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We have recently cloned and characterized the hemoglobin (Hb) receptor gene, hmbR, from Neisseria
meningitidis. To identify additional proteins that are involved in Hb utilization, the N. meningitidis Hb utili-
zation system was reconstituted in Escherichia coli. Five cosmids from N. meningitidis DNA library enabled a
heme-requiring (hemA), HmbR-expressing mutant of E. coli to use Hb as both porphyrin and iron source.
Nucleotide sequence analysis of DNA fragments subcloned from the Hb-complementing cosmids identified four
open reading frames, three of them homologous to Pseudomonas putida, E. coli, and Haemophilus influenzae
exbB, exbD, and tonB genes. The N. meningitidis TonB protein is 28.8 to 33.6% identical to other gram-negative
TonB proteins, while the N. meningitidis ExbD protein shares between 23.3 and 34.3% identical amino acids
with other ExbD and TolR proteins. The N. meningitidis ExbB protein was 24.7 to 36.1% homologous with other
gram-negative ExbB and TolQ proteins. Complementation studies indicated that the neisserial Ton system
cannot interact with the E. coli FhuA TonB-dependent outer membrane receptor. The N. meningitidis tonB
mutant was unable to use Hb, Hb-haptoglobin complexes, transferrin, and lactoferrin as iron sources. Inser-
tion of an antibiotic cassette in the 3’ end of the exbD gene produced a leaky phenotype. Efficient usage of heme
by N. meningitidis tonB and exbD mutants suggests the existence of a Ton-independent heme utilization
mechanism. E. coli complementation studies and the analysis of N. meningitidis hmbR and hpu mutants

suggested the existence of another Hb utilization mechanism in this organism.

All bacterial pathogens have developed highly sophisticated
iron assimilation systems as a response to iron-limiting condi-
tions encountered in environment and host’s body fluids. Pro-
duction of siderophores, small nonproteinaceous molecules
with extremely high affinity for iron(III), is one of the most
successful and widely utilized strategies of iron assimilation
(16, 47). Some bacterial pathogens do not produce sidero-
phores but are able to use different host iron-binding proteins
like transferrin, lactoferrin, hemoglobin (Hb), and heme as
sources of iron (13, 15, 49, 51). Common components of both
siderophore-dependent and host iron-binding protein-depen-
dent iron acquisition systems are receptor proteins involved in
binding of siderophores and interacting with the host iron-
binding proteins. These large outer membrane proteins are
responsible for the transport of iron or iron-containing com-
pounds through the otherwise impermeable outer membrane
(8, 48).

Neisseriae do not produce siderophores but are able to uti-
lize the host iron-binding proteins transferrin, lactoferrin, and
Hb and haptoglobin-Hb complexes as their sole sources of iron
(4,5, 12,13, 17, 28, 41, 45, 50, 51). These solely human patho-
gens can also use iron citrate, aerobactin, and heme but not
desferrioxamine B and heme-albumin complexes as sources of
iron (12, 17, 68, 69).

Two outer membrane proteins of Neisseria meningitidis were
recently shown to be involved in Hb and haptoglobin-Hb uti-
lization in this pathogen. HmbR is an 89.5-kDa Hb-binding
protein essential for Hb utilization in some strains of N. men-
ingitidis. This protein recognizes the globin part of the Hb
molecule, and its expression is essential for full virulence of N.
meningitidis in the rat model of meningococcemia (62, 63).
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HpuB is an 85-kDa protein involved in the utilization of Hb by
some N. meningitidis isolates (42, 43, 63). In addition to HpuB,
the expression of the HpuA lipoprotein is necessary for utili-
zation of Hb-haptoglobin complexes (43). N. meningitidis hpu
and ~mbR mutants are still proficient in heme utilization, sug-
gesting the existence of another system for heme utilization in
neisseriae (63). Attempts to reconstitute neisserial transfer-
rin and Hb utilization systems in Escherichia coli were only
partially successful, suggesting that some components of trans-
ferrin and Hb utilization system still await isolation and char-
acterization (2, 14, 62). In this report, we present the recon-
stitution of neisserial Hb utilization system in E. coli. At least
four neisserial open reading frames (ORFs) in addition to the
hmbR gene were necessary for complementation of Hb utili-
zation in E. coli. Three ORFs have significant amino acid
homology with Pseudomonas putida, E. coli, and Haemophilus
influenzae TonB, ExbB, and ExbD proteins. These cytoplasmic
membrane proteins are known to participate in energization of
gram-negative outer membrane siderophore, heme, and vita-
min B, receptor proteins (9, 31, 64). The N. meningitidis tonB
mutant was devoid of ability to utilize Hb, Hb-haptoglobin
complexes, transferrin, and lactoferrin, while heme utilization
was grossly unimpaired.

MATERIALS AND METHODS

Plasmids, bacteria, and media. Strains and plasmids used and constructed in
this study are listed in Table 1. The meningococci were grown on GCB (Difco)
agar containing supplements as described previously (62) and were incubated at
37°C with 5% CO.,. E. coli was grown in LB (Luria broth). When necessary, the
following antibiotics were used in work with E. coli: chloramphenicol (30 mg/
liter), tetracycline (10 mg/liter), and ampicillin (100 mg/liter). For neisseriae,
neomycin (100 mg/liter) was used when needed. To test the ability of neisseriae
to use various iron-containing proteins as sole iron sources, a suspension of
bacteria was plated onto GCB agar containing 75 uM deferoxamine mesylate
(Desferal; Ciba Geigy). Filter discs (0.25 in.; Schleicher & Schuell, Inc., Keene,
N.H.) impregnated with test compounds (10 .l of 5-mg/ml stock solutions unless
otherwise stated) were placed on these plates. Zones of growth around the discs
were recorded after overnight incubation at 37°C in the presence of 5% CO,
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TABLE 1. Bacterial strains and plasmids used in this study

