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We demonstrate that the expression of hem genes in Rhodobacter capsulatus is transcriptionally repressed in
response to the exogenous addition of heme. A high-copy suppressor screen for regulators of hem gene
expression resulted in the identification of an LysR-type transcriptional regulator, called HbrL, that regulates
hem promoters in response to the availability of heme. HbrL is shown to activate the expression of hemA and
hemZ in the absence of exogenous hemin and repress hemB expression in the presence of exogenous hemin.
Heterologously expressed HbrL apoprotein binds heme » and is purified with bound heme b when expressed
in the presence of 5-aminolevulinic acid. Electrophoretic gel shift analysis demonstrated that HbrL binds the
promoter region of hemA, hemB, and hemZ as well as its own promoter and that the presence of heme increases

the binding affinity of HbrL to hemB.

The cofactor heme is an integral part of the electron trans-
port chain, where it serves as an electron carrier for both
membrane-bound and soluble cytochromes. Heme is also com-
monly employed as a prosthetic group to bind diatomic gases
for respiration or signaling, as in the case of FixL (27, 28) and
the « subunit of eukaryotic initiation factor 2 (19). However,
heme that is not bound to apoproteins is toxic to cells, so its
biosynthesis is tightly regulated such that free heme does not
significantly accumulate in cells. Despite the importance of
heme in biological chemistry, little is known about how cells
regulate the synthesis of heme relative to synthesis of apopro-
teins that bind this cofactor.

The regulation of heme synthesis is additionally complex in
photosynthetic organisms that synthesize chlorophyll or bacte-
riochlorophyll since this utilizes intermediates common to the
heme branch, from the first step of the pathway up to proto-
porphyrin IX. Despite heavy metabolic demands placed on this
pathway, particularly during photosynthetic growth, there are
no free tetrapyrrole end products (heme or bacteriochloro-
phyll) or intermediates known to accumulate inside the cell. In
this study, we set out to investigate this apparent paradox by
identifying and characterizing transcriptional regulators of the
heme biosynthetic pathway.

The biosynthetic end product heme has been shown to be an
important regulatory molecule in eukaryotes. For example,
nuclear localization and activity of the transcriptional activator
HAP1 (heme-activated protein) from yeast is controlled by
heme (24, 61). Similarly, the mammalian transcription factor
Bach1 modulates its DNA-binding activity by specifically bind-
ing heme (29). Heme also regulates the transcription of oxy-
gen-induced genes in yeast (22) as well as globin (30) and
phosphatase (37) genes in human cell lines. In prokaryotes, the
iron response regulator Irr from Bradyrhizobium japonicum has
been shown to be conditionally degraded when it binds heme
(35). Irr is a member of the GntR family of transcriptional
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regulators and is thought to repress the transcription of hemB
(15). Binding of Irr to the hemB promoter, however, has not
been directly demonstrated.

To obtain an understanding of the regulation of heme bio-
synthesis, it is important that both transcriptional and post-
transcriptional regulatory events in this pathway are studied.
Towards this goal, we have recently described the expression
pattern of heme biosynthesis genes in Rhodobacter capsulatus
in response to a reduction in oxygen tension (44), which is a
condition that induces high amounts of bacteriochlorophyll
biosynthesis. We also demonstrated that the redox-responding
transcription factors AerR, FnrL, RegA, and CrtJ control the
expression of heme biosynthesis genes in response to changes
in oxygen tension (44). These same transcription factors also
regulate the transcription of genes that code for apoproteins of
cytochromes (46, 47) and apoproteins of the photosystem that
bind bacteriochlorophyll (12, 34, 43). In the present study, we
report the identification and characterization of an additional
transcriptional regulator of heme biosynthesis genes, HbrL,
which is a LysR-type transcriptional regulator (LTTR). HbrL
(heme-binding regulator, LysR type) exhibits many attributes
common to this family of regulators, including binding the end
product (heme) of the pathway that it transcriptionally con-
trols. Heme- and DNA-binding characteristics of HbrL are
reported.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and culture additions. Bacterial strains
and plasmids used in this study are described in Table 1. Escherichia coli strains
were grown aerobically in LB medium (41). R. capsulatus was grown aerobically
and semiaerobically, as described previously (8), in PYS medium (60). The
antibiotics ampicillin and kanamycin were used in E. coli at 200 pg/ml and 50
wng/ml, respectively. Kanamycin was used in R. capsulatus at 10 pg/ml. Hemin
addition to semiaerobic cultures was accomplished by the preparation of a 1 mM
hemin stock solution in 50% ethanol-0.05 M sodium bicarbonate that was filter
sterilized and added to the culture to a final concentration of 30 wM, as described
previously (25). An equal volume of ethanol-bicarbonate containing no hemin
was added to control cultures.

