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ABSTRACT The ferric uptake regulator (Fur) family of DNA-binding proteins re-
presses and/or activates gene transcription via divalent metal ion-dependent signal
sensing. The Borrelia burgdorferi Fur homologue, also known as Borrelia oxidative
stress regulator (BosR), promotes spirochetal adaptation to the mammalian host by di-
rectly repressing the lipoproteins required for tick colonization and indirectly activating
those required for establishing infection in the mammal. Here, we examined whether
the DNA-binding activity of BosR was regulated by any of the four most prevalent tran-
sition metal ions in B. burgdorferi, Mn, Fe, Cu, and Zn. Our data indicated that in addi-
tion to a structural site occupied by Zn(II), BosR had two regulatory sites that could be
occupied by Zn(II), Fe(II), or Cu(II) but not by Mn(II). While Fe(II) had no effect, Cu(II) and
Zn(II) had a dose-dependent inhibitory effect on the BosR DNA-binding activity. Compe-
tition experiments indicated that Cu(II) had a higher affinity for BosR than Zn(II) or Fe(II).
A BosR deficiency in B. burgdorferi resulted in a significant increase in the Cu level but
no significant change in the levels of Mn, Fe, or Zn. These data suggest that Cu regu-
lates BosR activity, and BosR in turn regulates Cu homeostasis in B. burgdorferi. While
this regulatory paradigm is characteristic of the Fur family, BosR is the first one shown to
be responsive to Cu(II), which may be an adaptation to the potentially high level of Cu
present in the Lyme disease spirochete.

IMPORTANCE Transition metal ions serve an essential role in the metabolism of all
living organisms. Members of the ferric uptake regulator (Fur) family play critical
roles in regulating the cellular homeostasis of transition metals in diverse bacteria,
and their DNA-binding activity is often regulated by coordination of the cognate di-
valent metal ions. To date, regulators with metal ion specificity to Fe(II), Mn(II), Zn(II),
and Ni(II) have all been described. In this study, we demonstrate that BosR, the sole
Fur homologue in Borrelia burgdorferi, is responsive to Cu(II) and regulates Cu ho-
meostasis in this bacterium, which may be an adaption to potentially Cu-rich milieu
in the Lyme disease spirochete. This study has expanded the repertoire of the Fur
family’s metal ion specificity.

KEYWORDS Borrelia burgdorferi, Borrelia oxidative stress regulator, DNA-binding
protein, copper, ferric uptake regulator, fluorescence anisotropy, metalloregulation

Lyme disease is the most common vector-borne disease in the Northern Hemisphere
(1, 2). The causative agent, Borrelia burgdorferi sensu lato, is maintained in an

enzootic cycle consisting of an Ixodes tick vector and a small vertebrate reservoir
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host, often a rodent (3). Successful adaptation to these vastly different niches by the
spirochete requires differential gene expression (4, 5). Studies have shown that Borrelia
oxidative stress regulator (BosR) plays a critical role in spirochetal adaptation to the
mammalian host environment, during which BosR directly represses the expression
lipoproteins required for colonization of the tick, such as outer surface protein A (OspA)
(6), and indirectly activates the RpoS-dependent expression of lipoproteins required for
infection of the mammal, such as OspC (7, 8).

BosR is a member of the ferric uptake regulator (Fur) family of DNA-binding proteins.
Fur was first described in Escherichia coli as a repressor of ferric uptake, because its
absence resulted in constitutive expression of several proteins involved in ferric iron
uptake even under iron-replete conditions (9). Further characterization of Fur revealed
a DNA-binding protein that required Fe(II) as a cofactor to bind to and repress
transcription from target promoters (10). To date, Fur homologues have been found in
diverse Gram-negative and Gram-positive bacteria, and some have different metal ion
specificities from that of Fur (11). The zinc-responsive Zur, the manganese-responsive
Mur, and the nickel-responsive Nur all have been shown to regulate the homeostasis of
their respective metal ions in a manner similar to that of Fur (12–15). There are also
examples of Fur-like proteins sensing metal-dependent but nonmetal signals, including
the Bacillus subtilis peroxide regulon repressor (PerR), which senses peroxide stress
through Fe(II)-catalyzed oxidation of a proximal histidine residue (16), and the Brady-
rhizobium japonicum iron-responsive regulator (Irr), which senses iron availability
through direct binding of heme, the end product of a biosynthesis pathway that utilizes
iron (17).

There is a great level of diversity in the regulatory mechanisms of various Fur family
members. In the case of E. coli Fur, coordination of Fe(II) is thought to induce conforma-
tional changes which enhance its DNA-binding activity, thus allowing repression of iron
uptake genes under iron-replete conditions. While Fe(II) is believed to be the regulatory
metal ion of Fur in vivo, other divalent metal ions, such as Mn(II), Co(II), and Cd(II), can
functionally replace Fe(II) in in vitro DNA-binding assays (10). Although Fur was first
recognized as a repressor, examples of Fur-activating transcription, either directly or
indirectly, have also been reported (11, 18). In the case of Irr and PerR, signal sensing
by these regulators leads to either protein degradation or a reduction in DNA-binding
activity, therefore resulting in derepression or activation of gene expression (16, 17).

Genes targeted by the Fur family of metalloregulators are not limited to those
involved in maintaining metal ion homeostasis. Many Fur homologues have been
shown to be global regulators that affect metabolism, motility, stress responses, biofilm
formation, and pathogenicity (19–24). While most Fur family members recognize
palindromic DNA sequences that follow the 7-1-7 rule (i.e., a 1-bp spacer separating a
pair of 7-bp palindromic sequences) (11, 23), variations to this rule have been reported
(6, 25). Two recent genome-wide studies of Campylobacter jejuni and E. coli Fur regulons
suggest that the consensus sequences targeted for activation could differ significantly
from those targeted for repression and may not even be palindromic (22, 24).