Reference or

Strain Description
source

N. meningitidis

IR1072 N. meningitidis 8013 isolate 6, serogroup C  Lab collection

IR1074 N. meningitidis serogroup B, clinical Lab collection
isolate

IR1075 N. meningitidis serogroup C, clinical Lab collection
isolate

IR1078 IR1075 but hmbR::Km"* 63

IR1097 hmbR deletion derivative of IR1072 63

IR1098 IR1072 hmbR::Km* 63

IR2035/2036 IR1078 but Apu::mTn3Erm 63

IR2113 IR1072 but tonB::Km" This study

IR2115 IR1097 but tonB::Km" This study

IR2162 IR1072 but AHpal-EcoRV::Km* This study

IR2163 IR1072 but Hpal::Km" This study

IR2164 IR1072 but EcoRV::Km" This study

IR2165 IR1097 but AHpal-EcoRV::Km* This study

1R2200/2201 IR1075 but tonB::Km" This study

IR2279/2281 IR1072 but exbD::Km" This study

E. coli

DH5a MCR Stratagene

IR1532 DH-5a MCR hemA This study

EBS3 E. coli hemA aroB Rif" 64

Plasmids

pMLC210 Chl", pACYC derivative 46a

pBluescript  Amp" Stratagene

pWKS30 Amp” 67

KIXX Km?" cassette Pharmacia

pKD102 Km" cassette, aphA gene 66

pT76.53 Y. enterocolitica hemPRST' 64

PSMS8SKE hpu::mTn3Erm 42

pIRS626 pWKS30, flaX rfaC hmbR 1S1106 This study

pIRS1173 pACYC184, carrying 3-kb BamHI- This study
HindIII, hmbR""

pIRS1099 3.2-kb Clal-EcoRI from cos2, 5’ This study
truncated exbD

pIRS1120 2.3 kb from cos2, carrying tonB and exbB  This study
genes

pIRS1122 Clal-Kpnl subclone of pIRS1120 This study

pIRS1133 EcoRI-Kpnl subclone of pIRS1120 This study

pIRS1136 pIRS1120 with KIXX in Kpnl site (fonB) This study

pIRS1172 pIRS1099 with Km" cassette in HindIII This study
site (exbD)

pIRS1190 A derivative of pIRS1173, affected in This study
Hb use

(62). Hemin (bovine), haptoglobin (human), and Hb (human) were obtained
from Sigma. Human iron-saturated transferrin and lactoferrin were obtained
from Zehava Eisenbaum (Department of Microbiology, Emory University). Both
proteins were saturated with iron and dialyzed to remove unbound iron.

Binding of biotinylated Hb to whole cells. Detection of Hb binding to whole
cells was done essentially as described previously (63). Streptavidin-peroxidase
complex and a BM blue-peroxidase substrate (Boehringer, Mannheim, Ger-
many) were used for the detection of biotinylated Hb.

Recombinant DNA techniq Standard methods for plasmid DNA prepara-
tion, restriction endonuclease analyses, and ligations were carried out as de-
scribed by Sambrook et al. (56). Southern blot analysis was done with a digoxi-
genin nonradioactive DNA labeling and detection kit (Genius system;
Boehringer) under high-stringency conditions (60°C, two washes with 2X SSC
0.1% sodium dodecyl sulfate [SDS] at room temperature followed by two washes
in 0.1X SSC-0.1% SDS at 60°C).

Construction of N. meningitidis tonB and exbD mutants. Plasmid pIRS1120
(Table 1) was partially digested with restriction enzyme Kpnl and ligated with the
1.5-kb kanamycin resistance (Km") cassette from pKD102 (66). Plasmid
pIRS1136, containing the Km" cassette in the Kpnl site of the N. meningitidis
tonB gene, was linearized with restriction enzyme EcoRI and transformed into V.
meningitidis TR1072 and TR1097, producing IR2113 and IR2115, respectively.
Both mutations were checked by Southern blotting (Fig. 5a). Plasmid pIRS1099
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contained a large part of the N. meningitidis exbD gene and a unique HindIII site
at its 3’ end (Fig. 1). This plasmid was partially digested with restriction enzyme
HindIII and ligated with a 1.2-kb HindIll-digested KIXX (Pharmacia, Sweden)
Km" cassette. Plasmid pIRS1172, containing the KIXX cassette in the HindIII
restriction site of the exbD gene, was linearized with restriction enzyme Hpal or
Pst] and transformed into N. meningitidis IR1072. Two putative exbD mutants,
IR2279 and 2281, contained the Km" cassette in the exbD gene were isolated
(data not shown).

Isolation of E. coli outer membranes. Outer membranes were prepared from
iron-starved E. coli cells as described previously (25). Briefly, E. coli spheroplasts
were prepared by resuspending the bacterial pellet in 0.5 ml of 0.2 M Tris (pH
8) and sequentially adding 1 ml of 0.2 M Tris, 1 M sucrose, 0.2 mg of lysozyme,
and 3.2 ml of water. Spheroplasts were solubilized in 5 ml of solubilizing buffer
(2% Triton X-100, 50 mM Tris, 10 mM MgCl,) and 1 mg of DNase (Boehringer)
per ml. Bacterial outer membranes were pelleted by centrifugation at 40,000 X
g for 1 h at 4°C, washed three times in deionized water, and resuspended in water
or SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer. Membranes
were separated by SDS-PAGE using a 10% acrylamide gel and stained with
Coomassie blue.

DNA sequence determination. The DNA sequence of tonB, exbB, and exbD
genes (both strands) was determined by the dideoxy chain termination method
using an AutoRead kit and 377 Prizm automatic sequenator (ABI).

Nucleotide sequence accession number. The sequence reported has been as-
signed GenBank accession number U77738.

