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FIG. 1. Bacterial internalization into HeLa cells and mouse bone
marrow-derived macrophages. Wild-type B. abortus (WT) or onre of
three representative mutants (K18, K19, and K63) was deposited onto
Hela cells (A) and macrophages {B) and then incubated at 37°C for
the periods of time indicated. Bacterial internalization efficiency by
both cells was determined by evaluating the protection of internalized
bacteria from gentamicin killing and quantitated as described previ-
ously (see Materials and Methods). Data are the averages of triplicate
samples from three tdentical experiments, and the error bars represent
the standard deviations. Statistically significant differences between
bacterial internalization of the wild type and that of mutants are
indicated by asterisks (%, P < 0.01; %%, P < 0.001).

tion times. Biotin-labeled bacterial surface proteins of these
three straing were analyzed by immunoblotting. The protein
band pattern of K18 (class I) changed markedly more than
other mutants {Fig. 5).
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FIG. 3. LAMP-1 colocalization in phagosomes containing bacteria.
Mouse bone marrow-derived macrophages were infected with wild-
type B. gbortus {WT) or onc of three representative mutants (K18,
K19, and K63) and then incubated for 30 min, fixed, and stained for
LAMP-1. The samples were visualized by immunofluorescence micros-
copy. “% LAMP-1 positive” refers to the percentage of internalized
bactcria that showed costaining with LAMP-1, bascd on observations
of 100 bacteria per coverslip. Data are the averages of triplicate sam-
ples from three identical experiments, and error bars represent the
standard deviations.

To determine whether this defect in internalization and in-
tracellular replication of B. abortus correlates with an inability
to establish infection in the host, we experimentally infected
mice with B. abortus. Many bacteria were recovered from the
spleens of mice infected with the wild-type strain at 10 days
postinfection (5.4 % 10° CFU/spleen), but fewer bacteria were
recovered from mice infected with class TI mutant, K63 (5.5 X
10' CFU/spleen) (Fig. 6). Unexpectedly, many bacteria were
recovered from the spleen of mice infected with class I mutant
K18 (1.9 x 107 CFU/spleen), and class I mutant K19 showed
an intermediate phenotype (6.8 x 10° CFUfspleen) (Fig. 6).

Sites of mini-Tn5Km2. Chromosomal DNA was prepared
from 23 mutants, digested with EcoRI, and cloned to plasmid
pBluescript II KS(+). The resulting plasmid DNA was ana-
lyzed by using a mini-Tn5Km?2 transposon O'-end primer (see
Materials and Methods). An insertion site of all mutants was
identified, and their gene products, ORFs, and gene location

107
B Macrophages
1084
105

104 -

Log CFU

103 4

102 4
101 o

-h

24 a8
Incubation time (h)

FIG. 2. Tutracellular replication of wild type and mutants within HeLa cells and mouse bone marrow-derived macrophages. HeLa celis (A) and
magcrophages (B} were infected with wild-type B. abortus or one of three representative mutants (K18, K19, and K63) as described in Materials
and Methods. At different times of incubation, the celis were lysed, and the numbers of viable intracellular bacteria were determined. Datum points
and error bars represent the mean CFU of triplicate samples from a typical experiment (performed at least four times) and their standard

deviations.
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FIG. 4. Bacterial adherence on Hela cells. Before bacterial infec-
tion, HeLa cells were incubated with MEM containing cytochalasin I
for 40 min at 37°C and then infected with wild-type B. abortus (WT) or
one of three representative mutants (K18, K19, and K63), and bacteria
associated with HeLa cells were seored by immunofiuorescence mi-
croscopy. One hundred HeLa cells were examined per coverslip. Data
are the averages of triplicate samples from three identical experiments,
and error bars represent the standard deviations. Statistically signifi-
cant differences between bacterial adherence of wild type and that of
mutants are indicated by an asterisk (%, P < 0.01).

on the chromosome were characterized (Table 1). From this
result, 7 genes were located on chromosome I, 14 genes were
located on chromosome II, and 1 gene whose gene product is
dihydroorotase was located on both chromosomes. The ORF
was found by searching the BLASTX and BLASTN secarch
algorithms. The mini-TnSKm2 insertions of all class I and II
strains were outside the VirB complex. Eight of the class III
mutants had the mini-TnSKm2 in the VirB complex (Table 1).