To date, a total of 21 crystal structures have been reported for 12 members of the
Fur family (22, 25–38). With the exception of the E. coli Fur structure, which is of an
amino-terminal truncate, all the other structures are of full-length proteins. Notably,
structures of the E. coli Zur and the Magnetospirillum gryphiswaldense Fur are solved in
complex with target DNA molecules, offering insights into DNA recognition by the Fur
family of regulators (36, 38). All structures indicate that members of the Fur family of
regulators exist as homodimers, with each subunit consisting of two distinct domains,
an amino-terminal DNA-binding domain (DBD) and a carboxyl-terminal dimerization
domain (DD), connected by a flexible hinge region. The relative position of the DBD to
the DD, however, varies significantly among these structures, with some structures in
a conformation capable of binding to DNA, also known as the closed form, and others
in the so-called open form, being incapable of binding to DNA (36). Transition from the
open form to the closed form requires significant conformational changes that bring
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the DBDs from two monomers closer to each other so that both can make contact
with DNA.

The greatest level of diversity among these structures stems from the sites of metal
ion coordination. While none of these metal-binding sites identified by crystallography
is conserved in all structures, three of them are common to multiple structures (see Fig.
S1 in the supplemental material). The least variable of these three sites involves a
tetrahedral coordination of a Zn(II) ion by four cysteines, which are contributed by two
CXXC motifs in the DD. This site, sometimes known as site 1 (S1), is thought to play a
structural role, because it is important for maintaining the dimer formation (28, 34, 36).
The other two sites, sometimes known as sites 2 and 3 (S2 and S3, respectively), are
often assigned a regulatory role, meaning that metal ion coordination at these sites can
trigger conformational changes that affect the DNA-binding activity of the protein.

BosR is the only Fur homologue encoded by the B. burgdorferi genome (39).
Phylogenetic analysis of BosR and the 12 Fur family members with available crystal
structures indicates that BosR is more closely related to the PerR orthologs from B.
subtilis and Streptococcus pyogenes than to the Fur or the Zur orthologs from various
bacteria (Fig. S2). Of the three common metal ion-binding sites described in other Fur
family members, only S1, the site composed of four cysteines, appears to be conserved
in BosR (Fig. S1 and S3). The absence of S2 and S3 in BosR raises interesting questions
regarding metalloregulation of BosR. Is the DNA-binding activity of BosR regulated by
divalent metal ions like other Fur family members? Does metalloregulation of BosR
employ novel metal ion-binding sites? There have been precedents of novel metal
ion-binding sites: the Ni(II)-coordinating site in Streptomyces coelicolor Nur and the
Ni(II)/Zn(II)-coordinating site in S. pyogenes PerR both appear to be unique to them-
selves (Fig. S1). Notably, BosR has an extended amino terminus, as well as an extended
carboxyl terminus, which could provide a structural basis for novel metal ion-binding
sites (Fig. S1).

Despite an increasing appreciation of the critical role of BosR in the B. burgdorferi life
cycle (7, 8, 40), there has not been a consensus on whether or how this putative
metalloregulator may be regulated by metal ions (41, 42). Two recent studies have
prompted us to reexamine the metalloregulation of BosR. First, new BosR targets have
been identified in B. burgdorferi, and the consensus BosR-binding sequence is proposed
to follow the 7-(0, 2)-7 rule, whereby the spacer between the pair of 7-bp palindromic
sequences varies from 0 to 2 bp in length (6). Although two earlier studies on BosR
metalloregulation used the promoter region of bb0690 as the target DNA, data from
this recent study indicated that BosR bound to the ospAB promoter with a much higher
affinity than to the bb0690 promoter (6). Second, in addition to Zn and Mn, Fe and Cu
have been identified as transition metal ions that might be present in B. burgdorferi at
�105 atoms/cell (43). Here, we examined whether Zn, Mn, Fe, or Cu was capable of
binding to BosR and whether these metal ions affected the DNA-binding activity of
BosR using the BosR-binding site identified in the ospAB promoter. We also investigated
whether BosR played any role in maintaining metal ion homeostasis in B. burgdorferi.

RESULTS
BosR has a structural Zn(II) site. Recombinant BosR was affinity purified from E. coli

to apparent homogeneity as a soluble His6-tagged protein, and the tag was then
cleaved off as described previously (see Fig. S4 in the supplemental material and
Materials and Methods for details) (6). The molecular mass of the tag-free BosR was
estimated to be 37.6 kDa by size-exclusion chromatography, which corresponds to a
dimer (Fig. S5). Zinc, detected by inductively coupled plasma-sector field mass spec-
trometry (ICP-SFMS), is the only metal that was consistently present at a significant level
in the recombinant tag-free BosR. The Zn levels in four different preparations of BosR
were 0.98, 1.48, 1.72, and 1.82 atoms per BosR dimer, indicating that BosR, as isolated,
contained up to two atoms of Zn per dimer. Despite variations in the Zn level, these
different preparations of BosR showed no significant differences in DNA-binding activ-
ity (data not shown).
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Next, we attempted to remove Zn from BosR by incubating the protein with 10 mM
EDTA, either alone or in combination with 2 M urea or 0.1% SDS (Fig. 1). Only the
EDTA-SDS treatment resulted in a significant reduction in the Zn level associated with
BosR, reducing it from 1.72 to 0.06 atoms per dimer (Fig. 1). Notably, this result agrees
with a previous report by others that recombinant BosR contained Zn, which could not
be completely removed by EDTA treatment alone (44). Here, we show that this tightly
associated Zn can be removed from BosR only under certain denaturing conditions, a
property that resembles the S1 Zn first described in B. subtilis PerR (28), and we propose
that this tightly bound Zn atom may be coordinated by the four cysteines conserved
in BosR (Fig. S1 and S3).

The EDTA-SDS-treated BosR had an approximately 2-fold reduction in the DNA-
binding activity compared to the mock-treated BosR (data not shown). While it is
unexpected that BosR retained some activity after such a tightly associated Zn was
stripped off, this result is consistent with a previous report by others in which recom-
binant BosR purified from inclusion bodies, presumably without any Zn, was shown to
be capable of binding to DNA, and the addition of Zn increased the binding by only 2-
to 3-fold (41). Mutagenesis studies targeting the cysteine residues of S1 would be
required to determine whether this site indeed coordinates the Zn atom tightly
associated with BosR and whether metal coordination at this site is required for BosR
activity in vivo.