RESULTS

Reconstitution of HmbR-dependent Hb utilization in E. coli
DHS5o hemA. To identify additional proteins involved in Hb
utilization in N. meningitidis, we have reconstituted the neis-
serial Hb utilization system in E. coli. An N. meningitidis
pLAFR2 cosmid DNA library of a clinical N. meningitidis se-
rogroup C isolate able to utilize heme, Hb, and Hb-haptoglo-
bin complexes as iron sources was introduced into a heme-
requiring mutant of E. coli DH5a. The hemA mutant of E. coli
DHS5a was isolated by a neomycin-enrichment procedure (64).
This strain could not give rise to normal-size colonies on LB
plates without supplementation with 5-aminolevulinic acid.
The growth defect was not rescued by the introduction of a
HmbR receptor-encoding plasmid (pIRS626) or by Hb supple-
mentation. Obviously, additional products were needed to fully
complement HmbR-dependent Hb utilization in E. coli. A
simple complementation strategy was devised to identify genes
encoding these products. The hemA (hmbR™) strain was trans-
formed with the N. meningitidis cosmid library and plated on
Hb-supplemented medium (LB with 75 wM iron chelator
dipyridyl, 250 pg of Hb per ml, and 10 ng of tetracycline per
ml). Transformants able to grow on Hb-containing plates can
be of two types: they may contain a gene which complements
a heme biosynthesis defect (i.e., hemA of N. meningitidis), or
they may allow E. coli to utilize Hb as its porphyrin source.
After the introduction of the N. meningitidis cosmid library into
E. coli hemA (HmbR™) and incubation for 2 days at 37°C,
several tetracycline-resistant (Tc") colonies appeared on Hb-
dipyridyl plates. After restreaking, some Tc" colonies were able
to grow on unsupplemented LB plates, indicating that these
bacteria most probably contain the hemA homolog of N. men-
ingitidis. These clones were not studied further. Cosmids from
five Tc" colonies able to grow only in the presence of Hb were
used for further studies. Cosmid DNA was isolated from these
clones and purified from the hmbR ™" -carrying plasmid by trans-
formation into DH5a hemA. Two cosmids (cos7 and cos9)
allowed growth of DH5« hemA on Hb as an iron source, while
three cosmids (cos2, cos4, and cos8) required the presence of
the imbR " -carrying plasmid to support growth on Hb (Table
2). Hybridization with the hpu probe (encoding a second N.
meningitidis Hb receptor) did not reveal the presence of the
corresponding gene on cos7 and cos9 (data not shown) (42, 43,
63).

Phenotypic characterization of Hb-utilizing E. coli clones.
Several activities may have assisted HmbR-expressing E. coli in
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TABLE 2. Growth on Hb as both iron and porphyrin source

E coli Growth”
hemA plus: hmbR™ plasmid present hmbR™ plasmid absent
cos2 +++ -
cos4 +++ -
cos7 +++ +t++
cos8 +++ -
cos9 +++ +4+°

@ Utilization of Hb as a source of iron and porphyrin was tested on NBD
plates. Ten microliters of Hb solution (5 mg/ml) was placed on the disc, and the
growth zone was measured after an overnight incubation. —, no growth; +++,
growth equal or larger than 15 mm.

® Single colonies appearing after 36 h of incubation at 37°C.

the utilization of heme from Hb: (i) complementing clones
may express outer membrane proteins that assist HmbR in
binding of Hb to the surface, similar to Tbp2 proteins involved
in transferrin utilization by neisseriae (12, 13, 41); (ii) comple-
menting clones may express protease activity that makes heme
available to the HmbR heme transporter; and (iii) comple-
menting clones express the N. meningitidis TonB ExbBD ma-
chinery that is essential for a proper functioning of any TonB-
dependent receptor (8, 31, 54). Outer membrane analysis by
SDS-PAGE did not indicate the presence of any major new
outer membrane protein expressed from the complement-
ing cos2 (Fig. 2). To completely rule out the possibility that
HmbR-dependent complementing cosmids are involved in Hb
binding, whole cells were blotted on nitrocellulose and bind-
ing of biotinylated Hb was attempted. As can be seen from Fig.
3, E. coli strains expressing the AmbR gene from plasmids
IRS1173 and pIRS626 were able to bind biotinylated Hb, while
E. coli containing cos2 was not able to bind it. This results
clearly shows that HmbR is a major determinant of Hb binding
in E. coli reconstituted for Hb utilization. The ability of bio-
tinylated Hb to bind to complemented HmbR-expressing cells
also ruled out Hb-specific protease activity. These experiments
narrowed the activity of complementing clones to the last pos-
sibility; these clones encode N. meningitidis TonB, ExbB, and
ExbD, proteins which optimize the interaction with HmbR and
enable efficient Hb utilization.

Nucleotide sequence determination of N. meningitidis tonB,
exbB, and exbD genes. To identify genes responsible for com-
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FIG. 1. Restriction maps of the N. meningitidis tonB exbBD locus and differ-
ent plasmids used in subcloning and gene replacement experiments. Two ORFs
homologous to unknown cyanobacterial ORFs were identified downstream of
the exbD gene. Gene knockouts in these ORFs did not have any Hb or heme-
related phenotype (data not shown).
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FIG. 2. SDS-PAGE analysis of E. coli outer membranes expressing cos2 and
HmbR-expressing plasmids pIRS626 and pIRS1173 used in the study. The arrow
indicates the position of the HmbR protein; bars indicate molecular mass stan-
dards (110 and 46 kDa).

plementation phenotype, cos2 was subcloned into pMLC210
(Cm" [chloramphenicol-resistant]) vector, and subclones were
transformed into E. coli hemA[pIRS626]. Six of seven cos2 Clal
restriction fragments, when subcloned, were unable to comple-
ment HmbR-mediated Hb utilization. Subcloning of the 5.5-kb
Clal restriction fragment, common to all five complementation
cosmids (data not shown), was not successful even when the
low-copy-number vector pWKS29/30 was used. This fragment
was subcloned in two pieces by using an internal EcoRI re-
striction site (Fig. 1). Plasmids IRS1120 and IRS1133, carrying
both parts of the 5.5-kb Clal fragment, were also not able to
complement Hb utilization in the presence of HmbR (data not
shown). These data suggested that genes responsible for the
complementation phenotype may contain internal Clal and/or
EcoRI restriction sites. Partial nucleotide sequence determi-
nation of each subclone was carried out to test this hypothesis.
This strategy revealed that the 5.5-kb Clal fragment codes for
proteins with a significant homology to P. putida and E. coli
ExbD and ExbB products, respectively.