DISCUSSION

Our results did not identify any virulence factors such as
toxins or secreted proteins able to interact with host cells,
except the already-known VirB secretion system (8, 29, 39).
Nineteen mutants were affected in internalization into HeLa
cells under the experimental conditions used. The majority of
the mutations resulting in intracellular growth defect affected
genes acting in housekeeping functions, thus confirming results
previously obtained by transposon mutagenesis (8, 17, 24).

In the defective internalization phenotype of class I mutants,
the mini-TnSKm2 was inserted in either the gnd and spoT gene,
which had been identified as essential for intracellular growth
of Brucella suis (24). 6-Phosphogluconate dehydrogenase is the
third enzyme of the pentose phosphate pathway, one of two
central routes of intermediary carbohydrate metabolism. Since
the surface proteins of K18 changed markedly, the enzyme
would affect the biosynthesis of the outer membrane that may
participate in bacterial internalization. However, the survival
in mice of K18 was similar to that of the wild-type strain.
Although the unusual result in the present study is difficult to
explain, different genes may contribute to intracellular growth
in macrophages and virulence in mice. Spleen colonization
profiles are generally examined for a number of weeks postin-
fection to evaluate the persistence of a Brucellg strain in animal
models. In a mouse model with wild-type Brucella, the number
of bacteria in the spleen peaked at 4 days postinfection, fol-
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lowed by a 10*-fold decrease until day 18 postinfection. Also,
the weight of spleens increased and peaked by ca. 10 days
postinfection, After 11 days, the splenomegaly was followed by
a rapid reduction of weight (13). Based on the results of the
present study, we set up the single time point of 10 days
postinfection and evaluated the persistence and chronic infec-
tion in mice. One explanation of the phenotype of K18 in the
mouse model is that 10 days after infection may be too early of
a time point to determine whether a mutant is attenuated or
not. Macrophages are widely known as cells that play an im-
portant role in inflammatory processes, as well as in the initi-
ation, maintenance, and control of primary and secondary im-
mune responses. The execution of these activities is mediated
by complex and multifunctional processes imvolving macto-
phage secretory cytokines. Therefore, K18 may show different
phenotype in cultured macrophages and in peritoneal immune
cells. Another explanation is that gnd is not essential for intra-
cellular growth in macrophages in a peritoneal environment or
escape from the host immune system. Guanosine-3',5'-bispy-
rophosphate {(ppGpp) metabolism controls the expression of
virulence by Legionella pneumophila (18). ppGpp initiates de-
velopmental programs that are critical for surviving periods of
starvation in a variety of environmental microbes (20). Thus,
ppGpp 3'-pyrophosphohydrolase (SpoT) would influence the
expression of B. abortus virulence under intracellular condi-
tions.