Other more modest (in comparison to the drastic reduction of Zn in the EDTA-SDS-
treated sample) but nevertheless statistically significant increases in metal levels were
detected in the mock-treated and EDTA-urea-treated samples (Fig. 1). Compared to the
untreated sample, the mock-treated sample had an increase in the Zn level (from 1.72
to 2.62 atoms per dimer), indicating the presence of Zn in the buffer system or on the
plastic filtration unit. The addition of 10 mM EDTA to the buffer system was able to
eliminate this increase in Zn, as the EDTA-treated sample had no significant change in
any metal level compared to the untreated sample. The EDTA-urea-treated sample had
a slight increase in the Zn level (from 1.72 to 2.00 atoms per dimer) and a slight increase
in the Cu level (from 0.06 to 0.30 atoms per dimer), compared to either the untreated
or the EDTA-treated sample, suggesting that urea (which was used at a concentration
of 2 M) may be a source of trace amounts of these metal ions. Overall, these modest
increases in Zn and Cu levels are consistent with BosR being a metalloprotein and being
capable of interacting with trace amounts of these metal ions present in the experi-
mental system.

BosR has two additional metal-binding sites that can be occupied by Fe(II),
Cu(II), or Zn(II) but not by Mn(II). To determine the capacity of BosR in binding
additional metal ions, we either mock treated or incubated the protein (as isolated from

FIG 1 Recombinant BosR contains a structural Zn site. Removal of Zn from recombinant BosR requires
EDTA chelation under a denaturing condition. The Mn, Fe, Cu, and Zn levels in BosR were determined by
ICP-SFMS and are shown as number of atoms per BosR dimer. BosR was analyzed as isolated (untreated)
or after being mock treated or treated with 10 mM EDTA, either alone or in combination with urea (2 M)
or SDS (0.1%). Data represent mean (�standard error of the mean [SEM]) of three readings of each
sample. Values of treated samples were compared with those of the untreated sample using a two-way
ANOVA, followed by Bonferroni posttest. Only P values of statistical significance are indicated: *, P � 0.05;
***, P � 0.001.
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E. coli) with Mn(II), Fe(II), Cu(II), or Zn(II) at a molar ratio of eight metal ions per BosR
dimer (see Materials and Methods for details). The mock-treated BosR had approxi-
mately 1.2 atoms of Zn and �0.2 atoms of Mn, Fe, or Cu per dimer (Fig. 2). Incubation
with Mn(II) did not result in any significant change in the levels of any of these metals
in BosR. Incubation with Fe(II), Cu(II), or Zn(II) resulted in an increase of approximately
4 atoms of the respective metal ion per BosR dimer. These data indicate that BosR has
two additional metal-binding sites that can be occupied by Fe(II), Cu(II), or Zn(II) but not
by Mn(II) under the same experimental conditions.

Interestingly, while incorporation of Fe(II) or Zn(II) did not affect the levels of other
metal ions associated with BosR, incorporation of Cu(II) resulted in a significant reduc-
tion in the Zn level, from 1.2 to 0.4 atoms per dimer (P � 0.02, Student’s t test). This
suggests that Cu(II) coordination at these additional sites in BosR may result in
conformational changes that destabilize the structural Zn(II) site.

Cu(II) and Zn(II) negatively regulate BosR DNA-binding activity. We used a
fluorescence anisotropy (FA)-based DNA-binding assay developed in a previous study
to determine the effects of Mn(II), Fe(II), Cu(II), and Zn(II) on BosR activity (see Materials
and Methods for details). When the fluorescently labeled probe FPospAB (based on the
BosR-binding site in the ospAB promoter) was incubated with increasing concentrations
of BosR dimer, a dose-dependent binding was readily detected by measuring changes
in FA (Fig. 3).

The addition of up to 10 �M Mn(II) or Fe(II) to the binding reactions had no effect
on BosR binding to DNA (Fig. 3A and B). Further testing of these metal ions at higher
concentrations, up to 100 �M for Mn(II) and up to 40 �M for Fe(II), also showed no
effect (data not shown). Therefore, although Fe(II) and Mn(II) differ in their ability to
occupy the regulatory sites of BosR, neither has an effect on the DNA-binding activity
of BosR.

In contrast, the addition of up to 10 �M Cu(II) or Zn(II) to the binding reactions
resulted in a dose-dependent inhibition of the DNA-binding activity of BosR (Fig. 3C
and D). When these metal ions were tested at higher concentrations (20 �M and 40
�M), the binding curves were the same as that at 10 �M (data not shown), indicating
that saturation of BosR (up to 1.5 �M dimer) was reached at 5 to 10 �M metal ion. The
inhibitory effect of Cu(II) and Zn(II) on BosR activity appeared to be graded: the higher
the ratio of metal ion to BosR2, the stronger the inhibitory effect, with maximum
inhibition achieved when the ratio reached approximately 4 (see data points in Fig. 3C
and D).

Given that Fe(II) could bind to BosR but did not affect BosR activity, competition
experiments were carried out to determine whether Fe(II) could dampen the inhibitory
effect of Cu(II) or Zn(II). When Fe(II) was supplied at a 2-fold or 4-fold molar excess to
Cu(II) or Zn(II), the DNA-binding activity of BosR was similarly inhibited as with Cu(II) or
Zn(II) alone (Fig. S6). These results suggest that Cu(II) and Zn(II) have a higher affinity
than Fe(II) for the regulatory metal-binding sites of BosR.

FIG 2 BosR has two additional metal-binding sites. Fe(II), Cu(II), and Zn(II), but not Mn(II), can be further
incorporated into BosR to a level of approximately four atoms per dimer when metal ions were supplied
at an 8-fold molar excess to BosR dimer. Data represent mean (�SEM) of the results from two
independent samples. P values are derived from a two-way ANOVA, followed by Bonferroni posttest: ***,
P � 0.001.
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Next, Cu(II) and Zn(II) were tested for their effect on a preformed BosR2-DNA
complex. The addition of Cu(II) and Zn(II) to binding reactions after the BosR2-DNA
complex had already formed resulted in a dose-dependent reduction in FA, indicating
that these metal ions could trigger BosR dissociation from the fluorescently labeled
DNA target (Fig. 4A). Here, again, the maximum inhibition was achieved at an approx-
imate 4-fold molar ratio of Cu(II) to BosR dimer (Fig. 4A). The molar ratio of Zn(II) to BosR
dimer at which the maximum inhibition was achieved, although varied among different
preparations of BosR, was always slightly higher than the 4-fold molar excess required
of Cu(II) (Fig. 4A and data not shown). This could be due to the different Zn levels
associated with different preparations of BosR. One possibility is that the structural site
has a higher affinity for Zn(II) than the regulatory sites. For BosR preparations with �2
atoms of Zn(II) per dimer, additional Zn(II) would be required to saturate the structural
site before exerting an inhibitory effect at the regulatory sites.