Nucleotide sequence determination of the 5.5-kb Clal frag-
ment revealed four ORFs; the product of the second one had
significant amino acid homology with TonB proteins, while
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FIG. 3. Hb-binding activities of iron-starved E. coli whole cells expressing
different plasmids used in this study. IR1583, E. coli hemA/cos2 [tonB exbB exbD];
IR1585, E. coli hemA/cosT [tonB exbB exbD]; IR1587, E. coli hemA/cos9 [tonB
exbB exbD]; IR1190, E. coli hemA/cos2+IRS1190 [tonB exbB exbD hmbR''%];
IR1173, E. coli hemA/cos2+1RS1173 [tonB exbB exbD hmbR"'); HemR, E. coli
hemA/[pT76.53 [hemRSTU']; IR1565, E. coli hemA/pIRS626 [tonB exbB exbD
hmbR""]; IR1571, E. coli hemA/cos2+pIRS626 [tonB exbB exbD hmbR""]. Hu-
man biotinylated Hb and streptavidin-peroxidase conjugate were used.
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those of the third and fourth ORFs were similar to ExbB and
ExbD proteins of gram-negative bacteria, respectively (Fig. 1).
Additional two ORFs, approximately 40% similar to unknown
cyanobacterial ORFs, were identified on a Clal-Hpal DNA
fragment, downstream of the exbD homolog (data not shown).
The putative N. meningitidis tonB gene was preceded by a short
ORF with no obvious homologs in protein data banks. It is not
known whether this ORF codes for a polypeptide. The se-
quence GCAAATAGGAATTGTTGCT starting approxi-
mately 40 bp upstream of the fonB start codon resembles a
Fur-binding site. A short intergenic region (67 bp) was identi-
fied between fonB and exbB genes. At least two potential Fur
box sites were identified in the beginning of the exbB coding
region. However, these sequences contained several “forbid-
den” nucleotide choices and therefore may be very weak bind-
ing sites (61). A start site of the exbD gene is located six
nucleotides downstream of the last codon of exbB. An almost
perfect 31-bp inverted repeat (AATGCCGTCTGAAAGTCT
TTCAGACGGCAT) was located downstream of exbD. This
DNA element, found in many neisserial operons, may be in-
volved in the termination of transcription. However, this se-
quence is also part of the N. meningitidis 1IS1106 element (35).
Indeed, nucleotide sequence downstream of the inverted re-
peat was 98% identical to part of the IS/706 element (data not
shown). All five complementing cosmids hybridized with the
DNA probe derived from tonB and exbB genes. However, the
hybridization pattern indicated that DNA inserts in these five
cosmids are not completely identical, which may partially ex-
plain the difference in complementation patterns (data not
shown).

Attempts to subclone the complete Ton operon on a single
plasmid were unsuccessful. Our data implicate exbD as a poten-
tially toxic component of the operon, since both the tonB and
exbB genes were successfully subcloned (plasmid pIRS1120
[Table 1]).

Analysis of N. meningitidis TonB, ExbB, and ExbD proteins.
Comparison of neisserial TonB, ExbB, and ExbD proteins with
homologs identified in other gram-negative bacteria is shown
in Fig. 4. Overall, neisserial proteins shared approximately
30% identical amino acid residues with other TonB, ExbB,
TolQ, ExbD, and TolR proteins. The relatively high degree of
conservation between different ExbB, ExbD, TolQ, TolR, and
TonB proteins and ORFs identified in this study clearly estab-
lishes that the cloned genes encode N. meningitidis TonB,
ExbB, and ExbD homolog. However, the N. meningitidis tonB
clone (cos2), when transformed into E. coli tonB mutant
BR158, could not complement sensitivity to phage $80 and
colicin M (data not shown). This result indicates that the neis-
serial Ton system does not interact with at least one E. coli
TonB-dependent receptor (FhuA). An attempt to reconstitute
Hb utilization in E. coli EB53 with N. meningitidis tonB, exbB
(pIRS1120), and AmbR (pIRS1173) genes was also not pro-
ductive, indicating that E. coli ExbD or TolR cannot substitute
for neisserial ExbD.

Construction of N. meningitidis tonB and exbD mutants and
characterization of their phenotypes. To understand the role
that these genes play in iron utilization by neisseriae, tonB and
exbD genes were inactivated by introducing a Km" cassette into
Kpnl and HindIII restriction sites, respectively (Fig. 1). South-
ern blot hybridization indicated that the wild-type tonB gene
was inactivated in strains IR2113 and IR2115 (Fig. 5a). N.
meningitidis chromosomal mutants constructed in the down-
stream ORFs (Hpal and EcoRYV restriction sites [Fig. 1]) were
also confirmed by this analysis (mutants IR2162 through
IR2165 [Fig. 5a)).

A plate assay was used to determine the ability of fonB and
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exbD mutants to use different sources of iron (Fig. 6). The tonB
mutation (IR2113) completely abolished Hb, transferrin, and
lactoferrin utilization. Haptoglobin-Hb complexes were also
not utilized by N. meningitidis tonB mutants. However, both
tonB mutants (IR2113 and IR2115) were still able to use heme
as a source of iron. Moreover, the zones of stimulation around
heme discs were significantly larger in fonB mutants than in any
other strains used in the study. This finding suggest that the
TonB-independent heme uptake is derepressed in these mu-
tants. N. meningitidis exbD mutants (IR2279 and 2281) were
proficient in utilization of all sources of iron. However, zones
of growth around different iron sources were smaller than in
the wild-type control. For example, while the growth zone of
IR1072(exbD™) around 50 pg of human Hb was 15 to 16 mm
in diameter, the same amount of Hb stimulated the exbD
mutant only to approximately 10 mm of growth. This result
suggest that either neisserial Tol proteins complement lack of
ExbD function or a truncated ExbD protein produced by the
exbD mutant is partially functional (7). Heme utilization was
not affected in exbD mutants.

N. meningitidis mutants in the Hpal and EcoRV restriction
sites (IR2162, IR2163, IR2164, and IR2165 [Table 1 and Fig.
5a]) were not affected in Hb or heme utilization and therefore
were not studied further. Hybridization data showed the pres-
ence of fonB and exbB homologs in N. gonorrhoeae, N. polysac-
chareae, and serogroup C and serogroup B N. meningitidis
strains (Fig. 5b).

DISCUSSION

We have recently cloned and characterized the Hb receptor
gene, hmbR, from N. meningitidis serogroup C isolate (62, 63).
The N. meningitidis hmbR mutant was unable to use Hb as an
iron source but was still proficient in heme utilization (62).
HmbR-expressing E. coli cells were not proficient in utilization
of Hb, indicating that additional proteins are involved in Hb
utilization in neisseriae. Our complementation strategy iden-
tified cosmids from an N. meningitidis DNA library that en-
abled HmbR-dependent Hb utilization in E. coli. Further anal-
ysis determined that three ORFs, encoding proteins highly
homologous to TonB, ExbB, and ExbD proteins of different
gram-negative bacteria, were present on all complementing
cosmids.

