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Background: Heme is an essential cofactor yet toxic in free form, necessitating strict intracellular control.

Results: A heme sensor regulates the conserved hrtBA genes in Lactococcus lactis, whose products mediate heme efflux.
Conclusion: L. lactis controls heme homeostasis by sensing intracellular heme and activating heme efflux.

Significance: The use of an intracellular heme sensor to control heme efflux constitutes a novel paradigm for bacterial heme

homeostasis.

Most commensal and food bacteria lack heme biosynthesis
genes. For several of these, the capture of environmental heme is
a means of activating aerobic respiration metabolism. Our pre-
vious studies in the Gram-positive bacterium Lactococcus lactis
showed that heme exposure strongly induced expression of a
single operon, called here #rtRBA, encoding an ortholog of the
conserved membrane /rt (heme-regulated transporter) and a
unique transcriptional regulator that we named HrtR. We show
that HrtR expressed as a fusion protein is a heme-binding pro-
tein. Heme iron interaction with HrtR is non-covalent, hexaco-
ordinated, and involves two histidines, His-72 and His-149.
HrtR specifically binds a 15-nt palindromic sequence in the
hrtRBA promoter region, which is needed for 4rtRBA repres-
sion. HrtR-DNA binding is abolished by heme addition, which
activates expression of the HrtB-HrtA (HrtBA) transporter in
vitro and in vivo. The use of HrtR as an intracellular heme sensor
appears to be conserved among numerous commensal bacteria,
in contrast with numerous Gram-positive pathogens that use an
extracellular heme-sensing system, HssRS, to regulate hrt.
Finally, we show for the first time that HrtBA permease controls
heme toxicity by its direct and specific efflux. The use of an
intracellular heme sensor to control heme efflux constitutes a
novel paradigm for bacterial heme homeostasis.

Heme? uptake is accepted widely as a mechanism for iron
acquisition by bacterial pathogens. Remarkably, however,
numerous bacteria lacking heme biosynthesis genes use heme
directly as a cofactor to activate aerobic respiration. A well
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Figs. 1-4, and additional references.

"To whom correspondence should be addressed: Institut Micalis, INRA
(UMR1319), Domaine de Vilvert, Batiment 222, F-78352 Jouy-en Josas
cedex, France. E-mail: delphine.lechardeur@jouy.inra.fr.

2 In this report, heme refers to iron protoporphyrin IX regardless of the iron
redox state, whereas hemin refers to ferric iron protoporphyrin IX.

4752 JOURNAL OF BIOLOGICAL CHEMISTRY

studied example is Lactococcus lactis, a lactic acid bacterium
used widely for industrial fermentation. When heme is added to
an aerated culture, these bacteria activate a terminal cyto-
chrome oxidase, causing a shift to an energetically favorable
respiratory metabolism (1). The switch to respiration has a
major positive impact on biomass and long term survival, and as
such, respiration growth has been implemented in the large-
scale production of lactococcal starter cultures (1-3). Numer-
ous other lactic acid bacteria, including several opportunist
pathogens such as Streptococcus agalactiae and Enterococcus
faecalis, activate respiration growth in the presence of heme
(4—8). Although the importance of heme as a cofactor for res-
piration and numerous bacterial functions is well established
(9-11), the mechanisms involved in controlling intracellular
homeostasis remain largely unknown. In numerous bacteria,
intracellular heme availability is managed by regulating expres-
sion of heme-degrading heme oxygenases or deferrochelatases
(12-16). An alternative mechanism intervenes at the heme syn-
thesis level, e.g. via iron regulatory (irr) protein-mediated regu-
lation of ferrochelatase activity as in Rhizobium (17-19). In
S. agalactiae, which does not synthesize its own heme, we
showed that heme efflux is used to manage intracellular heme
and protoporphyrin IX (the iron-free precursor of heme;
PPIX?), based on a novel regulon called Pef comprising two
multi-drug resistance efflux pumps and a MarR-type heme-
responsive regulator; homologs of at least part of the Pef regu-
lon are present in other bacteria (20). Studies in Staphylococcus
aureus established the existence of another locus involved in
preventing heme toxicity, based on HrtB (permease) and HrtA
(ATPase), the Hrt (heme regulated transporter) proteins. Inac-
tivation of this locus resulted in heme hypersensitivity (21).
Expression of hrtBA is controlled by adjacent /ssRS genes,
encoding a two-component heme sensor and response regula-
tor. Analogs of the entire system are also present in several
other Gram-positive pathogens such as Bacillus anthracis and

