otic chromatin-associated factors. These two
domains, SET and SWIB, have not been
identified outside eukaryotes. Most remark-
ably, a diverged copy of the SWIB domain
was found fused to the COOH-terminus of
the chlamydial topoisomerase I. It appears
that SWIB and SET domains, together with
the Swi/Snf2 family of helicases (CT555 and
CT708), may participate in the chromatin
condensation-decondensation that is charac-
teristic of the chlamydial developmental cy-
cle (34). Moreover, these findings suggest
that there are mechanistic similarities be-
tween these processes in chlamydiae and eu-
karyotic chromatin dynamics.

Most of the “eukaryotic” proteins of chla-
mydia do not appear to be specifically related to
their animal homologs. Unexpectedly, they
tend to group with plant proteins in phyloge-
netic analyses (Fig. 3). A clue as to their previ-
ous niche may be suggested by the observation
of Chlamydia-like endosymbionts of Acan-
thamoebae (35).. The phylogenetic position of
Acanthamoebae is near the original branching
point of the eukaryotes, and grouping with
plants cannot be ruled out (36). It is possible
that the evolution of chlamydiae as intracellular
parasites started with an opportunistic interac-
tion with amoebal hosts, and the protochlamy-
diae became amoebal parasites or symbionts for
a period long enough to acquire the “plant-like”
genes, whose origin may be amoebal. Thus, the
emergence of host-dependent protochlamydiae
may have started in single-cell amoebic hosts
before moving to multicellular invertebrate
hosts, perhaps then diverging into the major
chlamydial genera prior to adapting to verte-
brate hosts (37).
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Attenuation of Virulence by
Disruption of the Mycobacterium
tuberculosis erp Gene

Francois-Xavier Berthet,* Micheline Lagranderie, Pierre Gounon,
Christine Laurent-Winter, Danielle Ensergueix, Pierre Chavarot,
Francoise Thouron, Eddie Maranghi, Vladimir Pelicic,}
Denis Portnoi, Gilles Marchal, Brigitte Gicquel]

The virulence of the mycobacteria that cause tuberculosis depends on their
ability to multiply in mammalian hosts. Disruption of the bacterial erp gene,
which encodes the exported repetitive protein, impaired multiplication of M.
tuberculosis and M. bovis Bacille Calmette-Guérin in cultured macrophages and
mice. Reintroduction of erp into the mutants restored their ability to multiply.
These results indicate that erp contributes to the virulence of M. tuberculosis.

Mycobacterium tuberculosis, M. bovis, and
M. africanum cause tuberculosis, an infec-
tious disecase killing more than 3 million peo-

ple per year worldwide (). These bacteria

constitute the M. fuberculosis complex (MTC),
which also includes the tuberculosis vaccine
strain M. bovis Bacille Calmette-Guérin
(BCG) and the murine pathogen M. microti.

Members of the MTC multiply within phago-

cytic cells in a specialized vacuolar compart-
ment called the phagosome (2). Phagosomes
containing mycobacteria do not acidify (3),
and they escape fusion with lysosomes (4).
Remodeling of the phagosome architecture
by these pathogenic bacteria is thought to be
critical for their intracellular multiplication
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and survival (5, 6).

Mycobacterial proteins that are exported
intracellularly are likely to participate in
phagosome remodeling. Using a genetic ap-
proach to identify such exported proteins,
we recently identified the M. tuberculosis
erp gene (7). It encodes the exported re-
petitive protein (ERP), a protein previous-
ly identified in M. bovis as the PGLTS
secreted antigen (8). Although no function
has been ascribed to ERP, sequences ho-
mologous to erp are found exclusively in
mycobacteria causing tuberculosis (7, §8)
and leprosy (9).

To characterize M. tuberculosis ERP, we
overproduced it in Escherichia coli as a fu-
sion protein containing six histidines at the
COOH terminus (ERP-6His) (10). ERP-6His
formed cytoplasmic inclusion bodies and was
purified by nickel-affinity chromatography
under denaturing conditions (/7). Renatured
soluble ERP-6His (36 kD) was used to im-
munize rabbits, and high-titer anti-ERP poly-
clonal sera detected immunoreactive bands
both in cell-associated fractions (36 kD) and
trichloroacetic acid—precipitated culture fil-
trates (36 and 34 kD) of BCG and M. tuber-
culosis (Fig. 1A).