The N. meningitidis TonB protein is 28.8 to 33.6% identical
to other gram-negative TonB proteins (Fig. 4a). However, all
parts of TonB protein thought to be important for its structure
and/or function are present in the neisserial protein. These
include (i) an amino-terminal SV-H-L motif (34, 37, 39, 65);
(ii) a structurally but not functionally important proline-, glu-
tamic acid-, and lysine-rich region that spans the periplasmic
space (19, 24, 38, 65); (iii) a highly conserved PXYP motif
around amino acid residue 208 (residue 160 in E. coli TonB)
thought to interact with the outer membrane TonB boxes (22,
26, 31, 65); and (iv) two putative amphiphilic B-strands (first,
219-QGTVVLSVLV-228 followed by a B-turn [SPGG]; sec-
ond, 269-FKVPVKFELN-278) containing highly conserved
glycine residues (underlined) (3, 10, 11). The amino acid se-
quence of a putative a-helical region positioned between two
amphiphilic B-strands is more similar to the same regions of H.
influenzae and P. putida TonB proteins than to other enter-
obacterial TonB proteins (Fig. 4a). Analysis of 10 TonB pro-
teins revealed also the conservation of an amino-proximal ar-
ginine residue, conservation of an aromatic residue in the
SV-H-L motif, and absence of the conserved C-terminal gly-
cine residue.

Comparison of different ExbB proteins and their distant
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MMVNTAAMAE
LEKKAEPTPQ
SMELLQGMVL
EFVDLGDFGG
MMVELAPLPE

KPKPKPKPKP
KPKPKPKPKP
KPKPKPKPKP
KPKPKPKPKP
KPKPVKKEVK
KPKPKPKPKV
KPKPEPKPKP
KPKEKPKEKP
EAKPVPK. .P
KAKPQP. PKP
KPKPKPKPKP
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VPTGPR. ...
VASGPR. ...
APSGPR. ...
APSGPK. ...
TSTGPK. . ..
REVGPR. . ..
NDSDIK. ...
SGTDTS. ...
VGVKGEHGEG
VRHLAKY. . .

LSAQPANMFE
LSAKPANMFE
LSAQPANMFE
LSAKPANMFE
LEATPRNTFE
LSAEPRNMFE
LESVPSRMFD
TKSSGDESLD
VKSSGFSRLD
AGGSGSAALD
L...P.N.FE

LPRRFPWPTL
LPRRFPWPTL
LPRRFPWPTL
LPRRFPWPTL
LGRWLTWPLA
LNRRISVPFV
SRWWLSSGA.

QTKRSLLGLL
KERILTPAVV
NLARYSGSLA

PQAVQPPPEP
PQAVQPPPEP
P.PAQPVVEP
PQAAQPVVEP
PQPAAAEPQA
PPPPAPAEPE
PPAAAPEPTP
EEPAPEPENV
GDGAPEGAGA
PAPPPPPKAA
P....P....

VKKVEEQPKR
VKKVQEQPKR
EKKV.EQPKR
EKKV.E.PKR
KPEVK. . .KP
EKQV....KP
EPEPSTEASS
KNKPKKEVKP
AEKPVEKPSE
EKKPEPPKEA
.K.V....K

EIAAYRSAI.
AGSSKGNPLR

REVKNAMRKW
REVKNAMRRW
REVKSAMRRW
RDVKTAMRKW
REVKQUMRKW
REVKQAMRKW
REVRQAM. . .
KAALDAINVS
NAARKAAQNG
RATLEMIRRA

LSVGIHGAVV
LSVCIHGAVV
LSVAIHGAVV
LSVATHGAVV
FSVGIHGSVI
LSVGLHSALV
.AVAMHVATI
ISLIVHGIVI
FSVALLHLAM
LVLGVHAVAV
.SV..H..V.

VVEPEPEPEP
VV..EPEPEP
VVEPEPEPEP
VVEPEPEPEP
EPEPEPEPEP
PPQVEPEPEP
PKIEEPKPEP

. QKEPEPEPEP

PAAPEPQPEP
PQPPAPVEEL
...PEPEPEP

EVKP.AAPRP
DVKP.VESRP
EVKPAAEPRP
EVKP.AEPRP
DVKKTVAPPD
EPKK.VEPRE
QPSPSSAAPP
QOKPINKDLP
KPAEHPSNAS
PPTEEVVDAP

.RNQPQY
- RNQPQY
.RVQPSY
.RGDPSY
.KAKPTY
.RANPLY

....MDPPVY

RREIESHKRY

ANGSIPRPAY

. PY

RYEAGKPG. .
RYEPGKPG. .
RYQQGRPG. .
RYEAGRPG. .
RFEA.VAA. .
RYEA.KEA. .
....GDIG..

AGLLYTSVHQ
AGLLYTSVHQ
AGLLYTSVHQ
AGLLYTSVHQ
AALLYVSVEQ
AGLLYASVKE
GALVWVMPTP
GFILWNWNKP
VALLWQAHKL
LLTLNWSVPQ
..LLY.SV..

EPIPEPPKEA
EPIPEPPKEA
EVVPEPPKE.

EVVPEFPPKEV
EPIDEAPPEP

PKPKPVEKPK
EK.QEIVEDP
EPPKPVEPPK
PLPKLVEAPK

ASPFE. .NSA
ASPFE. .NTA
ASPFENNNTA
VSPFENNNTA
DKPFKSDEPA
PSPFNNDSPA
PAPTVGQSTP
KGDKNIDSSA
AKADSEQGNG
PSNTPPQKSA

PARAQALRIE
PARAQALRIE
PARAQALRIE
PQRAQALRIE
PARALALGVE
PPRAQALQIE
PRMAQARRIE
PTRAKIMRKQ
PTLSMENDEQ
PEDARRRGLQ
P.RAQA...E

«SGLVVNIIF
.SGIVVNILF
. TGVTMTIKF
. TGLTMNIKF
. KDYVTTVVF
.KDRTVTIRF
Seeiiiiin

RSVGTRPAGF PSSLSVQISF

HFQANA. ...