Next, we tested whether EDTA could counter the inhibitory effects of Zn(II) and
Cu(II). When EDTA was added to binding reaction mixtures to a final concentration of
1 mM, the inhibitory effect of Zn(II), but not that of Cu(II), was diminished (Fig. 4B).
Additional experiments revealed that 10 �M EDTA was enough to counter the inhib-
itory effect of 10 �M Zn(II), whereas the inhibitory effect of Cu(II) was not affected by
a 100-fold molar excess of EDTA (Fig. S7). We used their difference in susceptibilities to
EDTA chelation after incorporation into BosR to determine whether Zn(II) or Cu(II) has
a higher affinity for the regulatory sites, and the data indicated that Cu(II) had a higher
affinity than Zn(II) for regulatory metal ion-binding sites of BosR when both were
present at molar equivalent (Fig. S8).

Since Cu(II) is redox active and Zn(II) is redox inert, we next tested whether the
reducing agent tris(2-carboxyethyl)phosphine (TCEP) could reverse the inhibitory effect
of these metal ions on BosR DNA-binding activity. When TCEP was added to the binding
reactions to a final concentration of 1 mM, the inhibitory effect of Cu(II) was abolished,

FIG 3 Cu(II) and Zn(II) inhibit BosR DNA-binding activity. The effect of Mn(II) (A), Fe(II) (B), Cu(II) (C), or Zn(II) (D) on
BosR binding to a fluorescently labeled DNA probe was determined by measuring changes in fluorescence
anisotropy (ΔFA). See Materials and Methods for details. The curves were fitted for one-site, specific binding with
Hill slope using GraphPad Prism 6. R2 was �0.99 for all curves.
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whereas the inhibitory effect of Zn(II) was not affected (Fig. 4C). Similarly, when it was
added to the binding reaction mixture containing Cu(II) prior to the addition of BosR,
TCEP also abolished the inhibitory effect Cu(II) (data not shown). This selective coun-
tereffect of TCEP on Cu(II) but not Zn(II) is due to TCEP reduction of Cu(II) to Cu(I) (45).

Collectively, these data indicate that the two additional metal-binding sites in BosR
play a regulatory role. Occupation of these sites by Cu(II) or Zn(II) results in an inhibition
of BosR DNA-binding activity. Cu(II) has a higher affinity than Zn(II) for these regulatory
sites, and inhibition of BosR by Cu(II) is responsive to redox regulation.

Increased Cu level in medium affects BosR-dependent differential expression
of OspA/B and OspC in B. burgdorferi. To determine whether Cu affects BosR-
dependent gene expression in B. burgdorferi, an infectious clone of the type strain B31
was cultivated in the Barbour-Stoenner-Kelly (BSK)-H complete medium (Sigma-Aldrich)
supplemented with 0, 25, 50, or 100 �M CuSO4. Although Cu is known to inhibit
bacterial growth, an earlier study has established that at these concentrations, Cu has
no significant impact on B. burgdorferi growth in the BSK-H complete medium (43).
These cultures were grown at 37°C, because BosR-dependent induction of OspC and
repression of OspA occur under conditions mimicking the mammalian host environ-
ment. As shown in a Coomassie blue-stained SDS-polyacrylamide gel (Fig. 5A), supple-
mentation of the medium with Cu had a dose-dependent effect on the OspA/B and the
OspC protein levels in B. burgdorferi: the higher the Cu level is in the medium, the
higher the OspA/B level and the lower the OspC level. The changes in the OspA and
OspC levels were further confirmed by immunoblot analyses (Fig. 5B).

To determine whether these changes in the OspA/B and the OspC protein levels are
due to changes in their respective mRNA levels, B. burgdorferi was cultured at 37°C
in the BSK-H complete medium, either not supplemented or supplemented with
100 �M CuSO4, and three independent cultures were grown for each condition. Reverse

FIG 4 Cu(II) and Zn(II) trigger BosR dissociation from its DNA target. (A) When added to reactions after the
formation of a BosR2-DNA complex, Cu(II) and Zn(II) triggered BosR2 dissociation from its DNA target, as evident
in the dose-dependent reduction in FA. Four independent replicates were tested for each condition. (B) When EDTA
was added to two of the replicates to a final concentration of 1 mM, it abolished the inhibitory effect of Zn(II) but
not that of Cu(II). (C) When TCEP was added to the other two replicates to a final concentration of 1 mM, it
abolished the inhibitory effect of Cu(II) but not that of Zn(II). The curves were fitted for dose response of inhibition
with variable slope using GraphPad Prism 6. R2 was �0.99 for all curves except those of ZnSO4 plus EDTA and
CuSO4 plus TCEP, where the inhibitory effect of metal ions was significantly diminished.
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transcription-quantitative PCR (RT-qPCR) analysis was performed to determine the ospA
and ospC mRNA levels, which were then normalized against the flaB mRNA level. As
shown in Fig. 5C, supplementation of the medium with Cu resulted in a significant
reduction in the ospC mRNA level and a significant increase in the ospA mRNA level.
Therefore, the changes in the OspA and OspC protein levels could be largely attributed
to changes in their respective mRNA levels. These data agree with a large body of
evidence indicating that differential expression of OspA and OspC occurs mostly at the
transcriptional level (4, 5).

Based on the changes in the ospA and ospC mRNA levels, Cu supplementation of the
growth medium apparently diminished BosR activity in B. burgdorferi. This reduction in
the BosR activity correlated very well with a dose-dependent reduction in the BosR
protein level as the Cu level increased (Fig. 5B) and therefore could not be directly
attributed to Cu(II) negatively regulating BosR DNA-binding activity per se. Since the
BosR mRNA level was comparable in B. burgdorferi grown with or without Cu supple-
mentation (Fig. 5C), the negative effect of Cu on the BosR protein level likely happens
at the posttranscriptional level. One possibility is that Cu(II) binding of BosR results in
conformational changes that render the protein more susceptible to turnover or
degradation in vivo. Several studies have indicated that BosR expression is regulated at
both transcriptional and posttranscriptional levels (46–49).