All class I genes (zwf, purN, pth, and pncA) and seven class
111 genes (znud, aspC, purl., purM, pyrC, cydC, and dacF) are
newly identified by our study. However, genes associated with
the functional groups of amino acid synthesis, sugar metabo-
lism, DNA/RNA metabolism, and oxidoreduction had been
identified as essential for intracellular growth of B. aborfus and
B. suis (12, 14, 17, 24). Five enzymes in the purine or pyrimi-
dine biosynthesis pathway encoded by purL, purM, purN, pyrB,
and pyrC were identified as virulence-associated genes. These
biosynthesis pathways would contribute to intracellular growth,
confirming previous results on the attenuation of purE mutants
from B. melitensis (12) and of purD, pwrF, carAB, pyrB, and
pyrD from B. suis (24). The earlier works described dnaK and
dnal encoding heat shock protein of B. suis showed different
intracellular growth phenotypes (23). Also, Shigella flexneri
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FIG. 5. Modification of surface proteins of mutants. Surface pro-
teins of wild-type B. abortus (WT) and of three representative mutants
(K18, K19, and K63) were labeled with Sulfo-NIS-Biotin and then
detected by immunoblotting with horseradish peroxidase-conjugated
streptavidin. The position of molecular mass markers (in kilodaltons)
arc shown on the left.
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FIG. 6. Proliferation in mice. Mice were infected intraperitoncally with wild-type B. abortus (WT) or three representative mutants (K18, K19,
and K63) (10* CFU/0.1 ml). Recovery of viable bacteria from the spleen and the weights of spleens of infected mice at 10 days postinfection are
shown. Error bars indicate standard deviations. Statistically significant differences between the bacterial growth of the wild type and that of mutants

are indicated by asterisks (¥, P < 0.01; %%, P < 0.001),

auxotrophic mutants that harbor mutations in the aromatic
amino acids (aroB, aroC, and aroD) showed different degrees
of virulence, including epithelial cell invasion and intracellular
growth in vitro, as well as in vivo (2). In the present study, we
detected some mutants that have the same metabolic pathway
but a different internalization phenotype. From these results,
we speculate that each step of the metabolic pathway may
countribute to internalization differently.

Several genes among class 1T and TII mutants that participate
in bacterial virulence may decrease B. abortus virulence. The
insertion sites of strains K2, K15, or K54 were inside the genes:
a high-affinity zinc uptake system protein that is a zru4 homo-
logue, glucose-6-phosphate-1-dehydrogenase, or a transport
ATP-binding protein that is a ¢ydC homologue, respectively.
The znuA gene of Haemophilus ducreyi encodes a 32-kDa pro-
tein that is homologous to the ZnuA protein of E. coli and is
part of a growing family of prokaryotic zinc transporters. The
H. ducreyi znuA isogenic mutant shows a markedly decreased
virulence when tested in a temperature-dependent rabbit
model for experimental chancroid (25). Glucose-6-phosphate
dehydrogenase encoded by the zwf gene catalyzes the first
enzymatic step in the pentose phosphate cycle. This pathway
provides ribose for nucleoside synthesis and reducing equiva-
lents in the form of NADPH for reductive biosynthetic and
maintenance of the cellular redox state. Salmonella enterica
serovar Typhimurium zwf mutant lacking glucose-6-phosphate
dehydrogenase activity increases susceptibility to reactive oxy-
gen and nitrogen intermediates and attenuates virulence in
mice (26). The ATP-binding cassette (ABC) transporters are
active transport systems common in bacteria and eukaryotic
cells. ABC transporters use the free energy of ATP hydrolysis
to pump substances across the membrane against a concentra-
tion gradient into or out of cells (34). The cydC gene of S.
flexneri encodes the ABC transporter that is homologous to the
CydC protein of E. coli, which leads to defective cytochrome bd
expression. The cydC mutant of S. flexneri forms markedly
smaller plaques, has markedly decreased intracellular survival,
and shows a 100-fold increase in lethal dose for mice compared
to the wild type (46). Recently, the role of the ABC transporter
in B. abortus virulence, which is homologous to Rhizobium
meliloti ExsA, was described (36). Decreased survival in mice

of the B. abortus ABC transporter mutant compared to the
survival of the wild-type strain shows that the ABC transporter
is critical for full bacterial virulence (36). The ¢ydB and cydD
genes are part of the operon cydDCAB. The cydB and cydD
mutants are also defective for the intracellular growth of B,
abortus and B. suis (14, 24), suggesting that functional cyto-
chrome bd oxidase is required for growth in an intracelular
environment.

