 4.3 g C18 reverse phase column with water and acetonitrile as the mobile
phase. The separation was achieved by using the following gradient: 10% acetonitrile for 3
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mins followed by a linear gradient from 20% to 60% acetonitrile over 25 minutes (Retention
time ~ 13 min). Fractions were collected every 1 minute. Fractions containing Ybt were
concentrated in vacuo and the purification was repeated.

Final fractions were then collected and concentrated to dryness via rotary evaporation at
40°C. The identity and purity of authentic Ybt in each stage of purification was confirmed
via mass spectrophotometry using an Agilent 6224 TOF LC/MS equipped with the Agilent
1260 HPLC system and MassHunter software. The instrument was equipped with an Agilent
Extend C-18 column (1.8 um, 2.1 x 50 mm) with mobile phase consisting of mass
spectrophotometry grade water (with 0.1% formic acid and 0.1% methanol) and acetonitrile
(with 0.1% formic acid) and operated in positive ion mode (3500V Vcap, 750V OctRF Vpp,
65V skimmer, 135V fragmenter, 40 psi Nebulizer gas, 12 liter/min drying gas, and 325 C
gas temperature). Samples were eluted from with a linear gradient of 5 to 100% acetonitrile
at 0.3 ml/min over 15 minutes. Authentic Ybt eluted at approximately 7.66 minutes with an
M+1 mass of 482.1250 and an M+2 mass 241.5643 of in agreement with the predicted M+1
and M+2 masses of 482.1236 and 241.5655 respectively.

Feeding assays with culture supernatants and purified apo-Ybt

Ybt-containing and Ybt-negative culture supernatants were obtained from KIM6+ and the
irp2.: kan mutant, respectively, grown for two transfers in cPMH2 at 37°C and filter
sterilized as previously described (Miller et al., 2010). For Ybt supernatant assays, Y. pestis
recipient strains, Apsn irp2. kan AznuBC (KIM6-2077.18) and Apsn irp2. kan AybtX
AznuBC (KIM6-2077.19) were grown in cPMH2 supplemented with 0.6 pM ZnCl, and 1uM
FeCl3 at 37°C for about 4-5 generations before they were back diluted to an ODgpg of ~ 0.1
in the same medium containing 50% (v/v) of culture supernatants from either KIM6+, the
irp2. kan or ybtU mutants. For apo-Ybt utilization assays, the Apsn irp2. kan AznuBC
recipient strain was grown overnight as above and back diluted to an ODgyq of ~ 0.1 in the
same medium with the addition of purified apo-Ybt in ethanol (0.25 or 1 pl of a 10 mM
concentration in ethanol per 1.5 ml) or ethanol alone (1 pl per 1.5 ml). Bacteria were
cultivated at 37°C overnight and final ODgpqs were measured.

Virulence testing

Construction and testing of potentially virulent strains was performed in a CDC-approved
BSL3 laboratory following Select Agent regulations using procedures approved by the
University of Kentucky Institutional Biosafety Committee. All animal care and experimental
procedures were conducted in accordance with the Animal Welfare Act, Guide for the Care
and Use of Laboratory Animals, PHS Policy and the U.S. Government Principals for the
Utilization of and Care for Vertebrate Animals in Teaching, Research, and Training and
approved by the University of Kentucky Institutional Animal Care and Use Committee. The
University of Kentucky Animal Care Program is accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, Inc.

Y. pestis strains were transformed with pCD1Ap by electroporation (Fetherston et al., 1995),
plasmid profiles analyzed, and transformant phenotypes determined on CR agar (Surgalla
and Beesley, 1969) and magnesium-oxalate plates (Higuchi and Smith, 1961). After growth
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at 37°C in cPMH2 with or without 2.5 mM CaCly, culture supernatants were tested for LcrVv
secretion by Western blot using polyclonal antisera against LcrV (provided by R.R.
Brubaker).