BosR regulates Cu homeostasis in B. burgdorferi. To determine whether BosR is
involved in regulating metal ion homeostasis in B. burgdorferi, we compared the cellular
levels of Mn, Fe, Cu, and Zn among three isogenic strains that differ only in bosR, which
were kindly provided by Michael Norgard (8). Spirochetes were cultivated at 25°C or
37°C to early stationary phase in BSK-H complete medium and then subjected to
multielement analysis by ICP-SFMS (see Materials and Methods for details). There were
both BosR-dependent (i.e., strain-dependent) and temperature-dependent variations in
the cellular levels of these metals (Fig. 6).

Temperature had a significant effect on metal homeostasis in B. burgdorferi (Fig. 6).
For all three strains analyzed here, spirochetes grown at 37°C had a significantly lower
Mn level (P � 0.001), a significantly higher Cu level (P � 0.01), and a significantly lower
Zn level (P � 0.01) than those grown at 25°C (two-way analysis of variance [ANOVA],
followed by Bonferroni posttest). While there was a modest increase in the Fe level with

FIG 5 Cu level in the medium affects BosR-dependent gene expression in B. burgdorferi. (A) SDS-PAGE
analysis of B. burgdorferi whole-cell lysates. A total of 107 cells were loaded on each lane. Spirochetes
were grown in the BSK-H medium (Sigma-Aldrich) supplemented with 0, 25, 50, or 100 �M CuSO4. (B)
Immunoblot analyses of B. burgdorferi whole-cell lysates using antibodies specific to FlaB, OspA, OspC,
or BosR. (C) Relative mRNA levels of ospC, ospA, and bosR of B. burgdorferi grown in the BSK-H medium
either not supplemented (Ctrl) or supplemented with 100 �M CuSO4 (�Cu) as determined by RT-qPCR
analysis. Data represent means (plus standard deviations [SD]) of the results from three independent
samples. The ospC, ospA, and bosR mRNA levels in each sample were first normalized against the flaB
mRNA level. Then, the values of the treatment group were normalized against those of the control group.
P values are derived from a two-way ANOVA, followed by Bonferroni posttest, and indicated as the
following: ns, not significant; *, P � 0.05; **, P � 0.01.
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the temperature shift from 25°C to 37°C, this difference was not statistically significant.
Troxell and colleagues reported a similar temperature-dependent change in the Mn
level in B. burgdorferi, a reduction at 37°C compared to 25°C (48). The molecular
mechanisms underlying these changes as well as the biological significances of these
changes remain unclear.

Of the four metal ions analyzed here, only the cellular level of Cu showed BosR-
dependent variations (Fig. 6). Compared to its parental wild-type strain, the bosR
mutant had a significantly higher level of Cu. Complementation of the mutant with a
wild-type copy of bosR reduced the cellular Cu level to the wild-type level. Notably,
these BosR-dependent differences were evident only at 37°C, which is consistent with
BosR being expressed at 37°C but not at 25°C.

Overall, these data suggest that BosR is involved in regulating Cu homeostasis in B.
burgdorferi. Since the presence of BosR leads to a reduction in the cellular Cu level, it
is plausible to posit that BosR controls Cu homeostasis through the activation of Cu
export and/or through the repression of import and/or storage. In addition, these data
also point to factors other than BosR playing a role in maintaining Cu homeostasis in
B. burgdorferi, because the drastic increase in the cellular Cu level at 37°C is indepen-
dent of BosR.

Metalloregulation of BosR by Cu(II) may be an adaptation to the Cu-rich milieu
in B. burgdorferi. The level of Cu detected in B. burgdorferi, �105 atoms of Cu per cell,
is higher than the approximately 104 atoms per cell found in the model organism E. coli
(50). For a direct comparison of transition metal ion levels between B. burgdorferi and
E. coli, the B. burgdorferi type strain B31 and the E. coli K-12 strain TOP10 were both
cultivated at 33°C in the BSK-H medium under microaerobic conditions. As expected,
these two organisms differ considerably in growth rate, with E. coli reaching a satura-
tion of 109 cells/ml in 16 h and B. burgdorferi reaching a saturation of 108 cells/ml in 10
days. Nevertheless, similar numbers of cells were harvested of both organisms (by using
10� volume of B. burgdorferi culture) for the ICP-SFMS analysis. Of these four metal ions
analyzed (Fig. 7), only the Cu level differed significantly between B. burgdorferi and E.
coli (P � 0.001, two-way ANOVA, followed by Bonferroni posttest). More specifically, the
Cu level in B. burgdorferi (9.8 � 105 atoms per cell) is approximately 30-fold higher than
that in E. coli (3.4 � 104 atoms per cell). There was also an approximately 30-fold
difference in the Mn level, at 5.7 � 104 atoms per cell in B. burgdorferi compared to
1.5 � 103 atoms per cell in E. coli; however, this difference did not reach statistical
significance.

Given that E. coli is routinely cultivated aerobically in LB, for further comparisons, the
Mn, Fe, Cu, and Zn levels were determined for E. coli TOP10 cells grown under aerobic
conditions (small culture volume with aeration) in either BSK-H medium or LB. Regard-

FIG 6 BosR regulates Cu homeostasis in B. burgdorferi. The Mn, Fe, Cu, and Zn levels in three isogenic B31
strains differing only in bosR, including the wild-type parental strain (WT), the bosR mutant (bosR), and
the complemented bosR mutant (Comp.) were determined by ICP-SFMS. Spirochetes were cultivated
microaerobically at 25°C or 37°C to early stationary phase in the BSK-H medium (Sigma-Aldrich). Data
represent means (plus SEM) of the results from two independent samples. P values are derived from a
two-way ANOVA, followed by Bonferroni posttest. For clarity, only P values for strain-dependent
differences are indicated: **, P � 0.01; ***, P � 0.001; those for temperature-dependent differences are
discussed only in the text.
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less of the culture medium, E. coli cells grown aerobically had a much higher Fe level
(1.1 � 106 and 1.4 � 106 atoms/cell for cells grown in BSK-H and LB, respectively) than
E. coli (4.7 � 105 atoms/cell) or B. burgdorferi (3.9 � 105 atoms/cell) grown microaero-
bically in the BSK-H medium (P � 0.05, two-way ANOVA, followed by Bonferroni
posttest) (Fig. 7). Although there were also increases in the Mn, Cu, and Zn levels of
aerobically grown E. coli cells, these changes did not achieve statistical significance. The
Cu level in E. coli grown aerobically (4.2 � 104 and 9.4 � 104 atoms per cell for cells
grown in BSK-H and LB, respectively) is still significantly lower than the 9.8 � 105 atoms
per cell level present in B. burgdorferi (P � 0.001, two-way ANOVA, followed by
Bonferroni posttest) (Fig. 7).