Since D-alanyl-p-alanine carboxypeptidase (DacF) contrib-
utes to the maintenance of cell shape in E. coli {28), the
enzyme would also contribute to the maintenance of cell shape
in B. abortus and so may participate in its virulence. Consistent
with this, the migA4 encoding monofunctional biosynthesis pep-
tidoglycan transglycosylase of B. abortus is induced intracellu-
lasly {15). Thus, class III mutants increased adherence to and
internalization in HeLa cells, @ result that may be because of
the alteration of bacterial surface due to a lack of these bio-
synthesis pathways. B. aborfus mutants with rough lipopolysac-
charide are more adherent and enter Verd cells in greater
numbers than the wild type (9). These results suggest that
differences in adhesiveness and invasiveness are correlated to
the hydrophobicity of Brucella.

The pncA gene encoding pyrazinamidase is involved in the
conversion from pyrazinamide to pyrazinoic acid. Pyrazin-
amide is an important antituberculosis drug, and mutation of
pncA is a major mechanism of pyrazinamide resistance in My-
cobacterium tuberculosis (38). Unlike most antibacterial agents,
pyrazinamide, despite its remarkable in vivo ‘activity, has no
activity against M. tuberculosis in vitro except at an acidic pH
(47). Presumably, pyrazinamidase would act under acidic en-
vironment. Vacuaole acidification in phagocytic cells at a pH
between 4.0 and 4.5 has been shown to be essential for intra-
cellular survival during early infection by B. suis (33). Pyrazi-
namidase may participate in the resistance of Brucella spp. to
the acidic condition of the phagosome.

Several genes in the type IV secretion system that partici-
pate in bacterial adherence may decrease B. abortus virulence.
Type IV secretion systems export four types of substrates: (i)
DNA conjugation intermediates; (ii) the multisubunit pertussis
toxin; (iii) monomeric proteins, including primase, RecA, and
the Agrobacterium tumefacience VirE and VirF proteins; (iv)
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and Helicobacter pylori CagA protein (4). However, the sub-
strates of VirB secretion system of B. abortus remain unclear.
Unidentified substrates may be involved in internalization into
HelLa cells or macrophages.

Our earlier studies showed that bacteriza move from the site
of initial bacterial contact with the macrophages (22, 43). The
swimming of the bacteria lasts for several minutes, with gen-
eralized plasma membrane ruffling before enclosure in mac-
ropinosomes. In contrast, contact of the virB4 mutant with the
macrophages results in much smaller ruffling that is restricted
to the area near the bacteria. We did not observe the process
of internalization into macrophages in HeLa cells (unpub-
lished results). Therefore, signal transduction of internaliza-
tion may be different between macrophages and Hela cells.
The intracellular-growth-defective mutants in HelLa cells iso-
lated in the present study were also defective for intracellular
growth in macrophages. These results indicate that the viru-
lence-associated genes identified in the present study, includ-
ing virB genes, contribute to intracellular growth in both Hela
cells and macrophages. Presumably, a factor exists that acts on
only macrophages and that may be an effector molecule se-
creted by the VirB complex. This effector molecule should
have important roles in B. abortus virulence and needs to be
studied further.

ACKNOWLEDGMENTS

‘We thank Hyeng-il Cheun for critical reading of the manuscript and
Toru Tobe and Ichiro Tatsuno for valuable discussions.

This study was supported, in part, by a grant from The 21st Century
COE Program (A-1); the Ministry of Education, Culture, Sports, Sci-
ence, and Technology of Japan; and Scientific Research grants
12575029 and 13770129 from the Japan Society for the Promotion of
Science.

REFERENCES

. Arenas, G. N., A. 5. Staskevich, A, Aballay, and L. S. Mayorga. 2000.
Intracellular trafficking of Brucellz abortus it J774 macrophages. Tnfect.
Immun, 68:4255-4263.

. Cersini, A., A. M. Salvia, and M. L. Bernardini. 1998, Intracellular multi-
plication and virulence of Shigella flexneri awtotrophic mutants, Infect, Tm-
mut. 66:549-557,

3. Chen, J. W,, Y. Cha, K. U. Yuksel, R. W. Gracy, and J. T. August. 1988,
Isolation and sequencing of a ¢DNA clone encoding lysosomal membrane
glycoprotein mouse LAMP-1. J. Biol. Chem. 263:8754-8758.