3 The abbreviations used are: PPIX, protoporphyrin IX; MBP, maltose-binding
protein; ICP-MS, inductively coupled plasma mass spectroscopy.
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Corynebacterium  diphteriae (21-26). Permease-defective
mutants were heme hypersensitive, but a direct role of HrtB-
HrtA (HrtBA) in heme efflux was not demonstrated (24).

In L. lactis, previous proteomic and transcriptome studies
revealed that components of the ygfCBA operon, encoding a
putative transcriptional regulator (YgfC), a predicted permease
(YgfB), and an ATPase (YgfA) were induced ~40-fold by hemin
(Fe*"PPIX) (27). YgfB and YgfA are HrtB and HrtA orthologs
(21, 22). However, no genes encoding a two component HssRS
system were found adjacent to the ygfCBA operon and the pre-
dicted transcriptional regulator, YgfC, was unique to L. lactis,
leading us to hypothesize that YgfC is implicated in the regula-
tion of ygfBA genes. Accordingly, ygfC was renamed hriR
(heme-regulated transporter regulator); ygfB and ygfA were
renamed hrtB and hrtA, respectively (see Fig. 1A). Here, we
report the identification of HrtR as a high affinity heme-binding
protein and transcriptional regulator that senses intracellular
heme to regulate its intracellular homeostasis by efflux in
L. lactis.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and Plasmids—The
strains and plasmids used in this work are listed in supplemen-
tal Table 1. Growth of the bacterial strains and plasmid con-
structions are outlined in the supplemental data. Experiments
in L. lactis were all performed in strain MG1363 and deriva-
tives. Oligonucleotides used for plasmid constructions are
listed in supplemental Table 2. Hemin (FePPIX) (Fluka)
stock solution (10 mm) was prepared in 50 mm NaOH. Stocks
of 10 mMm protoporphyrin (PPIX), gallium-protoporphyrin
(GaPPIX), cobalt-protoporphyrin (CoPPIX), manganese-pro-
toporphyrin (MnPPIX), magnesium-protoporphyrin (MgP-
PIX), and zinc-protoporphyrin (ZnPPIX) (Frontier Scientific)
were prepared in dimethyl sulfoxide.

Recombinant MBP-HrtR Purification—Escherichia coli
Top10 transformed with pMBP-HrtR was used for the recom-
binant production of MBP-HrtR. The protein was prepared by
affinity chromatography on amylose resin (see supplemental
Fig. 1A). The MBP-HrtR-hemin complex was prepared by incu-
bating 50 ug of purified MBP-HrtR with a 2-fold excess of
hemin in 50 mMm Tris-HCI, pH 7.5. Free hemin was removed by
chromatography on a Sephadex G-15 gel filtration column
(Sigma).

B-Gal Assay—Liquid cultures were generally grown to A,
= 0.5 and then incubated for 1 h with the test porphyrin at the
indicated concentration. 3-Galactosidase (B-gal) activity was
assayed on bacteria permeabilized as described (28). B-Gal
activity was quantified by luminescence in an Infinite M200
spectroluminometer (Tecan) using the B-Glo assay system as
recommended by manufacturer (Promega). B-Gal activity was
revealed on solid medium by streaking bacteria on LB agar con-
taining 80 wg/ml X-Gal.