Plasmid and strain construction. Wild-type library elements (43) were con-
jugated into hemB::lacZ reporter strain SB1003-pJS125 (44), and exconjugates
were plated at a nonconfluent density on selective medium. Colonies were
transferred onto nitrocellulose filters, which were plated onto PYS medium
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TABLE 1. Bacterial strains and plasmids

J. BACTERIOL.

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
E. coli
DHS5a supE44 lacU169($b80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl 41
BL21(DE3) C600::RP-4 2-Tc::Mu-Km::Tn7 hsdR hsdM recA thi pro Novagen
R. capsulatus
SB1003 rif-10 59
Y262 rif-10 58
JS157K rif-10 gntR::Km This study
JS163K rif-10 hbrL::Km This study
Plasmids
pET20b Expression vector Novagen
pBluescript Cloning vector Stratagene
pUC4K::KIXX Kanamycin cassette 4
pJS147 pBluescript::gntR-hbrL This study
pJS156 pBluescript::1.2-kb BamHI-Xhol fragment of pJS147 This study
pJS157K pIS156:KIXX This study
pJSi61 pBluescript::0.8-kb Xhol fragment of pJS147 This study
pJS163K pJS161:KIXX This study
pJS174 pET20b::hbrL::H6 This study
pCAP69 Translational fusion of hemA to lacZ 55
pJS123 Translational fusion of hemZ to lacZ 44
pJS125 Translational fusion of hemB to lacZ 44
pJS145 Translational fusion of hemH to lacZ 44
pJS146 Translational fusion of hemC to lacZ 44
pJS153 Translational fusion of hemE to lacZ 44
pJS152 pBluescript::hemCE promoter This study

containing 2% (wt/vol) X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side). Colonies that lacked blue pigmentation were selected as potential high-
copy suppressors. Cosmids from these colonies were isolated, and the library
element insert was subsequently excised by BamHI digestion. This fragment was
subcloned into similarly digested pBluescript (Stratagene) to produce plasmid
pJS147. Digestion of pJS147 with Xhol and BamHI and ligation of the resultant
1.2-kb fragment into similarly digested pBluescript produced plasmid pJS156.
Digestion of pJS147 with XhoI and ligation of the resultant 0.8-kb fragment into
similarly digested pBluescript produced plasmid pJS161.

We created Km" insertions in the two complete open reading frames that
exhibited BLAST matches to putative genetic regulators. The KIXX Km" frag-
ment (4) was released by EcoRI digestion and ligated into the unique EcoRI site
in pJS156 to produce pJS157K. The second insertion strain was constructed
similarly; the KIXX fragment was released by EcoRI, blunt ended by treatment
with T4 polymerase, and inserted into the unique Nrul site in pJS161 to produce
pJS163K. Plasmids pJS157K and pJS163K were mobilized to R. capsulatus strain
R121, and the inserts were then recombined into the chromosome by gene
transfer agent transduction, as described previously (56), to produce two strains,
JS157K and JS163K, respectively.