4, Christie, P. J., and J. P. Vogel. 2000. Bacterial type IV secretion: conjugation
systems adapted to deliver effector molecufes to host cells. Trends Microbiol,
$:354-360.

5. Comerci, D. J., M. J. Martinez-Lorenzo, R. Sieira, J. P. Gorvel, and R, A,
Ugalde. 2001. Essential role of the VirB machinery in the maturation of the
Brucella abormus-containing vacuole, Cell, Microbicl. 3:159-168.

6. de Lorenzo, V., M. Herrero, U. Jacubzik, and K. N, Timmis. 1990. Mini-Tn5
transposon derivatives for insertion mutagenesis, promoter probing, and
chromosomal insertion of cloned DNA in gram-negative eubacteria. J. Bac-
teriol, 172:6568-6572.

7. de Lorenzo, V., and K. N. Timmis. 1994. Analysis and construction of stable
phenotypes in gram-negative bacteria with Tn35- and TnJ0-derived mini-
transposons. Methods Enzymol, 235:386—405,

8. Delrue, R. M., M. Martinez-Lorenzo, P, Lestrate, I, Danese, V. Bielarz, P,
Mertens, X. De Bolle, A. Tibor, J. P. Gorvel, and J. J. Letesson. 2001.
Identification of Brucella spp. genes involved in intracetlular traflicking. Cell,
Microbiol. 3:487-497.

9. Detilenx, P, G,, B. L. Deyoe, and N. F. Cheville. 1990, Entry and intraceltular
localization of Brucella spp. in Vero cells: fluorescence and electron micros-
copy. Vet, Pathol. 27:317-328,

10. Detileux, P. G., B. L. Deyoe, and N, F, Cheville. 1990. Penetration and
intracellular growth of Brucella abortus in non-phagocytic cells in vitro.
Infect, Immun. 58:2320-2328,

11. Dorn, B. R., W. A. Dunn, Jr.,, and A, Progulske-Fox. 2002. Bacterial inter-
actions with the autophagic pathway. Cell. Microbiol. 4:1-10.

12. Drazek, E. §,, H. H. Houng, R. M., Crawford, T. L. Hadfield, D. L. Hoover,

—

[ ]

— 159 —

13.

14,

15.

16.

17.

18.

20.

21

22

23.

24,

28.

29.

30.

31

32,

33

34

35.

36.

INFECT. TMMUN,

and R. L. Warren. 1995. Deletion of purE attennates Brucelle melitensis 16M
for grawth in human monocyte-derived macrophages. Infect, Immun. 63:
3297-3301.

Eksaza, E., L. Guillotean, J. Teyssier, J.-P. Liantard, and S, Kohter. 2000,
Functional analysis of the ClpATPase ClpA of Brucella suis, and persistence
of a knockout mutant in BALB/c mice. Microbiology 146:1605-1616.
Endley, S., D. McMurray, and T. A. Ficht. 2001. Interruption of the cydB
locus in Bricella abortus attenuates intracellular survival and viralence in the
mouse model of infection. J. Bacteriol. 183:2434-2462.

Eskra, L., A. Canavessi, M. Carey, and G. Sptitter. 2001. Brucella abortus
genes identified following constitutive growth and macrophage infection.
Infect. Immun. §9:7736-7742.

Finlay, B., and 8. Falkew. 1997. Common themes in microbial pathegenicity.
Microbiol. Mal. Biol. Rev. 61:136-169.

Foulongne, V., G. Bourg, C. Cazevieille, 5. Michaux-Charachon, and D.
0’Callaghan. 1999, Identification of Brucella suis genes affecting intracellu-
lar survival in an in vitro human macrophage infection model by signature-
tagged transposon mutagenesis. Infect, Immun, 68:1297-1303,

Hammer, B. K., and M. 8. Swanson. 1999. Coordination of Legionella preu-
mophila viralence with entry into stationary phase by ppGpp- Mol. Micro-
biol. 33:721-731.