EMSA—A 352-bp DNA fragment containing the /rt pro-
moter region was PCR-amplified from MG1363 genomic DNA
with primers (O17-O18) (supplemental Table 2). A 352-bp
DNA fragmentlocated in the srtR-coding region was generated
similarly with primers (019-O20) (supplemental Table 2) and
used as a negative control. The palindrome was mutated by
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using overlapping PCR using primers (O17-O22) and (O21-
018) as described (29). 022 and its reverse counterpart O21
were designed to encompass the 15-nt palindromic sequence
and in which the 15 nucleotides were randomly altered to pro-
duce the sequence: 5'-ATTATATAGAGAGAA-3’ (instead of
5'-ATGACACAGTGTCAT-3’) (supplemental Table 2). The
two fragments were annealed and PCR-amplified with primers
(017-018). Fragments were gel-purified (Invitrogen gel extrac-
tion and purification kit) and quantified. MBP-HrtR-DNA
binding studies were performed in 20 mm Tris-HCI, pH 8, 50
mm KCl, 0.2 mm MgCl,, 1 mm EDTA, 0.2 mm DTT, and 5%
glycerol. Reaction mixtures were incubated for 1 h at 30 °C.
Binding was analyzed by gel electrophoresis on an 8% polyacryl-
amide gel in TBE buffer stained with ethidium bromide follow-
ing electrophoresis.

Intracellular Iron *"Fe Determinations—Strains AhrtRBA-
(pCtrl) and AhrtRBA(phrtBA) were grown in the absence and
presence of °’Fe-hemin. Both strains were grown to A, = 0.5
prior to addition or not of 3 um >’FePPIX (Frontier Scientific) for
an additional hour. Cells were washed three times in H,O supple-
mented with 0.5 mm EDTA. Cell pellets were dessicated and min-
eralized by successive incubations in 65% nitric acid solution. *"Fe
was quantified by inductively coupled plasma mass spectroscopy
(ICP-MS) (Agilent 7700X).

RESULTS

HrtR Is Heme-binding Protein—HrtR was purified as a fusion
to the maltose-binding-protein (MBP-HrtR) in E. coli (supple-
mental Fig. 14). Cells carrying the MBP-HrtR expression plas-
mid were pink when isopropyl 1-thio-B-p-galactopyranoside
inducer was added, suggesting that HrtR could scavenge and
bind to endogenous heme (which is red) (Fig. 1B). Purified
MBP-HrtR was also colored pink. The protein was saturated
with excess hemin and then purified from free hemin by gel
filtration chromatography. The purified complex was red, and
its UV-visible spectrum at pH 7.4 revealed a Soret band at A, ,
and B/a bands at 530 and 558 nm, respectively, consistent with
ferric hexacoordinate low spin binding through the iron center
(Fig. 1C and see below). Reduction of the complex with dithio-
nite resulted in a shift in the Soret band from 414 nm to 426 nm,
whereas oxidation with ammonium persulfate did not change
the profile, suggesting that HrtR binds ferric hemin in our
experimental conditions (supplemental Fig. 1B). The satura-
tion point, as determined by titration, was ~10 uM hemin, indi-
cating that HrtR binds one molecule of hemin per monomer
(supplemental Fig. 1C and inset). This conclusion was substan-
tiated further using the pyridine hemochrome assay to assess
heme content: 8 um MBP-HrtR bound 6.8 = 0.3 um hemin
(mean * S.E.; n = 3) (supplemental Fig. 1D). Titration curves
were fitted to a one binding site model (see supplemental Mate-
rials and Methods). The dissociation constant K, value of the
MBP-HrtR-hemin complex was 0.4 = 0.2 uM (mean = S.E.; n =
4). Taken together, these results demonstrate that HrtR is a
hemin-binding protein.