B-Galactosidase reporter assays. Transcription activities of various heme pro-
moters were assayed using siem reporter constructs pPCAP69 (hemA) (55), pJS125
(hemB), pIS146 (hemC), pJS153 (hemkE), pJS123 (hemZ), and pJS145 (hemH)
(44). These were mated into wild-type (SB1003) and hbrL (JS163K) strains and
assayed for B-galactosidase enzyme activity, as described previously (47). B-Ga-
lactosidase activity represents averages of triplicate measurements of biological
replicates, with error bars representing standard deviations. Units represent
micromoles of orthonitrophenyl-B-p-galactoside (ONPG) hydrolyzed per minute
per milligram of cellular protein.

Cloning, overexpr and purification of HbrL. An HbrL-His, protein was
constructed by PCR amplification of the hbrL coding sequence using pJS147 as
a template with primers HbrLSTART (5'-GGAATTCATATGACCCGCGCC
GCCG-3') and HbrLSTOP (5'-CGGGATCCTCGAGGCCCGCCGCTTCGC
GGC-3"). This PCR product was digested with EcoRI and BamHI (underlined
in primer sequences described above) and ligated into pCRscript (Stratagene).
The HbrL coding sequence was verified by dideoxy sequence, excised with Ndel
(in boldface type above) and BamHI, and ligated into similarly digested pET20b
(Novagen) to produce the HbrL expression plasmid pJS174.

Overexpression of the HbrL-H6 fusion was accomplished as follows.
BL21(DE3) cells bearing pJS174 were grown in Terrific broth at 37°C to mid-log
phase (4400, 0.6), and induced with 1 mM IPTG (isopropyl-B-p-thiogalactopy-

ranoside). Cells were harvested by centrifugation after 2 h of growth at 37°C and
stored at —20°C. Overexpressed cells were resuspended in a minimal volume of
buffer H, composed of 50 mM Tris-Cl (pH 8.0) and 500 mM NaCl, and lysed by
sonication. Unbroken cells and insoluble material were removed by centrifuga-
tion at 5,000 X g for 10 min. Soluble lysate was applied to Ni**-nitrilotriacetic
acid resin (Novagen), washed with 10 column volumes of buffer H, and eluted
with 2 column volumes of buffer H containing 100 mM EDTA. This eluant was
applied to a Microcon 100kD centrifugal filter (Amicon), and flowthrough was
dialyzed overnight into buffer H plus 50% (vol/vol) glycerol, aliquoted, and
stored at —20°C.

Heme binding. Hemin titrations were performed with HbrL-His, using equiva-
lent concentration of lysozyme (Sigma) as a control. Hemin stock solutions were
freshly prepared in dimethyl sulfoxide (DMSO) at 10 mg/ml and then diluted in
buffer H to a molar concentration 10 times the protein concentration. This diluted
hemin was added in increments of 0.2 mol equivalents (1/50 volume), assuming a 1:1
binding stoichiometry. Visible absorbance spectra of affinity-purified protein samples
were collected with a Beckman DU 640 spectrophotometer. Pyridine hemochrome
samples were prepared as previously described (6).