. Hangfield, M., and R. C. Levesque. 1999, Strategies for isolation of in vivo

expressed genes from bacteria, FEMS Microbiol. Rev. 23:69-91.

Harris, B. Z.,, D. Kaiser, and M. Singer. 1998. The guanosine nucleotide
(p)ppGpp initiates development and A-factor production in Myxococcus
xanthus. Genes Dev, 12:1022-1035.

Harter, C., and L, Mellman. 1992. Transport of the lysosomal membrane
glycoprotein Igp120 (Igp-A) to lysosomes does not require appearance on
the plasma membrane. J. Cell Biol. 117:311-325.

Kim, S., M. Watarai, S.-I. Makino, and T. Shirahata, 2002. Membrane
sorting during swimming internatization of Brucella is required for phago-
some trafficking decisions. Microb, Pathog. 33:225-237.

Kohler, 8., E, Ekaza, J.-Y. Paquet, K. Walravens, J. Teyssier, J. Godfroid,
and J.-P. Lizautard. 2002. Induction of draK through its native heat shock
promoter is necessary for intramacrophagic replication of Brucella suis. Tn-
fect, Immun. 70:1631-1634.

Kokler, 8., V. Foulongne, S. Quahrani-Bettache, G. Bourg, J. Teyssier, M.
Ramuz, and J. P. Liautard. 2002. The analysis of the intramacrophagic
virulome of Brucella suis deciphers the environment encountered by the
pathogen inside the macrophage host cell. Proc. Natl. Acad. Sci. USA 99:
15371115716,

. Lewis, D. A, J. Klesney-Tait, S. R. Lumbley, C. K. Ward, J, L. Latimer, C. A.

Ison, and E. J. Hansen. 1999. Identification of the znud-encoded periplasmic
zinc transport protein of Haemophilus ducreyi. Infect. Immun. 67:506(0-5068.

. Lundberg, B, E,, R. E. Wolf, Jr., and M. C, Dinauer, Y. Xu, and F. C. Fang.

1999. Glucose 6-phosphate dehydrogenase is required for Salmonella vphi-
rurium virulence and resistance to reactive oxygen and nitrogen intermedi-
ates. Infect, Immun. 67:436-438.

Michaux-Charachon, S., G. Bourg, E. Jumas-Bilak, P, Guigue-Talet, A.
Allardet-Servent, D, O’Callaghan, and M. Ramuz. 1997, Genome structure
and phylogeny in the genus Brucella. J. Bacteriol. 179:2344-2349.

Nelson, D, E,, and K. D. Young. 2001. Contributions of PBP 5 and DD-
carboxypeptidase penicillin binding proteins to maintenance of cell shape in
Escherichia coli. J. Bacteriol, 183:3055-3064.

0’Callaghan, D., C, Cazevieille, A. Allardet-Sexvent, M. L. Boschiroli, G.
Bourg, V. Foulongne, P. Frutos, Y. Kulakov, and M. Ramuz. 1999. A homo-
togue of the Agrobacterium tumefaciens VitB and Bordetella pertussiy Ptl type
TV secretion systems is essential for intracetlular survival of Brucella suis.
Mol. Microbiol. 33:1210-1220.

Pizarro-Cerda, J., E. Moreno, and J. P. Gorvel. 1999, Brucella abonus inva-
sion and survival within professional and non-professional phagocytes, p.
201-232, In Advances in cell and molecular biology of membranes and
organelles, vol. 6. JAT Press, Inc,, New York, N.Y.