To determine the subcellular localiza-
tion of ERP, we performed immunocyto-
chemical analyses of M. bovis BCG bacilli
using rabbit antisera to ERP and a gold-
labeled anti-rabbit conjugate (12, 13).
Transmission electron microscopy revealed
intense surface labeling at the periphery of
the bacilli (127 * 30 gold grains per bac-
terium), which indicates that ERP is a sur-
face-exposed molecule (Fig. 1B). We next
investigated whether ERP was produced
during intracellular multiplication of M. fu-
berculosis within cultured macrophages.
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J774 murine macrophages were infected
with a clinical isolate of M. tuberculo-
sis and processed for immunoelectron
microscopy (12, 14). Specific labeling of
the mycobacterial cell wall and the
phagosomal lumen was observed with sera
from ERP-immunized rabbits (Fig. 1F) but
not with anti-ERP serum previously ad-
sorbed against purified ERP-6His (Fig.
1E). Furthermore, small vesicles near the
phagosomes also contained the ERP label.
These findings demonstrate that ERP is
produced in M. tuberculosis phagosomes,
and they suggest that it may traffic
intracellularly.

We then examined whether ERP is es-
sential for intracellular growth of the my-
cobacteria. A targeted null mutation was
introduced at the erp locus in M. tubercu-
losis H37Rv and in the model tuberculosis
vaccine strain M. bovis BCG. A sucrose-

A

kD 123 4 5 6
o [—) -]

y o SR

10 11 12

counterselectable suicide vector (pJQ200)
was used to deliver a mutated allele of erp
(erp::aph) into the chromosome of M. bo-
vis BCG (15, 16). The corresponding M.
tuberculosis mutant strain was constructed
with the ts-sacB technology (/7). Mutant
strains resulting from allelic exchange (Fig.
2A) were referred to as BCG erp::aph and
H37Rv erp::aph. By using a mycobacteri-
ophage MS6-derived integrative vector
pIPX70, we reintroduced a single copy of
erp at the artB site in BCG erp::aph and
H37Rv erp::aph (Fig. 2A). The genotype
of these strains was analyzed by Southern
(DNA) blotting with an erp-specific DNA
probe. This analysis revealed that there was
an insertion of 1.3 kb in the restriction
fragment carrying erp and that an addition-
al copy of erp was present in the chromo-
some of complemented strains (Fig. 2B).
Analysis of cell-associated fractions and

E

Fig. 1. Expression, immunodetection, and localization of ERP. (A) Immunodetection of ERP in
cell-associated (lanes 1 through 6) or concentrated supernatant (lanes 7 through 12) fractions of
M. bovis BCG (lanes 1 through 3 and 7 through 9) and M. tuberculosis (lanes 4 through 6 and 10
through 12). Protein extracts were prepared from parental (lanes 1, 4, 7, and 10), mutant (lanes 3,
5, 8, and 11), and complemented (lanes 2, 6, 9, and 12) strains. (B through D) Surface analysis of
parental (B), mutant (C), or complemented (D) M. bovis BCG cells processed for immunogold
labeling with anti-ERP serum. (E and F) Immundetection of ERP in M. tuberculosis—infected, |774
murine macrophage sections incubated with anti-ERP serum( s)reviously adsorbed against
F

purified ERP-6HIS (E) or anti-ERP sera (F); arrowheads in

show ERP labeling of an

intraphagosomal mycobacterium (bottom) and a small cellular vesicle (top). Scale bars in (B)

through (F), 200 nm.
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concentrated supernatants (Fig. 1A) from
BCG erp::aph and H37Rv erp::aph cul-
tures indicated that disruption of erp abol-
ished the production of ERP. This was
confirmed by the disappearance of immu-
nogold labeling (32 * 10 gold grains per
bacterium) on M. bovis BCG erp::aph ba-
cilli (Fig. 1C). In contrast, integration of
erp at the Ms6 attB site of erp::aph mutant
strains restored the production of ERP, both
at the cell surface (Fig. 1, A and D) (112 =
57 gold grains per bacterium) and in the
culture medium (Fig. 1A) of M. tuberculo-
sis and M. bovis BCG. The parental, mu-
tant, and complemented strains of BCG and
H37Rv showed similar colony morphology,
doubling time, and growth characteristics
in Middelbrook 7H9/ADC broth or mini-
mal Sauton medium. Taken together, these
data show that erp is not essential for the
growth of BCG and H37Rv under axenic
conditions.