HrtR Controls hrtRBA Transcription by Binding to 15-nt Pal-
indromic Sequence—Members of the TetR family generally
repress their own transcription together with the transporters
they regulate (30). We first verified that HrtR was a repressor of
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FIGURE 1. HrtR is a hemin-binding protein. A, schematic representation of
the hrtRBA operon in L. lactis (MG1363). The hrtR (Ilmg_0626) gene encodes a
TetR family transcriptional regulator. The hrtB (lIlmg_0625) and hrtA
(Ilmg_0624) genes encode a permease and an ATPase, respectively. The locus
was named based on protein sequence alignments that identified HrtB and
HrtA as orthologs of the heme regulated transporter components first
described in S. aureus and present in numerous Gram-positive bacteria (21—
26). B, E. coli cells overexpressing HrtR are colored red. E. coli were trans-
formed with the HrtR expression vector pMBP-HrtR. Protein expression was
induced with 0.5 mm isopropyl 1-thio-B-p-galactopyranoside (IPTG) (see
“Experimental Procedures”). Bacteria were collected by centrifugation and
photographed. C, UV-visible absorption spectrum of the MBP-HrtR-hemin
complex. Holo-MBP-HrtR exhibits a Soret band at 414 nm and 8 and a bands
at 530 and 558 nm, respectively.

the hrtRBA operon in vivo, using fusions between the hrtRBA
promoter region (P,,,,), or the promoter and /r¢R coding region
(P, hrtR), and the lacZ gene reporter. These constructs were
established in a AhrtRBA strain. In this context, the P, -lac
construct was constitutively expressed (Fig. 24). In contrast,
B-gal activity expressed from pP, . /irtR-lac was greatly dimin-
ished (Fig. 24), illustrating that HrtR is a transcriptional repres-
sor of the hrtRBA operon. EMSA confirmed that HrtR specifi-
cally binds the #rtRBA promoter region: MBP-HrtR incubated
with a 352-bp DNA comprising the hrtRBA promoter region
resulted in a DNA shift (Fig. 2B, lanes I and 2). A similarly sized
DNA fragment corresponding to an internal /rtR region did
not shift under the same conditions (Fig. 2B, lanes 3 and 4),
indicating specificity of the interaction. TetR family operators
usually comprise a 15-nucleotide palindromic sequence with
internal palindromic symmetry around a central base pair (30).
One such palindrome, 5'-ATGACACAGTGTCAT-3’, was
identified upstream of the hrtR start codon (Fig. 2C). Its
replacement by a 15-nt non-palindromic sequence (5-AT-
TATATAGAGAGAA-3’) significantly diminished HrtR bind-
ing (Fig. 2D), suggesting that the initial sequence is targeted by
HrtR. This conclusion was further substantiated by the deletion
of the central adenine of the 15-nt palindrome, which alleviated
HrtR binding to the Art promoter region deleted for the central
adenine (supplemental Fig. 2A) and in vivo HrtR-mediated
inhibition of P, s/rtR-lac (supplemental Fig. 2B). We con-
clude that the 15-nt palindrome is the HrtR DNA binding site.

Hemin Alleviates HrtR Repression of hrtRBA Operon—Mem-
bers of the TetR-like family of transcriptional regulators act as
chemical sensors (30, 31). Binding to their ligands alleviates
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FIGURE 2. HrtR controls hrtRBA transcription via binding to a 15-nt palin-
dromicsequencein the hrtRBA promoter. A, HrtRis a transcriptional repres-
sor of the hrtRBA operon. Transcriptional fusions between the hrtRBA pro-
moter region, including or not the coding region of HrtR (P,,,-lacand P, .hrtR-
lac, respectively), were expressed in the AhrtRBA L. lactis strain. B-Gal activity
was quantified by luminescence (see “Experimental Procedures”; results
shown for at least three experiments) B, HrtR binds the promoter region of
hrtRBA. EMSA shows specific binding of HrtR to the hrtRBA promoter. 30 pmol
of the hrtRBA promoter fragment (lanes 7 and 2) and of the hrtR-coding region
(lanes 3 and 4) were incubated in the presence of 200 pmol (lanes 2 and 4) of
MBP-HTrtR. C, a 15-nucleotide palindromic motif (in boldface type and boxed;
the central adenine s in boldface type) is present upstream of hrtRBA. The start
codon is in gray, and the RBS sequence is underlined. D, the palindrome is
needed for HrtR-DNA binding. EMSA was done using a native DNA fragment
encompassing the promoter region, or a fragment in which the 15-nt palin-
dromic sequence was substituted with a random sequence. A gel represent-
ative of three experiments is shown. RLU, relative light units.