Pizarro-Cerda, J., E. Moreno, V, Sanguedolce, J. L. Mege, and J. P. Gorvel.
1998. Virulent Brucella abortus prevents lysosome fusion and is distributed
within autophagosome-like compartments. Infect. Immun. 66:2387-2392.
Pizarro-Cerda, J., S, Meresse, R. G. Parton, G. van der Goot, A. Sola-Landa,
I, Lopez-Guni, E. Moreno, and J. P, Grovel. 1998. Brucella abortus transits
through the autophagic pathway and replicates in the endoplasmic reticulum
of nonprofessional phagocytes. Infect. Immun. 66:5711-5724.

Parte, ., J. P. Liautard, and S. Kohler, 1999. Early acidification of phago-
somes containing Brucelln suis is essential for intracellular survival in murine
macrophages. Infect. Immun. 67:4041-4047.

Putntan, M., H. W. yan Veen, and W. N. Konings. 2000. Molecular properties
of bacterial multidrug transporters. Microbiol. Mol. Biol. Rev. 64:672-693.
Rolain, J., M. Maurin, and D, Ragult. 2000. Bactericidal effect of antibiotics
on Bartorellz and Brucella spp.: clinical implications. J. Antimicrob. Che-
mother. 46:811-814.

Rosinha, G, M. 8., D, A, Freitas, A. Miyoshi, V. Azevedo, E. Campos, S. L.
Cravero, 0. Rossetti, G. Splitter, and $. C, Oliveira. 2002. Identification and
characterization of a Brucelle eborius ATP-binding cassette transporter ho-



VoL. 71, 2003

37.

38.

39.

40.

41.

molog to Rhizobium meliloti ExsA and its role in virulence and protection in
mice. Infect. Immun. 70:5036-5044,

Sambreok, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Scorpio, A., and Y. Zhang, 1996. Mutation in prcA, a gene encoding pyrazi-
namidase/nicotinamidase, cause resistance to the antituberculosis drug pyr-
azinamide in tubercle bacillus. Nat. Med. 2:662-667.

Sieira, R., D, J. Comerci, D. O. Sanchez, and R. A. Ugalde. 2000. A homo-
logue of an operon required for DNA transfer in Agrobacterium tumefaciens
is required in Brucelia aborius for virulence and intracellular multiplication.
J. Bacteriol. 182:4849-4855,

Tatsuno, I, H. Kimura, A. Okutani, K. Kanamura, H. Abe, 5. Nagai, K.
Makino, H. Shinagawa, M. Yeshida, K. Sate, J. Nakamaoto, T. Tobe, and C.
Sasakawa. 2000, Isolation and characterization of Mini-TrRSKm2 insertion
mutants of enterohemorrhagic Escherichia coli O157:H7 deficient in adher-
ence to Caco-2 cells. Infect, Immun. 68:5943-5952,

Ugalde, R. A. 999, Intracellular lifestyle of Brucella spp. common genes with
other animal pathogens, plant pathogens, and endosymbionts. Microbes
Infect. 1:1211-1219.

Editor: D. L. Burns

— 160 —

MINI-TnSKm2 BRUCELLA ABORTUS INSERTION MUTANTS

42,

43,

45,
46.

47.

3027

Watarai, M., H. L. Andrews, and R. R, Isberg. 2001. Formation of a fibrous
structure on the surface of Legionella pneumophila associated with exposure
of DotH and DotQ proteins after intracellular growth. Mol. Microbiol,
39:313-329. :

Watarai, M., §.-I. Makino, Y, Fujii, K. Okamoto, and T. Shirabata. 2002,
Modulation of Brucella-induced macropinccytosis by lipid rafts mediates
intracellular replication. Cell. Microbiol. 4:341-356.

. Watarai, M., §.-I. Makino, and T. Shirahata. 2002. An essential virulence

protein of Brucella aborfus, VirB4, requires an intact nucteoside-triphos-
phate-binding domain. Microbiotogy 184:1439-1446.

Watarai, M., T. Tobe, M. Yoshikawa, and C. Sasakawa. 1995. Contact of
Shigella with host cells triggers retease of Ipa invasins and is an essential
function of invasiveness. EMBO J. 14:2461-2470.