For mouse infections, several colonies of Y. pestis from an agar plate were streaked onto a
TBA slant and grown overnight at 30°C. Cells were washed off the slant and inoculated to
an ODgyg of ~0.1 in HIB supplemented with 50 ug Ap/ml, 0.2% xylose, 2.5 mM CaCl, and
10uM ZnCl, and grown at 37°C overnight. These cultures were diluted to an ODgyg of ~0.1
into the same medium but without zinc supplementation and grown at 37°C for ~2
generations. The cultures were centrifuged and cell pellets were resuspended in mouse
isotonic phosphate-buffered saline (PBS; 149 mM NaCl, 16 mM NayHPOy4, 4 mM
NaH,PO4 [pH 7.0]). 0.1 ml of 10-fold serially diluted bacterial suspensions was injected
retro-orbitally (via the retro-orbital plexus) into groups of four 6- to 8-week old female
Swiss Webster mice (Hsd: :ND4) sedated by inhalation of isoflurane-oxygen or by
intraperitoneally injecting a mixture of 100 ug of ketamine and 10 pg of xylazine per kg of
body weight. Appropriate serial dilutions of the cultures used for injections were inoculated
onto TBA plates containing Ap (30-50 pg ml'1), 2.5 mM CaCl, and 10 or 100 pM ZnCl,
and colonies were counted after 2-3 days of incubation at 30-33°C. Mice were observed
daily for 2 weeks and LDsgq values were calculated according to the method of Reed and
Muench (Reed and Muench, 1938).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The structures of Ybt, micacocidin (A) and pyochelin (B). The asterisks indicate Fe3*

chelation sites in Ybt. The pentyl chain (in grey) of micacocidin is the only structural
difference with Ybt (A). Pyochelin (B) lacks the malonyl linker and second thiazoline ring
present in YbtA (A).
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Growth and virulence of a Y. pestis Pgm~ Znu- mutant. A. Cells were grown at 37°C in
cPMH2 supplemented with 0.6 uM ZnCly; strains: KIM6+ (Pgm* Znu*); KIM6 (Pgm"
[Apgm] Znu*); KIM6-2077+ (Pgm* Znu~ [AznuBC]); KIM6-2077 (Pgm™ [Apgm] Znu
[AznuBC]). Growth curves shown are from one experiment that is representative of two or
more independent experiments. B. Average time-to-death (percent survival) analyses for two
independent septicemic Y. pestis infections. Strains: KIM5-2077(pCD21Ap) (Pgm- [Apgm]
Znu" [AznuBC]); KIM5(pCD1Ap) (Pgm™ [Apgm] Znu*); KIM5-2077.10(pCD1Ap) (Pgm”
[Apgm] Znu™* [AznuBC/znuABC™). The average infectious doses are indicated in

parentheses.
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Fig. 3.

The Y. pestis HMWP2" Znu- mutant has a severe growth defect at 37°C in cPMH2
supplemented with 0.6 pM ZnCl, and 1.0 pM FeCls. A: Strains — KIM6+ (Ybt™ Znu*);
KIM6-2046.1 (HMWP2 [irp2. kan] Znu*); KIM6-2077+ (Ybt* Znu~ [AznuBC]));
KIM6-2077.7 (HMWP2" [irp2. kan] Znu- [AznuBC]). B: strains — KIM6-2046.3(pBGL2)
(HMWP2" [Airp2] Znu*); KIM6-2077.8 (Airp2 AznuBC) carrying pBGL2 (HMWP2™ Znu’)
or plrp2 (HMWP27* Znu"). An irp2 mutant cannot express the Ybt synthetase HMWP2 and
thus cannot synthesize the Ybt siderophore (Perry and Fetherston, 2011). To complement
the in-frame Airp2 mutation (KIM6-2077.8), the WT irp2 gene with its native promoter was
cloned into the pBGL2 vector plasmid generating plrp2. Growth curves shown are from one
experiment that is representative of two or more independent experiments.
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Fig. 4.
An irp2 mutation in Y. pestis results in lower intracellular Zn2* levels (A and B) and

increases the concentration of exogenous Zn2* required to stimulate growth (C). The p-
galactosidase activities shown (A and B) are averages (with standard deviations) of replicate
samples from two independent cultures. Statistical significances were calculated using the
Student's two tailed t-test; p = <0.001 - ***; p = < 0.005 - **. Growth curves (C) shown are
from one experiment that is representative of two or more independent experiments. Strains
were grown in cPMH2 at 37°C unsupplemented (A) or with increasing levels of ZnCl, (B
and C). cPMH was also supplemented with 1.0 uM FeCl3 (B) or indicated FeCls
concentrations (C). Strains: KIM6+ (Ybt* Znu*); KIM6-2046.1 (HMWP2- [irp2. kan]
Znu™); KIM6-2077+ (Ybt™ Znu™ [AznuBC]); KIM6-2077.7 (HMWP2" [irp2. kan] Znu-
[AznuBC]). In A and B, all strains carry pEUZnul which encodes the znuA: facZ
transcriptional reporter.
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Fig. 5.
Transcription from the irp2 promoter is affected by Zn?*. The p-galactosidase activities