DNA binding. Templates for the generation of hem promoter fragments
were generated as follows. A hemA promoter fragment was generated by PCR
using primers hemAforward (5'-GCG TCG AGT GTC ATT GAAG-3’) and
hemAreverse (5'-AGT CCA TGT GCG TCA CC-3'). A hemB promoter
fragment was generated by PCR using primers hemBforward (5'-GCC AGG
GCG ATC CAA TAC-3") and hemBreverse (5'-CAT GGG CGG TCT CCT
TC-3"). A 353-bp hemZ promoter fragment was generated by PCR using
primers HEMZ (5'-CGG GAT CCA AGT TGC GAT TCA TGT TTC ATG
G-3') and FNRL (5'-GGA ATT CTT CCA ACG AAA TCA GAG GG-3').
A 59-bp hbrL probe was generated by annealing two primers, 5'-CGC ACC
TGA CCC CGG CGC AGG TGC GCG AGG CCG ACC GGC TGC GCG
AGG CCT GCG ATC AG-3' and its reverse complement. A 59-bp hemH
probe was generated by annealing two primers, 5'-CTG CGC CCG GGC
TCG GCC GCC TGT TCC TTG CCG AAA TTC TGG GCA AAA CGC
CGC AGG GG-3' and its reverse complement. A 758-bp DNA fragment
encoding the hemC and hemE promoters was generated by PCR from pJS152
using primers specific to the T3 (5'-CAA TTA ACC CTC ACT AAA GGG-3') and
T7 (5'-TAA TAC GAC TCA CTA TAG GGC-3') promoters.

5' 3P labeling of one primer was carried out at 37°C for 1 h in a 10-pl reaction
mixture volume containing 50 pmol primer, 1X T4 kinase buffer (New England
Biolabs), 10 units of T4 polynucleotide kinase (New England Biolabs), and 500
uCi of [y-*?P]ATP (specific activity, 7,000 Ci/mmol; MP Biomedicals). The
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FIG. 1. Effect of hemin addition on hemZ reporter activity. (A) Wild-type expression of the hemZ reporter under semiaerobic conditions in the
presence of various concentrations of exogenous hemin is shown. (B) Wild-type expression of hem reporters under semiaerobic conditions in the
presence and absence of 30 pmol hemin is shown. Values presented for each reporter are the means and standard deviations of at least three
independent assays and are reported as micromoles of ONPG hydrolyzed per minute per milligram of cellular protein.

enzyme was deactivated by heat treatment for 10 min at 80°C. Probes were then
generated by PCR, purified by agarose gel electrophoresis, excised from the gel,
and purified with the QIAquick PCR purification kit (QIAGEN).

DNA-binding characteristics of HbrL overexpression cell lysates were deter-
mined by electrophoretic mobility shift as described previously (33), except that
dilutions of cell lysate were prepared in buffer H, and electrophoresis was
conducted in 8% Tris-acetate-EDTA. Hemin was added to cell lysate samples
from a stock solution (10 mg/ml in DMSO); an equal volume of DMSO was
added to cell lysate samples lacking heme.

RESULTS

hem gene expression is regulated by heme. We addressed
whether expression of hem genes is sensitive to end product
control by assaying expression of the hemZ::lacZ reporter
pJS123 in the presence of increasing concentrations of ex-
ogenously added hemin. Previous studies have demon-
strated that R. capsulatus can effectively transport heme, as
evidenced by the suppression of a S-aminolevulinic acid
(ALA) synthase mutation by the exogenous addition of he-
min (54). The results presented in Fig. 1A show that the
expression (54) of hemZ decreases as hemin addition in-
creases, with maximal repression occurring at approximately

30 wM. Addition of hemin to 100 wM reduces the growth
rate of cells, but this effect is not observed at 30 uM (data
not shown). Hence, we chose 30 uM as the experimental
hemin concentration since this amount of hemin maximally
repressed hem reporter activity without noticeably affecting
the growth rate. The repressing effect of hemin addition
occurs with hemA, hemB, hemC, hemE, and hemZ, ranging
from a modest 1.4-fold repression for hemB to a 3.4-fold
repression for hemA (Fig. 1B). The only exception was
hemH, which had insignificant repression of transcription
upon hemin addition. From these results, we conclude that
expression of most hem genes is subject to feedback control.