their interaction with their respective operators, leading to pro-
moter induction (30, 31). These characteristics, together with
our findings that HrtR 1) controls #rtRBA operon expression
and 2) binds hemin, strongly suggested that hemin is the signal
that relieves hrtRBA transcriptional repression. We investi-
gated the in vivo effects of hemin on /#rtRBA expression using
P, ArtR-lac as reporter and following B-gal activity (Fig. 3A4).
Py, irtR-lac was virtually off in the absence of hemin, establish-
ing the hemin requirement for /4rtRBA operon induction.
Expression of B-gal was induced at 1 um and saturated at ~5 um
hemin. We next studied the role of hemin in HrtR DNA binding
activity in vitro with EMSA (Fig. 3B). Addition of hemin to
MBP-HrtR abolished formation of the DNA-HrtR complex in a
concentration-dependent manner, as seen by the disappear-
ance of the band shift. Complete inhibition was obtained when
the MBP-HrtR to hemin ratio was 1:1, consistent with the find-
ing that one HrtR protein binds one molecule of hemin.
Several TetR family regulators including E. coli AcrR, the
closest HrtR homolog recognize a variety of structurally unre-
lated compounds (30, 31). We investigated the possibility that
HrtR might interact with other porphyrins. The capacity of
HrtR to bind PPIX and other metal-substituted porphyrins was
tested. PPIX, GaPPIX, CoPPIX, MnPPIX, MgPPIX, and
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FIGURE 3. Hemin alleviates HrtR repression of the hrtRBA operon. A, in vivo induction of hrtRBA operon by hemin. The strain carrying P,,.hrtR-lac was grown
in the presence of the indicated concentrations of hemin to A, = 1. B-Gal activity was quantified by luminescence (see “Experimental Procedures”). Results
represent the mean = S.D. from the triplicate sample. B, effect of hemin on binding of HrtR to the hrtRBA promoter by EMSA. Thirty pmol of hrtRBA promoter
fragment were incubated in the presence of 200 pmol of MBP-HrtR together with increasing amounts of hemin. C, in vivo induction of P, with PPIX and metal
porphyrins. B-Gal activity of the pP,, . .hrtR-lac plasmid, established in WT L. lactis was evaluated on bacteria incubated without or with 5 um of the indicated PPIX
or metal-conjugated porphyrins. D, EMSA was used to test ligand specificity of HrtR. Thirty pmol of hrtRBA promoter fragment were incubated in the presence
of 200 pmol of MBP-HrtR and 200 pmol of the indicated metalloporphyrin. B-Gal activity was quantified by luminescence (see “Experimental Procedures”).
Results represent the mean = S.D. from triplicate experiments. RLU, relative light units.

ZnPPIX, containing metals that have all coordination chemis-
try similar to iron (32). These porphyrins were assayed in vivo
for induction of hrtRBA in bacteria harboring pP,  JirtR-lac
(Fig. 3C). Surprisingly, in these conditions, /rt induction was
strongly dependent on the metal replacing the iron ion of the
porphyrin. Only GaPPIX and to a slight extent MnPPIX
induced hrtRBA. To validate that these porphyrins were inter-
nalized, a plasmid expressing the heme catalase KatA from
E. faecalis was established in L. lactis and used as an in vivo
indicator; KatA protein was stabilized in the presence of all the
PPIX molecules (supplemental Fig. 3) (29, 33, 34). ZnPPIX and
GaPPIX, non-inducing and inducing pPy,  /irtR-lac in vivo (Fig.
3C), respectively, were assayed by EMSA (Fig. 3D). Interestingly
ZnPPIX had virtually no effect on the DNA shift (Fig. 3D, lane
4), whereas GaPPIX, similar to hemin, abolished the shift (Fig.
3D, lanes 3 and 5). These results confirm that HrtR does not
bind all metal porphyrins reinforce our conclusion that FePPIX
and GaPPIX specifically bind HrtR and deregulate the /rt pro-
moter .

