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Yersinia pestis TonB: Role in Iron, Heme, and Hemoprotein Utilization
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In Yersinia pestis, the siderophore-dependent yersiniabactin (Ybt) iron transport system and heme transport
system (Hmu) have putative TonB-dependent outer membrane receptors. Here we demonstrate that hemin
uptake and iron utilization from Ybt are TonB dependent. However, the Yfe iron and manganese transport

system does not require TonB.

Although outer membrane (OM) receptors serve to bind
selected substrates in gram-negative bacteria, the substrate
must still be translocated across the OM into the periplasm.
For some OM receptors, TonB functions in concert with ExbB
and ExbD to transmit the energy needed for this process (12,
17). To examine the role of TonB in the various iron and heme
transport systems of Yersinia pestis, we have cloned and mutat-
ed the tonB gene. As expected, our results indicate that TonB
is absolutely required for the utilization of the siderophore,
yersiniabactin (Ybt), as well as hemin and all tested hemopro-
teins. TonB does not play a role in iron transport by either the
Yfe system or a putative iron transport system which functions
at 26°C. A second fonB-like gene was identified in the Y. pestis
genome and designated hasB due to an association with the
Y. pestis has locus (18). HasB does not appear to play a role in
accumulation of iron, hemin, or hemoproteins.

Sequence analysis of fonB, exbB, and exbD. The tonB gene of
Y. pestis KIM10+ (4) is predicted to encode a 252-residue,
27.5-kDa protein with a pI of 5.98. SignalP analysis (15a)
suggested the presence of a signal sequence; as with Esche-
richia coli, the Y. pestis TonB may not be cleaved (17). A
BLAST homology search indicates that the Y. pestis TonB
protein is 80.8% identical and 85.6% similar to TonB from
Yersinia enterocolitica (14). Y. pestis TonB possesses motifs
common to other TonB proteins (13), including an N-terminal
hydrophobic domain, a central region with EP repeats sepa-
rated from a region with KP repeats, and a C-terminal domain
with an amphiphilic B-strand. As with E. coli, the Y. pestis tonB
gene appears to be monocistronic and is surrounded by similar
sequences with the exception of an IS285 element inserted
downstream of fonB in Y. pestis KIM10+. Y. pestis TonB has
four perfectly conserved amino acids (SHLS, residues 19, 23,
30, and 34) in the N-terminal hydrophobic domain that are
predicted to form an a-helix (14). Visual inspection of the tonB
promoter region revealed typical —10 and —35 regions and a
strong putative ribosome binding site. Two potential Fur bind-
ing sites were identified; however, both of them are located
well upstream of the putative promoter region.

* Corresponding author. Mailing address: Department of Microbi-
ology, Immunology, and Molecular Genetics, MS415 Medical Center,
University of Kentucky, Lexington, KY 40536-0298. Phone: (859) 323-
6341. Fax: (859) 257-8994. E-mail: rperry@pop.uky.edu.

T Present address: Centers for Disease Control, Division of Vector-
Borne Infectious Diseases, Bacterial Zoonoses Branch, Fort Collins,
Colo.

4159

Similarity searches identified a putative exbBD operon that is
not closely linked to fonB. The Y. pestis KIM10+ exbB gene is
predicted to encode a 251-residue, 26.8-kDa protein with a pl
of 9.83. The exbD gene encodes a 143-residue, 15.6-kDa pro-
tein with a pI of 4.40. These proteins show a high level of
similarity to ExbB (66.5% identity) and ExbD (67.8% identity)
from E. coli. Contiguous genes encoding TolQ (228 residues,
25.4kDa, pl of 6.17), TolR (142 residues, 15.5 kDa, pI of 5.55),
and TolA (393 residues, 41 kDa, pI of 9.43), which are required
by TolA-dependent OM receptors (15), were identified. No
additional exbB- or exbD-like genes were detected.