Isolation of hem regulators by high-copy-number suppres-
sion. We used the technique of high-copy-number suppression
as a screen for transcription factors that control heme gene
expression. The previously described hemB:lacZ reporter
pJS125 (44) was used as a reporter to visually identify cosmids
from a wild-type R. capsulatus library (43) that reduced hemB
expression. Colonies that arose from mating with a cosmid
library donor strain were lifted from an agar surface with a
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FIG. 2. HbrL coding region. (A) Schematic representation of plasmid pJS147, a 2.5-kb genomic BamHI fragment containing HbrL and
neighboring genes. Open reading frames are depicted as filled arrows, and a partial restriction map is given. Triangles depict the locations of
transposon insertions in HbrL and orf218. Subclones of pJS147 used for the construction of transposon insertions are depicted below. (B) BLAST

matches for open reading frames (ORF) in plasmid pJS147.

filter and then placed onto an agar surface that contained 2%
X-Gal. The majority of colonies turned blue after 5 min of
incubation in the presence of X-Gal; however, a few colonies
that did not produce a blue color even after overnight incuba-
tion were isolated (data not shown). Several hemB suppressing
cosmids that contained a common 2.5-kb BamHI fragment
were isolated from this screen (Fig. 2). Inspection of the DNA
sequence of this fragment indicated the presence of three open
reading frames. The first open reading frame, orf133, coded for
an enzyme in the biotin biosynthetic pathway; the second open
reading frame, orf218, coded for a transcriptional regulator of
the GntR family; and the third open reading frame, designated
hbrL, coded for a transcriptional regulator in the LysR
(LTTR) family (Fig. 3). The GntR family has about 270 mem-
bers that regulate a wide variety of metabolic processes such as
amino acid biosynthesis, carbon metabolism, etc. (38). The
LTTR family is also widely disseminated, with over 1,000
known members that also regulate many different metabolic

processes, including amino acid biosynthesis (10); oxidative
stress response (49); control of cell growth (23) and virulence
(40); carbon (13), nitrogen (57), and sulfur (45) metabolism;
and the degradation of aromatic compounds (31, 53).

Identification of the heme-responsive regulator HbrL. To
test for effects on heme gene expression, we constructed chro-
mosomal insertion mutants of the two putative transcriptional
regulators, orf218 and AbrL, resulting in strains JS157K and
JS163K, respectively. No phenotype was attributed to strain
JS157K, so this strain was not further characterized in this
study. However, the hbrL-disrupted strain JS163K did exhibit
abnormal sem transcription in response to the exogenous ad-
dition of hemin. As shown in Fig. 4, the reduction of hemB
expression that occurs in wild-type cells upon hemin addition
did not occur in the hbrL-disrupted strain JS163K. This indi-
cates that HbrL functions as a heme-dependent repressor of
hemB expression.

We also observed that hemA and hemZ expression is abnor-
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FIG. 3. HbrL alignment. (A) Schematic representation of conserved domain features of LTTRs (42). (B) Alignment of HbrL orthologs
prepared using hierarchical clustering (11). The consensus sequence is shown using symbols defined previously (16); the regions of primary
sequence corresponding to LTTR domain features are shaded as in A. X. axonopodis, Xanthomonas axonopodis; X. campestris, Xanthomonas
campestris; P. syringae, Pseudomonas syringae; P. fluorescens, Pseudomonas fluorescens; A. vinelandii, Azotobacter vinelandii; P. aeruginosa, Pseudo-
monas aeruginosa; R. metallidurans, Ralstonia metallidurans; P. putida, Pseudomonas putida; E. carotovora, Erwinia carotovora; P. profundum,
Photobacterium profundum; S. oneidensis, Shewanella oneidensis; V. parahaemolyticus, Vibrio parahaemolyticus.
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FIG. 4. Expression of hem reporters in wild-type and hbrL strains in the presence and absence of exogenous hemin. Expression of hem reporters
in the wild type (black bars) and hbrL strain JS163K (white bars) under semiaerobic conditions in the absence (-) and presence (+) of 30 wuM hemin
is shown. Values presented for each reporter represent triplicate measurements of biological replicates, with error bars representing standard
deviations. Units are micromoles of ONPG hydrolyzed per minute per milligram of cellular protein. MU, Miller units.

mal in the hbrL-disrupted strain JS163K. Specifically, expres-
sion of hemA and hemZ remains low in the presence and
absence of hemin in JS163K (Fig. 4). This result suggests that
HbrL functions as an activator of hemA and hemZ in the
absence of heme.