HrtR Interaction with Hemin and DNA Implicates Two
Histidines—The spectroscopic profile of the MBP-HrtR-heme
complex (Figs. 1C and 4A) was characteristic of a low spin hexa-
coordination of the heme iron as seen by the position of the 3
and a bands (530 and 558 nm, respectively; Fig. 1C). Low spin
coordination implies that two strong amino acids are involved
in binding.

Likely candidates for axial ligands are histidine, methionine,
and cysteine residues. Based on the general structure of TetR
transcriptional regulators (30), only a single histidine (His-149)
was present in the predicted substrate binding C-terminal
region of HrtR (supplemental Fig. 44). Another potential can-
didate His residue was identified at position 72 of the amino
acid chain (His-72), near the border of the predicted DNA-
binding region (supplemental Fig. 44). To test the role of these
two histidines in heme binding, we substituted both with ali-
phatic residues, thus generating the mutant proteins H149L
and H72A, and a double mutant H149L/H72A. In both single

SN
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FIGURE 4. Role of histidines His-72 and His-149 in HrtR binding to heme
and to DNA. A, UV-visible spectra of 30 umferric heme (hemin) and MBP-HrtR
WT, H72A/H149L, and H72A/H149L (HH). WT and mutant HrtR were bound
with 3-fold excess hemin. Unbound hemin was then removed by size exclu-
sion chromatography. UV-visible spectra of the complexes (30 um in 200 wl)
were obtained in a microplate spectrophotometer (Infinite M200, Tecan, Aus-
tria). Inset, magnification of the 500-700 nm area. Results are representative
of three experiments. B, EMSA of HrtR and histidine mutants binding to the
hrtRBA promoter region. Thirty pmol of the hrtRBA promoter fragment were
incubated in the presence of 200 pmol of WT and mutated variants as above.
Lane 1 was a control without protein. Results are representative of three
experiments.

mutant proteins, the ferric form bound considerably less heme
than did the wild type, and the double mutant showed virtually
no heme binding (Fig. 44). For both single mutants, the ferric
spectra exhibit reduced and shifted Soret peaks (413, 408, and
410 nm for WT, H72A, and H149L, respectively) and show a
reduced a band ~558 nm, indicating that oxidized heme lost its
strong ligand hexacoordinate binding and is most likely penta-
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FIGURE 5. The HrtBA transporter controls environmental heme toxicity through efflux in L. lactis. A, HrtBA controls heme toxicity. Stationary phase
cultures of WT, AhrtRBA, and AhrtRBA strains carrying either a control plasmid (pG+host8, designated pCtrl) or phrtBA were plated on solid medium. Hemin (10
wl of a 10 mm stock solution) was pipetted directly onto plates, which were incubated at 30 °C for 24 h. Inhibition zones appear as dark clearing in the center of
each panel. Results are representative of at least three experiments. B, HrtBA regulates intracellular heme content. B-Gal activity of the pP,,,.hrtR-lac plasmid,
established in WT, AhrtRBA(pCtrl), or AhrtRBA(phrtBA) strains, was evaluated on bacteria cultivated without or with 5 um hemin. B-Gal activity was quantified by
luminescence. Results represent the mean = S.D. from triplicate experiments. C, color phenotype of AhrtRBA transformed with pCtrl and AhrtRBA carrying
phrtBA. Bacteria were grown to Ag,, = 0.5 prior to addition or not of 10 um hemin in the culture medium for an additional hour. Bacteria were pelleted by
centrifugation. Control bacteria exhibited a strong red color, whereas bacteria overexpressing HrtBA did not. D, iron ([°’Fe] content determination of
AhrtRBA(pCtrl) and AhrtRBA(phrtBA) strains grown as in C in the absence and presence of *’Fe-hemin. Results represent the mean *+ S.D. from triplicate

experiments.