Role of TonB in acquisition of inorganic iron by the Ybt-
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FIG. 1. Growth of Y. pestis strains KIM6+ (Ybt™ TonB™), KIM6-
2045.1 (Psn~ TonB™), and KIM2073+ (Ybt™ TonB~) at 37°C in
deferrated PMH with (+Fe) and without (—Fe) FeCl; supplementa-
tion to 10 wM was performed as previously described (8, 19).
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FIG. 2. Uptake of **FeCl, by Y. pestis strains KIM6+ (Ybt*™ TonB™),
KIM6-2073+ (Ybt™ TonB™), and KIM6-2045.1 (Psn~ TonB™) was
monitored as described previously (1, 6). Where indicated (closed
symbols), cells were metabolically poisoned by addition of 100 pM
carbonyl cyanide m-chlorophenylhydrazone 10 min prior to addition of
isotope. These data are from a single experiment but are representa-
tive of three independent assays.

dependent transport system. KIM6-2073+ possesses all of the
iron and heme transport systems identified in Y. pestis but
contains a kanamycin gene cassette inserted into tonB. Com-
pared to the parent strain, KIM6+, KIM6-2073+ exhibited
growth defects in a defined, iron-deficient medium (PMH) that
are very similar to the defects seen with KIM6-2045.1 (Fig. 1),
a Y. pestis strain carrying a deletion of the OM receptor (Psn)
for Ybt (7). When surplus iron is present, the growth of all
three strains is nearly identical (Fig. 1). Growth of KIM6-
2073+ cells was inhibited on deferrated, solidified media
(PMH-S). In addition, the TonB™ mutant was unable to use
Ybt produced by KIM6+. However, this mutant supports the
growth of a Ybt-biosynthesis mutant (KIM6-2046.1) on
PMH-S plates at 37°C. Similar growth-stimulation results were
obtained using cell supernatants. These studies indicate that
KIM6-2073+ still synthesizes and secretes Ybt, but it is unable
to transport the Fe-Ybt complex back into the cell. KIM6-
2073+ cells containing a plasmid encoding Y. pestis TonB
(pYptonB) were able to grow on PMH-S plates, indicating that
the observed growth defects were the result of the fonB
mutation.

Compared to the KIM6+ parental strain, both the TonB™
and Psn™ mutants are defective in iron uptake (Fig. 2). Thus,
the TonB™ mutant exhibits defects in both iron transport
and growth under iron-deficient conditions, which very close-
ly mimics the behavior of a Ybt receptor mutant, suggesting
that the uptake of Fe-Ybt is indeed TonB dependent. This
result was expected, since Y. pestis Psn has a TonB-dependent
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motif and TonB dependency of the homologous Y. enteroco-
litica Ybt system has been demonstrated (14).

Regulation of some iron transport systems involves signal
transmission from the OM receptor (3, 9, 11). To determine
whether the ronB mutation affected regulation of the Ybt sys-
tem, we analyzed transcription from the ybtP promoter using a
ybtP::lacZ fusion (6). The activity of this lacZ reporter was not
significantly affected by the ronB mutation (data not shown).
Thus, a surface signal-transduction system involving the OM
receptor (5-7) and TonB (this study) does not seem to be
responsible for controlling expression of the Y. pestis yersini-
abactin system. Precisely how Ybt crosses the OM in a fonB
mutant and interacts with the transcriptional regulator YbtA
to induce the expression of ybt genes (5) is unknown.

Role of TonB in acquisition of inorganic iron by Ybt-inde-
pendent transport systems. To assess the role of TonB in iron
acquisition by the YfeABCD iron and manganese transport
system (1, 2), the tonB:ikan mutation was introduced into
KIMBS, a Y. pestis strain missing the Ybt system, and a deriva-
tive of KIM6 carrying a AyfeAB mutation (KIM6-2031.1). We
compared the ability of these strains to grow at 30°C on solid-
ified-PMH plates containing a 0 to 5 uM gradient of conalbu-
min. KIM6-2073 (a tonB::kan KIM6 strain) was as effective as
KIMBS6 at acquiring iron from conalbumin (Fig. 3). Loss of the
Yfe system caused a significant reduction in growth across the
gradient (compare KIM6 to KIM6-2031.1 in Fig. 3). KIM6-
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FIG. 3. Growth of Y. pestis KIM6 (Ybt™ Yfe™ TonB™ HasB™),
KIM6-2031.1 (Ybt™ Yfe~ TonB™ HasB™), KIM6-2073 (Ybt™ Yfe™
TonB~ HasB™), and KIM6-2073.1 (Ybt~ Yfe~ TonB~ HasB™) at
30°C across PMH plates containing a gradient of the iron chelator
conalbumin (0 to 5 wM) (1). Bars represent incremental growth
against the concentration gradient over a 72-h period. Growth dis-
tances were recorded in millimeters from 0 (no growth) to 90 (conflu-
ent growth). The data shown are from a single growth assay but are
representative of three independent experiments.
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FIG. 4. Uptake of ¥FeCl, by Y. pestis KIM6 (Ybt~ Yfe™ TonB™
HasB™), KIM6-2031.1 (Ybt~ Yfe™ TonB™ HasB™), KIM6-2073 (Ybt ™~
Yfe" TonB™ HasB™), and KIM6-2073.1 (Ybt™ Yfe™ TonB~ HasB™)
at 37°C. Where indicated (closed symbols), cells were metabolically
poisoned by addition of 100 wM carbonyl cyanide m-chlorophenylhy-
drazone 10 min prior to addition of isotope. These data are from a
single experiment but are representative of three independent assays.