WTEFKVPVKF

GTVPKPPPEL LNNGTIEVVA

[—STTONB 28.8%

—

L EcTonB27.9%

KPTONB 32.6%
EATONB33.6%

YETONB 29.7%
SMTONB31.4%

PSTONB31.8%

HITONB31.5%

NMTONB

PPTONB32.6%

TIKPE...PK

.PVRPTSSTA
. PARLTSSTA
. PARTAPST.
. PARTAPST.
LVSTNAPVKS
KPIDKAPVKQ
GAQTAPSGSQ
NVNDKASTTS
EETGTKRDGT
APAPSIASNS

GRVKVKFDVT
GQVKVKFDVT
GTVRVKFDVS
GDVRVKFDVT
GQVKVQYDID
GNVRVQFDID
GRVKVLFTIT
GKVSVSFNVG
GTVVLSVLVS
GINRLRFVVD

RLNGTAQIE
KINGTTEIQ
RLNGVEIN.
RLNGVKMD.
KIGGTTEMD
KLNGTTELN
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PAPAQ.PITV
PAPAQ.PISV
PSPTQ.PIET
PSPSQ.PIEI
PEIEDAPIAV
PKPEDAPISV
PKTMQVNFVQ
SAQGDISTSI
... .ESGNVI

.VIE....KP
.VIHKPEPKP
.VIHKPEPKP
PVPIPEPVKP
AIVKPEPVKP
KPVENAIPKA
KIKEPEKEKP
EEKPKPEPKP
KIAIAKPPKP

-SATSKPAVS
TAATSKPVTS
STAAAKPTVT
TAATAKPMTT
APKASVPGVS
APAAPVQGNS
GPAGLPSGSL
AANSNAQVAG
GRGERAVNVS
NALPTWQSDP
221
SAGRVENVQI
PDGRVDNVQTI
PDGRIDNLQI
ADGRVENIQI
ENGRVTNVRI
SDGRVSNVRI
SDGRIDDIQV
ADGSLSGARV
PGGHVESVKI
AEGKVVSYAM
WGRV....I

b

HITOLQ
ECTOLQ
PSTOLQ
PPEXBB
ECEXBB
NMEXBB
HIEXBB
Cons.

HITOLQ
ECTOLQ
PSTOLQ
PPEXBB
ECEXBB
NMEXBB
HIEXBEB
Cons.

HITOLQ
ECTOLQ
PSTOLQ
PPEXBB
ECEXBB
NMEXBB
HIEXBB
Cons.

HITOLQ
ECTOLQ
PSTOLQ
PPEXBB
ECEXBB
NMEXBB
HIEXBB
Cons.

HITOLQ
ECTOLQ
PSTOLQ
PPEXBB
ECEXBB
NMEXBB

C

ECTOLR
HITOLR
PSTOLR
PPEXBD
ECEXBD
NMEXBD
HIEXBD
Cons.

ECTOLR
HITOLR
PSTOLR
PPEXBD
ECEXBD
NMEXBD
HIEXBD
Cons.

ECTOLR
HITOLR
PSTOLR
PPEXBD
ECEXBD
NMEXBD
HIEXBD
Cons.

52

RFWSGEDLNK
KFWSGIELSR
RFWSGIDLSK
QLKKSASLKE
LLAEARSLNQ
HMRDNLSLNE

AFRLERLVAA
SFRLERRVAA
VIQIRNSMAQ
SVAHYSTIHA
165

APGIAEALIA
APGIAEALIA
APGIAEALIA
APGIAEALLA
APGIAEALLA
AGPIGEALVA
MLHLSLALKA
APGIAEAL.A

RAAPHMVKVG
.AAAHPVAVA

1

. -MARARGRG
..MAR...RQ
.. .-MARVRH
MGLHLNEGGD
MAMHLNENLD
MAFGSMNSGD

SSNDNPPVIV
SNEDKVPVIL
QDNNKQVLTL
APRPEKPVFV
QPRPEKPVYL
DKQPKDPLRL
FKSDELAKLL

GAKDVPY.EI
GAKEVPYEEV
GDKAVNYGAV
ADKGVDYGDL
ADKTVDYETL
ADKAVEYDYV
IDAEASFQDF
LLKVLYL L
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NFLDLFLKAS
NILDLFLKAS
SMWSLISNAS
SPWGMYKNAD
SVWGMYQHAD
NLKLVFESGD
QLFDFLQQYS

LYEGLSNRRD
LYQESQGKRD
LYRQAGSNPD
A.SEVSNKEG
A .NDIAADFG

EIESLENRVP "

ELENLETHIP
EEEKLEASLP
SGRNMSSGTG
VGRQMGRGNG
IMRRFDYGMT
LDIDLNRNMT

TAIGLFAATIP
TAIGLFAAIP
TAIGLFAAIP
TALGLVAAIP
TAIGLVAAIP
TAAGLFVAIP
TALGILVAIP
TAIGL.AATP

RRDLKSEINI
RKAIKSEINT
KRKPVAEMNV
DLAENHEINV
DNGEMHDINV
D.SPMSDINV
.MKKFDEINI

EVSGIGQY. .
EVAGIGKY. .
SVKADGSYYW
SVKADQKLY .
SVKADNSMF .
TIDANGGYY.
TVTADKQLYF
WV.AD...Y.

IKALNLLHSA
IKALNLLHLA
VGAMGALQQA
MEVMNNMRAA
MKVMDTLHQA
NKALEAARQA
VTITDMLSKN

IVVQLVIVIL
LLVKLIMLIL
IVVQLVMLTL
IVVKIVMIGL
IVVKCVMIGL
PVLIGVFVLM
DYFIIGLLLL
IVV..V...L

GLTGSEQIFC
NLTGSEQIFY
PDSGVEQIFR
. . TLAHTLVH
SKSLSLHLLN
VRAVDAPLSK

FLATVASVSP
FLGTVGSISP
FLATVGSTSP
VLATIGSTAP
YLATIGAISP
ALASIGATAP
VISTIGANAP
.L.T.G...P

AVMAYNRLSL
AVMAYNRLNQ
AVIAYNRFSA
AVVIYNVFAR
AVVIYNVFAR
AVLAYNFLNR
SMVFYNGLGR
AV..YN...R

ISFSIISWAI
IGFSIASWAL
VAASVTSWIM
AIASIITWTI
ILASVVTWAI
LLMSIVTWCL
M..SIIMLAM
LLLSILW. .