Expression of hemC and hemE also remains responsive to
exogenous heme as in wild-type cells in JS163K (Fig. 4) as well
as in JS157K (data not shown), which indicates that there must
be an additional heme response regulator in R. capsulatus for
these heme genes.

Overexpression of hbrL. We overexpressed HbrL as a His
tag fusion protein in E. coli and affinity purified HbrL to
more than 95% purity with Ni*"-nitrilotriacetic acid resin
(Fig. 5A, lane 3). When expressed in normal growth me-
dium, the overexpressed protein had a slight absorbance
peak at 413 nm (data not shown). When grown in medium
that was supplemented with 10 mM 5-aminolevulinic acid,
the overexpression lysate had a noticeably brown color. Vis-
ible absorption spectroscopy of the overexpression lysate
(Fig. 5B, solid line) revealed a clear absorbance peak at 413
nm. Affinity-purified HbrL also exhibited a visible red color
with an absorbance peak at 413 nm (Fig. 5B, dashed line).
Pyridine hemochrome extraction of tetrapyrroles from af-
finity-purified HbrL also resulted in a spectrum character-

istic of the presence of noncovalently bound b-type heme
(Fig. 5C). Collectively, these results indicate that HbrL
binds heme noncovalently in vivo, similar to that observed
with other heme-binding proteins (7, 20).

Since HbrL purified from cultures in the absence of 5-ami-
nolevulinic acid has low amounts of heme, it allowed us to
undertake heme titration assays to quantitate heme binding
(Fig. 6). The addition of hemin to the HbrL apoprotein results
in an increase in the Soret band at approximately 413 nm,
similar to that observed in overexpression lysates grown in the
presence of 5-aminolevulinic acid (Fig. 5B). This demonstrates
that HbrL binds heme in vitro. Pyridine hemochrome quanti-
fication of bound heme provides an estimation of an E, 5 of
80,000 M~ ! cm ™ L. From these values, we estimate that HbrL
purified from cultures that contain 5-aminolevulinic acid con-
tains approximately 0.4 to 0.5 mol of heme per mole of over-
expressed HbrL apoprotein.

Gel shift analysis. Isolated HbrL frequently aggregated un-
der conditions used for performing DNA-binding assays. Con-
sequently, we assayed for HbrL binding to heme promoters by
performing an electrophoretic gel mobility shift assay with
HbrL overexpression lysates using probes that span previously
defined promoter regions for hemA, hemB, hemZ, and hbrL
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FIG. 6. Titration of HbrL by exogenous addition of hemin. Affin-
ity-purified HbrL-H6 (6.4 nM) was titrated by the addition of hemin
(64 uM in DMSO) in 0.2 mol equivalents. Spectra were collected for
HbrL-H6 and a control sample of lysozyme (6.4 uM); data presented
are the difference spectra (HbrL minus lysozyme).

(44). The addition of HbrL lysate promotes a shift relative to
the control cell lysate (Fig. 7). The addition of chymotrypsin or
boiling of the lysate sample abolishes the observed shift (data
not shown), so we attribute the shift to overexpressed HbrL
protein. The addition of hemin to the cell lysate preparation
also stimulates binding of HbrL to the hemB probe (Fig. 7A),
although a shift is still observed at high concentrations of HbrLL
lysate in the absence of hemin. This is consistent with genetic
evidence that HbrL acts as a repressor of semB under condi-
tions of heme sufficiency (Fig. 4). In this scenario, hemB ex-
pression would be reduced by repressive binding of an HbrL-
hemin complex.