from the irp2. lacZ transcriptional reporter carried by KIM6+ (Znu +) or KIM6-2077+ (Znu
-) are averages (with standard deviations) of replicate samples from two independent
cultures. Strains were grown in cPMH2 at 37°C unsupplemented or with ZnCl, or FeCl3
added to 10 uM. Statistical significances were calculated using the Student's two tailed t-
test; p = <0.001 - ***, As previously demonstrated (Perry et al., 2003a), transcription from
the irp2. dacZ reporter in both strains was repressed by FeCls supplementation (p = <3 x
10°7; not shown on the graph for clarity).
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Fig. 6.

Ybt-dependent Zn2* acquisition does not require the OM Yhbt receptor Psn or any other
TonB-dependent OM receptor. Cells were grown at 37°C in cPMH2 supplemented with 0.6
UM ZnCl, and 1.0 pM FeCl3 or 1.0 uM FeCl3 alone. Strains: KIM6-2045.1 (Psn™ [Apsn]
Znu*); KIM6-2077+ (Ybt* Znu™ [AznuBC]); KIM6-2077.7 (HMWP2 [irp2: kan] Znu-
[AznuBC]); KIM6-2077.12+ (Znu- [AznuBC] TonB[tonB. kan] HasB- [AhasB]); Psn™ Znu-
(KIM6-2077.9 [psn. kan AznuBC], ¥ and KIM6-2077.14 [Apsn AznuBC];#). Psn is the OM
receptor for Ybt and HasB is a second TonB-like protein in Y. pestis (Perry and Fetherston,
2011; Perry et al., 2003b). Growth curves shown are from one experiment that is
representative of two or more independent experiments.
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Fig. 7.
A YbtQX™ Znu™ mutant (open symbols) has a severe growth defect and requires additional

Zn2* supplementation to restore growth, compared to single Znu™ and YbtQX" mutants
(closed symbols). Cells were grown at 37°C in cPMH2 with 1.0 pM FeCl3 and increasing
levels of ZnCl,. Strains: KIM6-2066 (YhtQX" [AybtQX]); KIM6-2077+ (Znu™ [AznuBC]);
KIM6-2077.13 (YbtQX" [AybtQX] Znu™ [AznuBC]). YbtQ, but not YbtX, is part of the IM
ABC transporter (YbtPQ) required for the use of Fe3* from Ybt (Perry and Fetherston,
2011). Growth curves shown are from one experiment that is representative of two or more
independent experiments.
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Fig. 8.

YbtX is required for Ybt-dependent Zn2* uptake. Cells were grown at 37°C in cPMH2 with
1.0 uM FeCl3 and 0.6 M ZnCl,. A. The growth of KIM6-2077.13 (YbtQX" [AybtQX] Znu~
[AznuBC] is restored when carrying pYbtPQX, which expresses ybtPQX* (YbtQX/
YbtPQX*) but not when carrying pYbtPQ, which expresses only ybtPQ™ (YbtQX/YbtPQ*).
B. A plasmid (pYbtX) expressing only ybtX™* restored the growth of KIM6-2077.13.
KIM6-2077+ (Ybt* Znu- [AznuBC]) and strains carrying the vector plasmid pACYC184
were used as controls. Growth curves shown are from one experiment that is representative
of two or more independent experiments.
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Addition of apo-Ybt or culture supernatants containing Ybt stimulates the growth of the
AznuBC Apsn irp2. kan mutant. A. After acclimation to growth at 37°C in cPMH2
supplemented with 0.6 UM ZnCl, and 1.0 uM FeCls, cultures were then back diluted to an
ODgpg of ~0.1 in a 1:1 mixture of the same medium with culture supernatants. B.
Alternatively, similarly grown cultures of the AznuBC Apsn irp2. kan mutant were back
diluted to an ODgyq of 0.1 and incubated with apo-Ybt (UM Ybt) or ethanol solvent (0 uM
Ybt). Culture optical densities were measured after overnight incubation at 37°C. Strains
KIM6-2077.18 (AznuBC Apsn irp2.: kan; labeled YbtX*) and KIM6-2077.19 (AznuBC Apsn
irp2: kan AybtX; labeled YbtX") were tested for growth with supernatants from KIM6+ (Ybt
+) and KIM6-2046.1 (irp2. kan; Ybt -) (Panel A and B) or apo-Ybt (Panel B). Addition of
apo-Ybt to a final concentration of 1.7 pM is equivalent to the Ybt present in cultures with at
a 1:1 mixture with supernatant from KIM6+. NA — not applicable. Data presented for the
YbtX* strain are averages from 10 independent experiments with 6 independent culture
supernatants (panel A) or 3 independent experiments (panel B). Data presented for the
YbtX" strain are averages from two or more independent experiments supplemented with 2
independent culture supernatants (panel A). Error bars represent standard deviations while
asterisks with brackets indicate statistical significances calculated using the Student's two
tailed t-test (p = <0.001 - ***; p = <0.05 - *).
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Model of Zn2* acquisition in Y. pestis