coordinate (Fig. 44, inset). The high spin state of the complex is
also highlighted by a characteristic small shoulder above 630
nm (Fig. 44, inset) (36). The HrtR H72A/H149L mutant was
virtually incapable of binding hemin (Fig. 4A4). In the ferrous
state, spectral profiles of the WT and mutant HrtR proteins
were also typical of pentacoordinate heme coordination (data
not shown). Consistently, addition of imidazole to the mutant
proteins restored hemin binding, suggesting that imidazole
could replace the His ligand substitution (supplemental Fig. 4B)
(37, 38). Circular dichroism spectra of the native and mutant
proteins were indistinguishable, indicating that the double his-
tidine mutation did not modify HrtR folding; both WT and
mutant proteins contained negative bands at 209 and 220 nm
(supplemental Fig. 4C), indicative of « helix-rich proteins, as
reported for TetR-like family regulators. Altogether, these data
identify His-72 and His-149 as the axial heme ligands.

EMSA was performed with HrtR histidine variants (Fig. 4B).
Strikingly, both HrtR His variants, and the double-mutated
HrtR lost their ability to bind DNA, indicating the importance
of the two His residues for binding to both the /rt promoter and
hemin.

HrtBA Effluxes Heme—Orthologs of the heme-regulated
HrtBA transporter were shown to protect numerous Gram-
positive bacteria against heme toxicity (22). An obvious role for
HrtBA is to export intracellular heme; however, demonstration
has proven difficult, and the substrate for the putative HrtBA
transporter remains unidentified (26). To address this question,
we separated HrtBA expression from its regulator, and exam-
ined its role when constitutively expressed from the p23 pro-
moter (on plasmid phrtBA; (39)) in an L. lactis AhrtRBA strain.
The latter strain exhibited hemin hypersensitivity on solid
medium (Fig. 5A4). In comparison, the AhrtRBA strain carrying
phrtBA was insensitive to the same hemin concentration (Fig.
54) (22).

TetR regulators characteristically bind the substrates of the
transporter they regulate (30). Our findings that HrtR binds
hemin to regulate #rtRBA operon transcription gave a first indi-
cation that HrtBA indeed transports heme. To substantiate this
role, we first used HrtR as a cytoplasmic heme sensor in
AhrtRBA cells that constitutively expressed hrtBA genes on
plasmid phrtBA. In this system, hrtR expression was a valid
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heme sensor, as it was dissociated from hrtBA expression. HrtR
activation was followed using the P, /irtR-lac fusion in cells
grown with hemin (Fig. 5B). Addition of 5 um hemin to the
AhrtRBA strain resulted in a slight increase in 8-gal expression
levels compared with the WT strain. Remarkably, constitutive
HrtBA expression in the complemented strain resulted in
nearly complete extinction of reporter protein expression, indi-
cating that cytoplasmic heme availability was too low to allow
HrtR binding. In keeping with these results, More direct evi-
dence for the role of HrtBA as a heme transporter was provided
by the cell pellets of the AhrtRBA strain grown in hemin show-
ing a red color, whereas pellets of the HrtBA overexpression
strain were white (Fig. 5C). The presence of hemin in the two
strains was confirmed and quantified by ICP-MS. We used
>’FePPIX, which represents only 2.12% of the four stable iso-
topes of natural terrestrial isotopes. Thus, the *”Fe cellular con-
tent is representative of the hemin added to cells independently
of environmental iron. Results (Fig. 5D) show ~2.5-fold lower
intracellular *’Fe accumulation in the AhrtRBA mutant
expressing the HrtBA overproducer plasmid compared with
AhrtRBA carrying a control plasmid. Taken together, these
results indicate that the HrtB permease acts as a heme-specific
efflux pump.