To determine whether BCG erp::aph
and H37Rv erp.::aph grow within phago-
cytes, we compared the multiplication ca-
pacity of mutant and parental strains in
cultured bone marrow—derived macro-
phages (/8). Analysis of colony-forming

DAYS

10 0 5 10
DAYS

units (CFUs) indicated that multipli-
cation of erp::aph mutants was impaired
within murine macrophages, whereas pa-
rental and complemented strains grew nor-
mally (Fig. 3). Moreover, the H37RV
erp::aph strain showed reduced cytopathic
effects as compared to the parental or com-
plemented strains. To determine whether
the erp::aph mutation also affected multi-
plication within the host, we analyzed the
persistence of BCG erp::aph and H37Rv
erp::aph in mice. BALB/c mice were in-
jected intravenously with 108 viable units
of parental, erp::aph mutant, and erp-com-
plemented strains, and bacterial infection
was monitored by counting CFUs over a
56-day period (19). We analyzed the lungs,
liver, and spleen, which are the three or-
gans known to contain most of the myco-
bacterial load after intravenous inoculation.
The BCG erp::aph mutant was rapidly
cleared from the lungs of infected animals,
whereas the parental and complemented
strains colonized and survived within this
organ (Fig. 4A). In contrast, the H37Rv
erp::aph mutant survived but multiplied
very slowly in the lungs as compared to the
parental and complemented strains (Fig.

and complemented strains of M. bovis BCG (B) and M. tuberculosis (T). The
erp internal probe used for hybridization is depicted in (A).

4A). The lungs are the primary site of
infection in tuberculosis. Multiplication of
erp::aph mutants was also greatly impaired
in the spleen (Fig. 4B) and the liver. In
addition, whereas parental BCG showed a
“spreading” colony morphology after ani-
mal passaging, the mutant no longer spread
and exhibited retarded growth (by 1 week
as compared to the parental strain) (Fig.
4C). The significance of this observation is
unknown, but a loss of the spreading phe-
notype has been correlated with the lowest
levels of residual virulence among BCG
substrains (20). The non-spreading pheno-
type we observed was lost after restreak-
ing of the mutant on 7HI1 plates, and
reintroduction of erp restored the parental
phenotype.

We have shown that the M. tuberculosis
erp gene encodes a surface-exposed protein
produced during phagosomal growth and
that this protein is required for multiplica-
tion of the pathogen within the host cell.
Thus, erp may be a good candidate for the
rational attenuation of M. tuberculosis and
the construction of new live-attenuated
vaccines against tuberculosis. Indeed, the
multiplication characteristics of H37Rv
erp::aph in vivo are comparable to that
observed for the tuberculosis vaccine strain
M. bovis BCG. Sensitization of guinea pigs
with mycobacterial purified protein deriva-

tive 1 month after immunization with BCG

erp::aph resulted in a delayed-type hyper-
sensitivity response comparable to that
induced by the parental strain. This ob-
servation suggests that BCG erp::aph per-
sists long enough to stimulate antimyco-
bacterial immunity. Although the function
of ERP is still unclear, this work opens new
avenues for studying the pathogenetic
mechanisms of the mycobacteria causing
tuberculosis. '
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phosphate-buffered saline (PBS) and stored frozen at
~20°C. Two rabbits (strain New Zealand) were inject-
ed with 100 p.g of protein and then injected every 15
days with 150, 200, and 250 pg of ERP-6His emul-
sified in incomplete Freund’s adjuvant. Hyperimmune
anti-ERP serum was obtained by bleeding animals 6
weeks after immunization.

Celts were fixed with 1% paraformaldehyde in 0.1 M
phosphate buffer, washed in the same buffer, and

erp gene was excised from pIPX412 by Pst | digestion
and cloned-into the corresponding site of pACYC177.
The resulting plasmid (pPB1) was linearized by Eco RI,
which cuts at a unique site within erp. In parallel, an
aph cassette conferring resistance to kanamycin was
excised by Pst | digestion from the plasmid pUC-4K.
Both pPB1 and the aph fragment were treated with
T4 DNA polymerase (Boehringer Mannheim) to cre-
ate blunt ends and were ligated to produce pPB2. A

1E+06 (diamonds), and complemented (circles) strains. The results for each time
= 1E+05 7 point are the means and standard deviations of CFU counting performed
1E+05 on five mice. The y axis reflects the number of viable bacteria recovered
1E+044 from a specific organ. (C) Morphologic differences between parental
1E+044/ 7 (erp), mutant (erp::aph), and complemented (erp::aph, attB::erp) BCG
colonies recovered from the liver of infected mice at day 7. Bacteria were
1E+03 = 1E+03- I grown for 20 days (parental and complemented strains) or 27 days
L (mutant strain) on 7H11 plates, and the resultant colonies were photo-
1E+02+ . . i . TE02 ‘ ‘ ' . graphed at the same scale (scale bar, 1 cm).
0 10 20 30 40 0 10 20 30 40
Days Days
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