VGFKEFSRLK
SGFKEFVRLH
AGFKEFSRLR
DALEEMRLSA
EAQNELELSE
LAQEALQFYR

YIGLFGTVWG
YIGLFGTVWG
YVGLFGTVWG
FVGLFGTVWG
FVGLFGTVWG
FIGLFGTVWG
YVGLLGTVIG
YVGLFGTVWG

RVNAIEQDYG
RVNKLELNYD
RSEMLIGRYY
SIAGYKAQVS
QIGGFKAMLG
.. .GTKILTQ
KVEVNRLKWK

HITOLG 27.7%
ECTOLQ 28.6%

PSTOLQ 24.7%

PPEXBB 34%
ECEXBB 32.5%

NMEXBB

HIEXB8 36.1%

VPLLDVLLVL
VPFLDVLLVL
VPYIDVMLVL
TPFIDVMLVL
TPFIDVMLVL
TPLVDVMLVL
IPFIDIMLVL
. PFIDVMLVL

.. ..TVVVEK
-...AISIGG
NVGSEVDTEK

' GVKSVGLMTQ

GIKSVGLMTN
GVPNVGLITE
GYLRVGLVGL
GYLKIGLVGE
GITKIGFVTE
EIRKNVAIVSM

LLIFMATAPI
VLIFMATAPI
LVIFMVTAPM
LIIFMVAAPL
LIIFMVAAPL
LIVFMITMPV
LTVVLITASF
L.IFM.TAP

DRLERLPPEQ
ERQEGLTEEM
QTDSAVSLEQ
DQVP. .APAQ
DPVT. .DETM
DSASKVEIGE
- .DRPITQEA

ECTOLR 29.9%
HITOLR 37%

PSTOLR33.6%

PPEXBD 34.3%

ECEXBD 33.8%
NMEXBD

HIEXBD 23.8%

IIQRSRILTN
IIQRTRILNA
IFQRGNAMRA
WIAKGFELMG
FFSKSVEFFN
VVLRCIKLYR
VIERYLFLRK
.I.R...L..

QUNPDAPE. .
RANSHAPE. .
QQPGVDPD. .
NTREKEG. . .
GSDDNEG. . .
NYRRNEASEL

IMHAFMALS.
IMHAFIALG.
IMNSFRGLA.
IMNSFIGIA.
IMNSFIGIA.
IYHALINIG.
ILLTFYQIGH
IM..F..I..

NFIDEFTTIL
NFMEEFTAIL
TFADEFQAIL
DASAQVLLLV
DVARQVLLLQ
DLDAMAHDLH
VLSEQKDKE.

ITQS.VEVDL
1SQS.VQVEL
LNQG . VKVDL
ATVD. IKVDL
ATVD.VKVNL
LTHS.IPLEL
ISQGKIQVNV

VVAEVSSRFK
VTQLSRQEFD
MTDAVTKIMS
LGAMLDAKTK
ITA.LNALTE
VESRLKAAKE
LEAETAQWNK

51
ALKEARTFED
AAREAEAFED
AKKALDAFEE
AKRRLRGETIA
LKRRLKREQQ
ARKGNAAVKR

GAKQATLQOMV
AVKQATLQMV
TVQQATLATV
KTQTTNLAVV
QTQTTNLAVYV
QSGOMSIAAV
GGGDIDPSVI

220
HRQAFGKAPH
HRQAFTVSES
HRKVHTSDD.
SRDLDEQGSE
SRDLDLEAS .
VRLLNQKDS .

58
PDATE. SQAV
PDSVQ. SQEV
PKVSS.EALP
PAS...TAKP

PAS...TSTP
PTASEQTNKQ
PKAS..TAVA

ANPKTVFLIG
KDNNTLFLVG
ARPDTQVFIR
GDKETTIFFQ
GKKDTTIFFR
QNENVIVATA
DQKVT. . .LK

KDKGKSAGKN SQESTPSQSV PTTP

FIG. 4. Comparison of TonB (a), ExbB (b), and ExbD (c) proteins from different gram-negative bacteria. ST, Salmonella typhimurium (24); EC, E. coli (18, 53);
KP, Klebsiella pneumoniae (11); EA, Enterobacter aerogenes (10); YE, Y. enterocolitica (36); SM, Serratia marcescens (21); PS, P. aeruginosa (52); HI, H. influenzae (29);
NM, N. meningitidis (this study); PP, P. putida (6).
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a

FIG. 5. (a) DNA hybridization analysis of N. meningitidis tonB mutants con-
structed in different genetic backgrounds (IR2113 constructed in IR1072, IR2115
constructed in IR1097, and IR2000 and IR2001 constructed in IR1075 [N. men-
ingitidis serogroup C] backgrounds); (b) DNA hybridization analysis of tonB exbB
genes present in different Neisseria species. The EcoRI-Clal DNA probe carrying
the tonB and exbB genes (Fig. 1) was used in all experiments.

i i —_ g

TolQ relatives revealed a relatively high degree of conserva-
tion: the V. meningitidis ExbB protein shared between 24.7 and
36.1% identical amino acid residues with other ExbB and TolQ
proteins (Fig. 4b). Overall amino acid similarity was much
higher, ranging between 48.9% (P. aeruginosa TolQ) and
61.8% (H. influenzae ExbB). A large number of studies sug-
gested that ExbB directly interacts with the TonB and ExbD
proteins (1, 9, 20, 30, 34, 39, 40). This interaction occurs be-
tween their transmembrane a-helical domains (33, 37, 39,
65). A highly conserved, transmembrane a-helical VX;VX,
LX;ShX, W motif identified in the ExbB amino terminus (37,
39, 65) is also present in N. meningitidis ExbB protein (Fig. 4b).
Two additional, strongly conserved regions of ExbB and TolQ
proteins were also found in the N. meningitidis ExbB protein: a
transmembrane, hydrophobic, glycine-rich «-helical region
(amino acid residues 127 to 150 in N. meningitidis ExbB) and
an alanine-rich a-helix. The alanine-rich a-helix also contains
fully conserved asparagine (residue 190 in N. meningitidis
ExbB, present in both TolQ and ExbB proteins) and arginine
residues (residue 194, only in ExbB proteins) (18, 33, 34).
Genetic evidence suggests that the last transmembrane a-helix
of TolQ interacts with the only transmembrane helix of the
tolR protein (40).