DISCUSSION

In this work, we elucidated how intracellular heme homeo-
stasis is managed in the heme auxotroph L. lactis. Our main
findings are that HrtR is an intracellular heme sensor that reg-
ulates transcription of hrtBA and that HrtBA constitutes a
heme efflux pump.

Interestingly, as first characterized in S. aureus and in all bac-
teria studied except for L. lactis, HrtBA is regulated by adjacent
genes encoding the two-component heme sensor histidine
kinase (HssS) and the response regulator HssR (21, 22, 25, 26).
HssS sensing of extracellular hemin leads to induction of
HrtBA, now elucidated to be the heme efflux pump (schemati-
cally depicted in Fig. 6, see left panel) (21, 26). In contrast, in
light of our results, lactococci have evolved a specific induction
system that relies on intracellular hemin (Fig. 6, right panel). A
notable difference between these bacteria is that lactococci are
non-pathogenic, whereas the bacteria using the extracellular
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FIGURE 6. Schematic representation showing two distinct bacterial heme-sensing systems, one extracellular and one intracellular, that regulate heme
homeostasis by HrtBA-mediated efflux. Left panel, extracellular heme-sensing induces the two-component HssSR system. Once stimulated, HssR activates hrtBA
expression, as reported (25). Right panel, in L. lactis, heme is taken up by fhuDBA gene products (green ovals) (35).* Internalized heme binds to available HrtR protein to
relieve repression of the hrtRBA operon. Activation of hrtBA results in heme efflux. Red asterisk, heme. Blue lightning represents sensor activation.

HssS sensor are Gram-positive pathogens that may be in con-
tact with heme-rich blood. Interestingly, other food and com-
mensal bacteria carry HrtR, HrtB, and HrtA homologs, includ-
ing the 15-nt inverted repeat 5'-ATGACACAGTGTCAT-3/,
supporting the notion that a preference for external versus
internal heme sensing might be related to the bacterial biotope
(supplemental Table 3).

Deciphering the role of HrtR in L. lactis as a heme-modu-
lated transcriptional repressor of hrtBA helped elucidate
HrtBA function as a heme efflux transporter. Indeed, TetR fam-
ily regulators of efflux permeases generally bind the substrate
that is transported (30); in the case of HrtR and the adjacent
HrtBA permease, that substrate would be heme. Several strong
lines of experimental evidence then led us to conclude that
heme is the specific substrate for HrtBA-mediated export. This
conclusion may be generalized to other Gram-positive bacteria.

Interestingly, in contrast to other heme-binding proteins
(14), HrtR shows high binding specificity for heme. Among
other metal porphyrins tested, only GaPPIX and to a lesser
extent MnPPIX could substitute for hemin. In a recent in vitro
study, only porphyrin metals with oxidation state III bound
IsdH-NEAT3 with high affinity, suggesting that electrostatic
forces play a role in the interaction (40). This is not the case for
HrtR, as reduced hemin (Fe(II)PPIX) bound the protein. Other
parameters such as the ionic radius of iron and gallium, which
are very similar (0.62 versus 0.64A), might participate in the
strict ligand recognition between HrtR and porphyrin metals
(40).

4P. Gaudu, E. Van West, and A. Gruss, unpublished observations.
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Our findings that HrtBA is functional in L. lactis expands the
suggested role and evolution of the /rt system beyond bacterial
pathogens where it would protect cells from heme toxicity in
conditions of high heme availability (as might be encountered
in bacteremia) (22, 25). The existence of heme-responsive
genes raises questions concerning the natural environments
that are home to lactococci. The much improved growth and
survival of lactococci in the presence of heme (6), and the
expression of several heme-binding proteins may indicate that
these bacteria are in contact with heme sources in their ecosys-
tems. We suggest that heme homeostasis may be an important
consideration for non-pathogens present, for example, in the
gut, where heme stores vary according to contributions from
flora, foods, and the host. In this setting, the #rtRBA operon
would respond to keep intracellular heme at non-toxic level.
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