It is worth noting that our measurements of these transition metal ion levels in E. coli
agree strongly with data from other groups. The Fe level in E. coli ranges from 105 to
106 atoms per cell depending on growth conditions (51, 52), and a previous study
determined the Fe level of E. coli grown aerobically in LB to be 1.2 � 106 atoms per cell
(53), remarkably close to our measurement of 1.2 � 106 atoms per cell. The Cu level in
E. coli was determined to be 3.6 � 104 to �7.8 � 104 atoms per cell in a previous study
(54), which is again comparable to our measurement of 3.4 � 104 to �9.4 � 104 atoms
per cell. The Zn and Mn levels in E. coli are estimated to be 105 and 104 atoms per cell
(50), again consistent with our measurements.

In summary, a direct comparison with transition metal ion levels in the model
organism E. coli has revealed that B. burgdorferi has an unusually high level of Cu. This
leaves us to speculate that the prominent role of Cu(II) in the metalloregulation of BosR
may be an adaptation to the Cu-rich milieu in the Lyme disease spirochete.

DISCUSSION

A common feature shared by the Fur family of transcriptional regulators is that their
DNA-binding activity is often regulated by a divalent metal ion whose cellular homeo-
stasis in turn is controlled by the same regulator (11, 25, 34). In this study, Cu(II) has
emerged as the most prominent regulator of BosR DNA-binding activity in vitro, and it
is also Cu homeostasis in B. burgdorferi that is the most significantly affected by a
deficiency in BosR. This is the first time such a characteristic regulatory paradigm of the
Fur family has been established for BosR, the sole Fur homologue in the Lyme disease
spirochete, and to the best of our knowledge, BosR is the first Fur family member
shown to be responsive to Cu(II).

As suggested by its name, BosR has long been implicated in regulating oxidative
stress response in the Lyme disease spirochete (7, 41, 55, 56). Being a redox-active
transition metal ion, Cu(II) offers a plausible mechanism for BosR to directly sense
oxidative stress. BosR, like other Fur homologues, binds divalent metal ions. We did not
detect any binding of Cu(I) to BosR or any effect of Cu(I) on the BosR activity (data not

FIG 7 Cellular Cu level is much higher in B. burgdorferi (Bb) than in the model organism E. coli (Ec). The
Mn, Fe, Cu, and Zn levels in the B. burgdorferi type strain B31 and the E. coli K-12 strain TOP10 were
determined by ICP-SFMS. Both were cultivated microaerobically at 33°C to early stationary phase in the
BSK-H medium (Sigma-Aldrich). In addition, TOP10 was cultivated aerobically at 37°C in the BSK-H
medium and in LB. Data represent means (plus SD) of two or three biological replicates. P values are
derived from a two-way ANOVA, followed by Bonferroni posttest. For clarity, only P values for compar-
isons between B. burgdorferi and E. coli are shown: **, P � 0.01; ***, P � 0.001.
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shown). Moreover, TCEP, a reducing agent capable of reducing Cu(II) to Cu(I), could
counter the inhibitory effect of Cu(II) on BosR activity. In B. burgdorferi, Cu(I) is largely
sequestered by the Borrelia iron- and copper-binding protein A (BicA) (43). When B.
burgdorferi was cultivated in the BSK-H medium, which contained 2 �M Cu (much of it
being contributed by the 5% bovine serum albumin [BSA] and 6% rabbit serum in the
medium), the cellular Cu level was approximately 750 �M in a wild-type strain and 30
�M in its isogenic bicA-deficient mutant (conversion from atoms/cell to molarity was
based on an estimated volume of 10	9 �l for an average spirochete of �300 nm in
diameter and 15 �m in length) (43). Since Cu sequestered by the metallothionein
domain of BicA is in the cuprous form, it would have to be oxidized to exert any effect
on BosR. It has been shown that BicA-bound Cu(I) is reactive with hydrogen peroxide
(43). Therefore, it is possible for BosR to sense peroxide stress through binding of Cu(II),
a product of the Fenton-like reaction between Cu(I) and hydrogen peroxide. A com-
monality between this proposed model for peroxide sensing by B. burgdorferi BosR and
the mechanism of peroxide by B. subtilis PerR appears to be the employment of a
redox-active metal ion at the regulatory site(s), Fe(II) for PerR and Cu(II) for BosR.

Not only is BosR the first of the Fur family shown to be responsive to Cu, many other
features of BosR also set it apart from other Fur family members. The DNA-binding
activity of BosR was inhibited by metal ion coordination by either Zn(II) or Cu(II) at the
regulatory sites. In contrast, most other Fur family members, including B. subtilis PerR,
require metal ion coordination at the regulatory site(s) (S2 and/or S3) to become active
in DNA binding. However, in light of BosR not having either the S2 or the S3 site, this
mechanistic difference perhaps should not come as a surprise. The compositions of the
two regulatory metal ion coordination sites identified in BosR in this study remain to be
defined by crystallography but are expected to be different from those of S2 and S3.