The N. meningitidis ExbD protein shares between 23.3 and
34.3% identical amino acids with other ExbD and TolR pro-
teins (Fig. 4c). Overall amino acid similarity is highest with the
P. putida ExbD protein (59.4%) and lowest with the H. influ-
enzae ExbD protein (50%). The most conserved regions be-
tween all ExbD and TolR proteins are the a-helical transmem-
brane region in the N-terminal part of the protein (32) and the
C-terminal, periplasmicly oriented region thought to interact
with ExbB and TonB proteins. Mutations (D25N and L132Q)
located in these conserved regions were found to severely
affect the activity of ExbD (9). While the aspartic acid residue
at position 25 is completely conserved in all studied proteins,
leucine at position 132 is replaced with phenylalanine and
isoleucine in N. meningitidis and H. influenzae ExbD proteins,
respectively.

Chromosomal knockouts of N. meningitidis tonB and exbD
homologs demonstrated the involvement of their products in
Hb utilization in neisseriae. Inability to subclone the neisserial
tonB exbBD operon prevented the determination of minimal
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set of genes necessary for Hb utilization. There is still a pos-
sibility that in addition to tonB, exbB, and exbD, other cosmid
ORPFs participate in HmbR-dependent Hb utilization. How-
ever, only the HmbR protein was shown to possess a strong
Hb-binding activity, indicating that additional products, if they
exist, are not involved in Hb binding. cos7 and cos9 did not
need the hmbR-expressing plasmid for complementation of Hb
utilization. This finding could be explained by postulating the
existence of a new Hb utilization system or receptor encoded
by these cosmids. Indeed, AmbR, hpu, and hpu hmbR double
mutants of some neisserial strains gave rise to Hb ™" revertants,
suggesting the existence of a third Hb uptake mechanism
which is under a phase variation control (Fig. 6) (63). How-
ever, further study is needed to resolve this issue.

The ability of complemented E. coli cells to use Hb as a sole
porphyrin and iron source corroborated our hypothesis that
HmbR functions by removing heme from Hb and transporting
it into the periplasm (62). The mechanism of heme removal
from Hb is currently unknown, although successful labeling of
HmbR-expressing cells and outer membranes with biotinylated
Hb makes protease involvement unlikely. The most likely sce-
nario is that a TonB-dependent conformational change in
HmbR strips heme from bound Hb. How heme is used as an
iron source is currently unknown, but experiments done with
the heme system of Yersinia enterocolitica implicate a heme
ABC transporter in heme utilization in gram-negative bacteria
(60).

Results presented in this study indicate the existence of a
TonB-independent heme uptake mechanism (HemX) in neis-
seriae. A similar system where the inactivation of a lipoprotein
makes the strain unable to use heme was recently identified in
H. influenzae (55). An alternative explanation would be that
the hydrophobic heme molecule passes through the relatively
leaky outer membrane of neisseriae without the help of a
protein transporter. Our modified model of utilization of pro-
tein-bound iron by neisseriae is presented in Fig. 7 (62). The
main features of the model are as follows: (i) all receptors that
utilize protein-bound iron (i.e., transferrin, lactoferrin, Hb,
and haptoglobin-Hb) use the cytoplasmic membrane energy
provided by the TonB ExbBD machinery to transport iron
and/or heme into the periplasm; (ii) some neisserial isolates

EME HB HB-HET HTF HLF
IR 072 (hmbA*) ++ e+ - + +
IR1097 (AahmbR) +4 - - + +
IR1098 (hmbHA) +4 . - + +
IR2113 (tonB’} ++ - - - -
{R2115 (tonB"~ hmbR") 4.4 . - . -
IR1075 (hmbR* hput) 44 -+ ++ + +
IR1078 (hmbA™ hput) ++ et 4 + +
IR2035 {(hmbhR hpu'} ++ - - + +
IR2200 {tonB" ) + _ _ - .
IR2281 (exbD") ++ + ND ND ND

FIG. 6. Phenotypic characterization of N. meningitidis mutants in the Ton
operon. Bacteria were seeded onto GCB plates containing Desferal as an iron
chelator. Ten microliters of each of the following solutions was applied onto
paper discs and placed onto GCB-Desferal plates: human Hb (5 mg/ml), Hb-
haptoglobin (HPT) (5 mg/ml); iron-saturated human lactoferrin (HLF; 10 mg/
ml); iron-saturated human transferrin (HTF; 10 mg/ml); and bovine hemin
chloride (5 mg/ml). Growth was recorded after overnight incubation. —, no
growth around the disc; + or ++, growth around the disc; ND, not done; *,
satellite colonies appearing around Hb discs after 2 days of incubation.
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FIG. 7. Hypothetical model of utilization of heme-containing compounds by
neisseriae. The HmbR protein is involved in Hb utilization and binds to the
globin moiety of the Hb molecule. The Hpu protein is necessary for the utiliza-
tion of Hb-haptoglobin complexes and Hb alone (42, 43). Hpu probably interacts
with the heme moiety of the Hb molecule or Hb-haptoglobin complex. Both
proteins function by transporting the heme moiety into the periplasm (PP), using
the cytoplasmic membrane energy delivered by the TonB ExbBD machinery. The
ThbR protein is a hypothetical third Hb receptor whose expression is under
phase variation. The TonB-independent mechanism of heme utilization either
involves an unknown outer membrane (OM) protein (HemX) or is the result of
leakiness of neisserial outer membrane. Question marks indicate proteins and/or
functions that have not been identified in neisseriae. IM, inner membrane.

possess at least two and perhaps three different outer mem-
brane proteins that are involved in Hb utilization; (iii) HmbR
binds globin residues of Hb and extracts heme from bound Hb;
(iv) Hpu recognizes heme on the globin molecule and extracts
it from Hb (this receptor is also involved in utilization of
Hb-haptoglobin complexes [42, 43, 63]); (v) the expression of a
third, presently unknown Hb utilization system or receptor is
under phase variation control; and (vi) neisseriae possess an
unknown system involved in the TonB-independent utilization
of heme.

The existence of multiple systems for the utilization of
heme-containing compounds reflects the importance of heme
for survival of neisseriae in their natural habitat, human mu-
cosal surfaces.
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