2073 does not show a similar defect. Compared to KIM6-
2031.1, the growth of KIM6-2073.1 (Yfe ™ TonB ) was slightly
delayed and inhibited. Iron transport assays (Fig. 4) also indi-
cate that uptake of iron by the Yfe system does not depend
upon TonB. Iron uptake by KIM6 and KIM6-2073 are nearly
identical, while uptake by the Yfe™ and Yfe™ TonB™ mutants
is greatly reduced. Overall, these results suggest that the Yfe
system is not TonB dependent.

A comparison of energy-dependent iron uptake by KIM6-
2073 and KIM6-2073.1 indicates that the residual iron uptake
activity is TonB independent. The mechanism of this residual
iron uptake under these conditions is undetermined and may
be due to one or more of the remaining seven potential inor-
ganic iron uptake systems of Y. pestis (4, 16).

Role of TonB in heme transport. The effect of a fonB mu-
tation on the ability of Y. pestis to utilize hemin and various
hemoproteins as iron sources (10, 21) was tested on PMH
plates containing 100 pM ethylenediamine-di(o-hydroxy-
phenyl) acetic acid (EDDA), a concentration that inhibits the
growth of KIM6+. Similar to the case with strain KIM6-
2060.1+ (in which AmuP'RSTUV genes have been deleted),
KIM6-2073+ was unable to use hemin or any of the hemo-
proteins as iron sources (Table 1). KIM6-2073+ containing
pYptonB was able to use hemin as an iron source. This con-
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TABLE 1. Analysis of hemin or hemoprotein utilization
by various Y. pestis strains®
Growth response of:
Heme source KIM6+ KIM6-2060.1+  KIM6-2073+
(Hmu* TonB*) (Hmu~ TonB") (Hmu"* TonB™)
500 pM hemin 31 NG NG
50 uM hemin 1.9 NG NG
50 WM hemin—200 pM 1.6 NG NG
albumin
200 pM albumin NG NT NT
50 uM hemoglobin 3.7 NG NG
10 wM hemoglobin 2.9 NG NG
50 uM hemoglobin-100 pM 2.7 NG NG
haptoglobin
500 wM myoglobin 39 NG NG
100 wM hemopexin 2.9 NG NG
100 wM apohemopexin NG NG NG

“ Approximately 107 cells were overlaid onto deferrated PMH-100 uM EDDA
agarose plates. Twenty microliters of the indicated compounds were added to
0.3-cm wells cut into the agarose plates, and growth around the wells (diameters
in centimeters) was recorded after 3 days of incubation at 37°C. The results are
averages from two independent experiments; NG, no growth in both indepen-
dent experiments; NT, not tested.

firms that the Hmu system is TonB dependent. TonB depen-
dency of the highly homologous Y. enterocolitica Hem system
has also been demonstrated (20).

Identification of a second tonB-like gene, hasB. Similarity
searches identified a second fonB-like gene in Y. pestis KIM10+
that is immediately downstream of the hasRADE locus and
is designated hasB. The predicted amino acid sequence of the
Y. pestis hasB gene product (267 amino acids, 29.4 kDa) shows
high similarities to TonB or TonB-like sequences in other
bacteria and is 18.3% identical and 59.5% similar to Y. pestis
TonB.

Our results with the TonB™ mutant show that the Y. pestis
HasB protein cannot substitute for TonB in the Ybt and Hmu
transport systems. To determine whether HasB is required for
TonB-independent inorganic iron uptake, we constructed a
Y. pestis TonB™ HasB™ double mutant and tested its capacity
for inorganic iron accumulation. The levels of energy-depen-
dent iron accumulation by KIM6 (TonB™* HasB™), KIM6-2073
(TonB~ HasB™), KIM6-2080 (TonB" HasB™), and KIM6-
2073.2 (TonB~ HasB™) were nearly identical (data not shown),
indicating that the observed iron uptake was not HasB depen-
dent.
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