While the direct effect of a specific transition metal ion on the BosR DNA-binding
activity can be assessed in a straightforward manner using in vitro biochemical analyses,
it is much more difficult to ascertain/decipher the in vivo cellular effect(s) of a specific
transition metal ion on BosR activity. Given the prominent role of Cu(II) in negatively
regulating the BosR activity in vitro, we attempted to examine the effect of Cu on the
BosR activity in B. burgdorferi. Supplementation of the growth medium with Cu indeed
diminished BosR activity at the cellular level, which is reflected in an increase in OspA
expression and a reduction in OspC expression. While this result is in agreement with
Cu being a negative regulator of BosR activity, further analysis showed that the
negative effect could be explained by a reduction in the BosR protein level, which led
us to hypothesize that Cu(II)-loaded BosR may be more susceptible to degradation or
turnover in vivo. Cu(II) could compete with Zn(II) for the same structural site, as
indicated by a reduction of Zn(II) in Cu(II)-loaded BosR (Fig. 2), which may interfere with
BosR dimerization and render it less stable. Since Fe(II) had no regulatory effect on BosR
activity in vitro, we did not further assess the in vivo effect(s) of Fe in this study. As for
Mn and Zn, it has been reported that Mn represses whereas Zn activates BosR-
dependent OspC expression (48). Therefore, the cellular effects of Mn (negative) and Zn
(positive) on BosR activity do not correlate with the direct effects of Mn(II) (neutral) and
Zn(II) (negative) on the DNA-binding activity of BosR.

Transition metal ions can affect cellular functions in many different ways. Here, we
discuss just two alternative explanations for the repressive effect of Mn on the BosR
activity in B. burgdorferi that do not rely on a direct interaction between Mn(II) and
BosR. Various transition metal ions in B. burgdorferi are intricately connected with each
other in homeostasis, and disturbance in one often leads to changes in others (43). For
example, a deficiency in the manganese-specific metal transporter BmtA leads to a
significant reduction in Mn, but this change is accompanied by a significant reduction
in Cu and significant increases in Fe and Zn (43, 57). Therefore, the enhanced BosR
activity observed of the bmtA mutant could be attributed more directly to the reduced
level of Cu instead of the reduced level of Mn. Another way by which Mn could impact
the BosR activity in B. burgdorferi is through the superoxide dismutase SodA. Despite an
earlier report to the contrary (58), two recent studies have shown that B. burgdorferi
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SodA utilizes Mn(II) instead of Fe(II) as a cofactor, and there is a positive correlation
between the Mn level and SodA enzymatic activity (59, 60). Thus, a higher Mn level
could lead to greater production of hydrogen peroxide, which in turn could drive the
redox state of Cu from Cu(I) toward Cu(II) and inhibit BosR activity. These alternative
explanations highlight the difficulty in deciphering the cellular effects of specific metal
ions.

During the transition from the tick to the mammal, B. burgdorferi senses environ-
mental signals, such as changes in temperature, pH, and nutrients, through many
regulatory pathways (4, 5). Copper and zinc levels in serum are estimated to be in the
range of 10 to 25 �M, but their levels in the tick midgut are expected to be higher,
because the hard-bodied Ixodes ticks are known to concentrate their blood meal during
feeding. Existing evidence suggests that regulation of BosR expression (at both tran-
scriptional and posttranscriptional levels) could play a much more important role than
metalloregulation of BosR activity. The focus of this study, metalloregulation of BosR,
represents only one facet of a very complex regulatory network in B. burgdorferi, and
its role in the spirochete’s natural life cycle remains to be explored. Such an investi-
gation would require more in-depth understanding of the regulatory sites of BosR and
construction and characterization of B. burgdorferi strains expressing mutant BosR
defective in metal ion sensing.

MATERIALS AND METHODS
Strains, media, and other reagents. Escherichia coli strain M15 (Qiagen) was used as the host cell

for overexpression of BosR and was grown at 37°C in Luria-Bertani (LB) medium. Borrelia burgdorferi type
strain B31 and its isogenic bosR mutant and the complemented bosR mutant were kindly provided by
Michael Norgard at the University of Texas Southwestern Medical Center (8). Spirochetes were cultivated
at 25°C, 33°C, and 37°C in BSK-H complete medium (Sigma-Aldrich) to early stationary phase under
microaerobic conditions by growing cultures in closed tubes with a small void space at the top (e.g., 45
ml of culture in a closed 50-ml conical tube). When indicated, CuSO4 was added to the BSK-H medium
to a specified concentration prior to cultivation. All chemical reagents, unless otherwise noted, were
purchased from Sigma-Aldrich and were of either BioReagent or ReagentPlus grade.

Expression and purification of recombinant tag-free BosR. Expression and purification of recom-
binant BosR were performed as previously described (6). Briefly, BosR was overexpressed in E. coli as a
His6-tagged protein and then affinity purified on the HisPur cobalt resin (Thermo Scientific). The
amino-terminal His6 tag was subsequently cleaved off by dipeptidyl aminopeptidase I (Qiagen). Any
remaining tagged protein (due to incomplete digestion) was removed by passing the sample through
the HisPur cobalt resin the second time (see Fig. S4 in the supplemental material). Purified protein was
stored in small aliquots at 	80°C until use. Protein concentration was determined by the Bradford assay
(Bio-Rad), in which BSA solutions with known concentrations were used as standards, and by absorbance
at a 280 nm wavelength, in which the extinction coefficient for the tag-free BosR was calculated as 15,930
M	1 · cm	1 or 0.788 (g/liter)	1 · cm	1 using the ExPASy ProtParam tool. The results from these two
methods were comparable (Table S1). The molecular mass of purified tag-free BosR was estimated to be
37.6 kDa by size-exclusion chromatography using a Superdex 75 (10/300) column, which is consistent
with a dimer (Fig. S5).

Metal removal and metal incorporation into recombinant BosR. For metal removal, BosR (125
�M) was incubated in phosphate-buffered saline (PBS; Life Technologies) at room temperature for 2 h
with 10 mM EDTA, either alone or in combination with 2 M urea (Teknova) or 0.1% SDS. The samples were
then washed with PBS and filtered three times using centrifugal filter units (Millipore) with a 10-kDa
molecular mass cutoff. For metal incorporation, BosR (20 �M) was incubated at room temperature for 10
min with 4-fold molar excess of MnSO4, Fe(NH4)2(SO4)2, CuSO4, or ZnSO4 in a buffer containing 10 mM
Tris (pH 7.5) and 50 mM KCl. After incubation, samples were washed three times with the Tris-KCl buffer
and filtered using centrifugal filter units with a 10-kDa molecular mass cutoff (Millipore).