The mobility of the hemA and hemZ probes is also decreased
by the addition of HbrL lysate; however, this mobility does not
appear to be sensitive to hemin addition (Fig. 7B and C). This
is also consistent with LTTR family members that function as
activators of expression in the presence of coinducers. In this
scenario, LTTR members bind DNA in the presence and ab-
sence of a coinducer, but the LTTR stimulates transcription
only when the coinducer is absent. We conclude that HbrL acts
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as an activator of hiemA and hemZ expression under conditions
of heme insufficiency.

As a negative control, we also examined whether HbrL was
capable of binding to the hemH and the hemCE promoter
regions, since expression of these genes is not affected by the
disruption of AbrL in vivo. As shown in Fig. 7E and F, no
binding of HbrL to these promoter sequences was observed
(Fig. 7).

LTTRs are commonly autoregulatory, so we also evaluated the
binding of HbrL protein with a probe for its own promoter region.
HbrL lysate decreases the apparent mobility of the hbrL probe, as
shown in Fig. 7D. We therefore conclude that HbrL is similarly
autoregulatory, as is the case for other LTTRs, reducing its own
expression to limit the total number of HbrL proteins in the cell.

DISCUSSION

Regulation of hem gene expression by heme and HbrL.
Heme is known to be an important regulator of heme synthe-
sis, especially at early stages of the heme biosynthetic pathway.
For example, heme is an allosteric regulator of ALA synthase
activity in many organisms (9). Glutamyl-tRNA reductase is
also regulated in response to heme sufficiency in Salmonella
enterica serovar Typhimurium (51, 52). The results of our he-

min addition study indicate that the regulation of hem gene
expression in response to cellular levels of heme is also an
important contributor to the regulation of heme biosynthesis.
With the exception of hemH (the gene encoding ferroche-
latase), the expression of all the tested hem genes is signifi-
cantly reduced upon the addition of hemin. HbrL is clearly
responsible for the regulation of several siem genes in response
to heme. We speculate that HbrL acts as a repressor of mul-
tiple hem genes, because this provides the cell with a means to
rapidly and globally repress tetrapyrrole synthesis when there
is a heme surplus. It functions as an activator of hemA and
hemZ expression in the absence of heme and as a repressor of
hemB expression in the presence of heme (Fig. 4). Other un-
characterized factors are also involved, since hemC and hemE
expression is still repressed in response to hemin addition even
in an HbrL-disrupted strain.

We previously demonstrated that hem gene expression is
regulated in response to changes in cellular redox in R. capsu-
latus, with many hem genes elevating their expression levels as
these cells undergo a growth shift from aerobic to anaerobic
environments (44). An anaerobic increase in sem gene expres-
sion presumably reflects the need for elevated tetrapyrrole
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biosynthesis in response to ramping up bacteriochlorophyll
biosynthesis. The regulation of ~em gene expression appears to
be quite complex, involving the redox regulators RegB-RegA,
CrtJ, and AerR (44) as well as the heme-specific regulator
HbrL. Presumably, the transcriptional control by these tran-
scription factors, coupled with allosteric feedback inhibition of
enzyme activity, allows these cells to tightly coordinate the
synthesis of heme with that of the other tetrapyrrole end prod-
ucts, cobalamin (B,,) and bacteriochlorophyll. Indeed, heme
and bacteriochlorophyll that are not complexed to apoproteins
are not observed in these cells, suggesting that there is tight
control of the synthesis of these end products along with syn-
thesis of tetrapyrrole-binding apoproteins.

The identification of a heme-sensing transcription factor has
precedence. In yeast and in mammalian cells, the binding of
transcription factors HAP1 and Bachl, respectively, to target
DNA is modulated by heme (24, 29, 61). In B. japonicum,
hemB transcription is repressed by Irr, which is a conditionally
stable protein that is degraded when it binds heme (35). Irr
binds heme and is known to be physically associated with
ferrochelatase (36). The binding of heme b by HbrL is inferred
by the spectral presence of heme when HbrL expressed in the
presence of 5-aminolevulinic acid, by a significantly red-shifted
heme spectrum when hemin is added to HbrL apoprotein, and
by changes in the DNA-binding properties observed upon
heme addition.