ExbB

v
=L T
] Ybt Synthetase ‘(b

Cal
complex Zn Zn%

g ;\
y

ZnuABC /TR A7

\ i ke %

i
Zn

Fig. 10.
A proposed model of Zn2* uptake in Y. pestis. Fe3* uptake via the Ybt system as well as

Zn2* uptake is shown. Dashed arrows represent putative steps. Our results suggest passage
through both the OM and IM when exogenous Ybt is supplied.
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Table 1

Virulence of Y. pestis strainsin a mouse model of septicemic plague

Strain or genotype?

LDsg valuesP

Virulence loss

Apgm

<6+2.8(<8;4)

Apgm Aznu

5.7 x 106 + 4.2 x 106

>9.5 x 105-fold

Apgm AznuBC attTn7. .znuABC* | <10; >101; 25

Wild type <14 + 1.4 (<13; <15) --

Aznu ~11+ 5 (<10; >16; <8; <18) none

irp2: kan ~ 48 (<11, 84.5) none

irp2 Aznu ~6.0 x 10 + 3.5 x 108 (5.1 x 106; 2.7 x 105; 5.4 x 106; >1.1 x 107) | >4.3 x 10°-fold
Apsn. kan <14 none

Apsn. kan AznuBC ~40 + 14 (30; <50) none

aStrains: Apgm — KIM5(pCD1Ap); Apgm Aznu — KIM5-2077(pCD1Ap) [Apgm AznuBC] and KIM5-2197(pCD1Ap) [Apgm AznuA]; Apgm
AznuBC attTn7. znuABC — KIM5-2077.10(pCD1Ap); wild type - KIM5(pCD1Ap)+; Aznu — KIM5-2077(pCD1Ap)+ [AznuBC] and
KIM5-2197(pCD1Ap)+ [AznuA]; irp2. kan — KIM5-2046.1(pCD1Ap); irp2 Aznu — KIM5-2077.7(pCD1Ap) [irp2.: kan AznuBC],

Page 34

KIM5-2077.8(pCD1Ap) [Airp2 AznuBC] and KIM5-2197.1(pCD1Ap) [Airp2 AznuA]; Apsn. kan — KIM5-2045.6(pCD1Ap); Apsn. kan AznuBC -
KIM5-2077.9(pCD1Ap). In all backgrounds tested, an in-frame AznuA mutation and the AznuBC mutation caused similar LD5s. In addition,

irp2. kan and Airp2 mutations in all backgrounds tested yielded similar LD5(s. These LD50s were combined and genotypes for these strains are
listed in the table as Aznu, Apgm Aznu, and irp2 Aznu.

bWhere the LD5Q was lower than the lowest dose of the trial (e.g., <8) or higher than the highest dose (e.g., >16), these doses and the calculated
LDs5s are given in parentheses (e.g., <8; 4) and were used in calculating the mean LD5(. The means + standard deviations from two to four

separate trials are given, except for the Apgm AznuBC attTn7: znuABC™ strain were the LD5gs of three separate trials are listed.
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