Metal analysis. Metal levels were determined by inductively coupled plasma-sector field mass
spectrometry (ICP-SFMS) using a Thermo Finnigan Element 2 instrument at the Trace Element Research
Laboratory of The Ohio State University, as previously described (43). Briefly, samples (bacteria or protein)
were digested with nitric acid, and indium (In) was added as an internal standard to each sample to a
final concentration of 10 ppb. Dilutions (1 ppb, 10 ppb, 50 ppb, and 200 ppb) of a certified standard
(containing 48 elements, including Mn, Fe, Cu, Zn, and In) were used to generate linear calibration curves.

Fluorescence anisotropy. As described in a previous study (6), the 6-carboxyfluorescein (FAM)-
labeled probe (10 nM) was incubated with BosR (at concentrations ranging from 30 to 2,000 nM dimer)
for 5 min at room temperature in 20-�l reaction mixtures containing 10 mM Tris (pH 7.5) and 100 mM
KCl, and binding of BosR to the probe was monitored by measuring changes in fluorescence anisotropy
(ΔFA; � excitation [�ex] � 470 nM; � emission [�em] � 520 nM) using a Tecan Infinite M1000Pro
instrument equipped with the iControl software version 1.9 or using a BioTek Synergy H1 instrument
equipped with the Gen5 software.
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In a previous study, we had shown that BosR bound to 6-FAM-labeled probes in a sequence-specific
manner: it had a much higher affinity for probes based on the BosR-binding sites identified in the ospAB
promoter (FPospAB) and the ospD promoter (FPospD) than for probes of a random sequence of As and Ts
(FPRndAT) or a random sequence of As, Ts, Gs, and Cs (FPRnd) (6). To further demonstrate the sequence
specificity of BosR binding to FPospAB, a competition experiment was performed in which BosR was
preincubated with unlabeled probes before binding to FPospAB. Preincubation of BosR with PospAB, the
unlabeled probe of the same sequence as FPospAB, inhibited BosR binding to FPospAB in a dose-dependent
manner, whereas preincubation with PRndAT and PRnd had a moderate and no inhibitory effect, respec-
tively (Fig. S9).

Several reagents, including EDTA, a strong chelator of metal ions, TCEP, a potent reducing agent (61),
and dithiothreitol (DTT), a potent reducing agent that is also a strong chelator of metal ions (62), were
tested for their effect on BosR binding to FPospAB. The reducing agent TCEP (1 mM) had no effect, whereas
DTT (1 mM) and EDTA (10 �M) had similar slight stimulatory effects (Fig. S10). These data are consistent
with the presence of an inhibitory factor(s) in the binding reactions, which can be chelated by DTT and
EDTA.

To test the effect of metal ions on BosR binding to FPospAB, MnSO4, Fe(NH4)2(SO4)2, CuSO4, or ZnSO4

was added to the binding reactions to a final concentration of 0, 0.625, 1.25, 2.5, 5, or 10 �M. When
indicated, EDTA was added to binding reactions to a specified concentration either before or after BosR
was incubated with the probe in the presence of Zn(II) and/or Cu(II). To minimize Fe(II) oxidation, the 100
mM stock solution of Fe(NH4)2(SO4)2 was freshly prepared in 0.1% HCl containing 1 mM sodium
dithionite, and N-acetyl cysteine was added to the binding reactions to a final concentration of 1 mM.
Under these conditions, oxidation was not detected when Fe(II) was tested at concentrations up to
10 �M.

To test whether Zn(II) and Cu(II) can trigger dissociation of BosR from FPospAB, the probe (10 nM) was
first incubated with BosR (2 �M dimer) for 5 min, and then CuSO4 or ZnSO4 was added to the reactions
to a final concentration of 0, 0.25, 0.5, 1, 2, 4, 8, or 16 �M. Four replicates were tested for each condition.
To further determine whether EDTA or TCEP could reverse the inhibitory effects of these metal ions, these
reagents were added separately to two sets of the replicate reactions to a final concentration of 1 mM.
Changes in fluorescence anisotropy were recorded before and after the addition of metal ions and again
after the addition of EDTA or TCEP.

SDS-PAGE and immunoblot analysis. Bacterial pellets were suspended in the Laemmli buffer (63)
to 2 � 106 spirochetes/�l and incubated at 100°C for 10 min. Samples (5 �l/lane) were subjected to
SDS-PAGE on gels containing 12% polyacrylamide in the resolving layer. Protein bands were visualized
by staining with Coomassie brilliant blue or transferred to nitrocellulose membranes for blotting with
specific antibodies. The anti-BosR, anti-OspA, and anti-OspC antisera were separately raised in mice using
the respective recombinant proteins. The anti-BosR antiserum was used at a 1:2,000 dilution, and the
anti-OspA and anti-OspC antisera were used at a 1:5,000 dilution. A monoclonal antibody against FlaB
(H9724) described previously (64) was used at a 1:100 dilution. For the secondary antibody, a goat
anti-mouse IgG-horseradish peroxidase conjugate was purchased from Kirkegaard & Perry Laboratories
and used at a 1:10,000 dilution. Signals were developed using the SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific) and captured on X-ray films or a digital imager.

RNA extraction and RT-qPCR analysis. Total RNA was extracted from in vitro-grown spirochetes
using the TRIzol reagent (Life Technologies). After digestion with RNase-free DNase (Roche) to remove
DNA contamination, RNA was further purified on the RNeasy minispin columns (Qiagen). For RT-qPCR
analysis, RNA was first converted into first-strand cDNA using random hexamers and the SuperScript
III reverse transcriptase (Life Technologies), and then the gene copy numbers in the cDNA were
determined using the SYBR green real-time PCR master mix (Life Technologies). Gene-specific
primers for B. burgdorferi ospA, ospC, bosR, and flaB used here were the same as those described
previously (6). All procedures were carried out according to the manufacturers’ recommendations.

Statistical analysis. All statistical and graphic analyses were performed using the software GraphPad
Prism 6 for Mac OS X (version 6.0e). All reported P values are 2-tailed. P values of �0.05 are considered
statistically significant. The specific statistical test for each P value is indicated in the text.
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