HbrL is an LTTR regulator. Inspection of the HbrL se-
quence indicates similarity to the LTTR family, whose canon-
ical members exhibit several characteristics similar to those
observed with HbrL. Most LTTRs regulate the expression of
client promoters based on the presence or absence of a coin-
ducer, typically an intermediary metabolite associated with the
regulated pathway (42). In the case of HbrL, the end product
heme appears to be a cofactor that regulates HbrL activity.
Our observation that HbrL activates hemA and hemZ expres-
sion in the absence of heme is somewhat unusual, since LTTR
proteins typically activate transcription only when a coinducer
is bound. There is variability in the mode of regulation by
LTTRs, with some LTTRs regulating transcription in the cell
without any identified coinducer, as in the case of Nac (5) and
SyrM (39). The regulation of hemB is more typical of LTTRs
in that HbrL is required to repress hemB in the presence of
heme. This type of regulation is common for LTTRs; for ex-
ample, CysB repression of 4slJ expression is enhanced by bind-
ing of the coinducer N-acetyl homoserine (21).

LTTRs have been shown to bind client promoters in both
the presence and absence of inducers, with the DNase I pro-
tection pattern typically exhibiting a slight change, as is ob-
served for OxyR (48), CysB (17, 18), and OccR (1, 2). Indeed,
the observed electrophoretic gel mobility shift of probes spe-
cific for the hemA and hemZ promoters in the presence of
lysate containing overexpressed HbrL is consistent with the
binding of HbrL to these promoter regions. The addition of
hemin does not affect the binding of HbrL to these promoters
as measured with this assay, which is also typical for LTTRs. In
contrast, the binding of HbrL to the ~emB promoter is stimu-
lated by the addition of heme (Fig. 7B). This is consistent with
B-galactosidase reporter activity in which hemB expression is
repressed by HbrL in wild-type cells only in the presence of
heme (Fig. 4).
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A BLAST search (3) for homologs of HbrL in genome
databases resulted in the identification of a large number of
LTTR family members. A subset of 14 LTTR proteins has a
very high degree a similarity throughout the entire length of
the protein, with a confidence value of 1e° to 1le~*° (Fig. 3).
A phylogenetic analysis of the nearest 50 hits indicates that this
subset forms a distinct clade with HbrL (data not shown),
suggesting that they may be true homologs that have similar
regulatory functions in these other species. The highest con-
served region is the N terminus, which constitutes a helix-turn-
helix domain that is involved in DNA binding (Fig. 3) (26, 32,
42). This is followed by the central domain that is thought to be
involved in the binding of a coinducer. The crystal structure for
the cofactor-binding fragment of CysB has been solved (50)
and shows that the central region folds into two domains that
form a cofactor binding pocket. There are numerous conserved
aromatic resides in the putative cofactor binding pocket (W85,
F93, W178, W181, Y196, H198, F199, Y200, F235, F237, and
W260), which could be a potential binding site for a heme
coinducer. Of particular note, the highly conserved sequence
(Y/F)EHFY that has similarity to known heme b-binding do-
mains utilizes His as a ligand to the centrally coordinated Fe in
heme (14). This is clearly a candidate region for heme binding
to HbrL.

Additional studies of HbrL, including the definition of the
HbrL operator and regulon by DNase I footprint analysis and
heme-binding properties of HbrL by site-directed mutagenesis
of conserved residues, are under way. Comparative studies of
HbrL orthologs from other species of bacteria should also
prove useful for elucidating the contribution of HbrL to the
regulation of tetrapyrrole synthesis in various prokaryotes.
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