Way, . 8., 8. Saltustio, R. S, Magliozzo, and M. B, Goldberg. 1999. Impact
of cither elevated or decreased tevels of cytochrome bd expression on Shi-
gella flexner virulence. 1. Bacteriol. 181:1229-1237.

Zhang, Y., A. Scorpio, H. Nikaido, and Z. Sun. 1999, Role of acid pH and
deficient efflux of pyrazinoic acid in unique susceptibility of Mycobacterium
tuberculosis to pyrazinamide. J. Bacteriol. 181:2044-2049.



Cellular Prion Protein Promotes Brucella Infection
into Macrophages

Masahisa Watarai,! Suk Kim,' Janchivdorj Erdenebaatar,!
Sou-ichi Makino,! Motohiro Horiuchi,>Toshikazu Shirahata,’
Suehiro Sakaguchi,? and Shigeru Katamine?

| Department of Applied Veterinary Scieuce aund 2Research Center for Protozoan Discases, Obihiro University of
Agricuitire and Veterinary Medicine, Hokkaido 080-8553, Japan

Diepartent of Molecular Microbiology and Innmunology, Nagasaki University Graduate Schoel of Bicmedical
Stciences, Nagasaki 852-8523, Japan

Abstract

The products of the Brucella abortus virB gene locus, which are highly similar to conjugative
DNA transfer system, enable the bacterium to replicate within macrophage vacuoles. The rep-
licative phagosome is thought to be established by the interaction of a substrate of the VirB
complex with macrophages, although the substrate and its host cellular target have not yet been
identified. We report here that Hsp60, a member of the GroEL family of chaperonins, of B.
abortus is capable of interacting directly or indirectly with cellular prion protein (PrP®) on host
cells. Aggregation of PrPC tail-like formation was observed during bacterial swimming inter-
nalization into macrophages and PrP€ was selectively incorporated into macropinosomes con-
taining B. abortus. Hsp6( reacted strongly with serum from human brucellosis patients and was
exposed on the bacterial surface via a VirB complex—associated process. Under in vitro and in
vivo conditions, Hsp60 of B. abortus bound to PrP<. Hsp60 of B. abortus, expressed on the sur-
face of Lactococcus lactis, promoted the aggregation of PrP but not PrPC tail formation on
macrophages. The PrP¢ deficiency prevented swimming internalization and intracellular rep-
lication of B. abortus, with the result that phagosomes bearing the bacteria were targeted into
the endocytic network. These results indicate that signal transduction induced by the interac-
tion between bacterial Hsp60 and PrPC on macrophages contributes to the establishment of
B. abortus infection.

Key words:  Hsp60 = type IV secretion * macropinocytosis * intracellular replication » brucellosis

Introduction

Bricella species are Gram-negative bacteria that cause bru-
cellosis with pathological manifestations of arthritis, en-
docarditis, and meningitis as well as undulant fever in hu-
mans and abortion and infertility in numerous domestic
and wild mammals (1). The bacterium 15 endemic in many
developing countries and is responsible for large economic
losses and chronic infections in humans (2}. Brucella species
are facultative intracellular pathogens that survive within a
variety of cells, including macrophages. The virulence of
these species and the establishment of chronic infection are
thought to be due essentially to their ability to aveid the
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killing mechantsms within macrophages (3). However, the
molecular mechanisms accounting for these properties are
not understood completely.

Recent studies with nonprofessional phagocyte Hela
cells have confirmed these observations, showing that
Brucella inhibits phagosome—tysosome fusion and transits
through an intracellular compartment that resembles au-
tophagosomes. Bacteria replicate in a different compart-
ment, containing protein markers nornully associated with
the endoplasmic reticulum, as shown by confocal micros-
copy and immunogold electron microscopy (4, 5):

Brucella internalizes into macrophages by swimming on
the cell surface with generalized membrane roffling for sev-
eral minutes, a process tenned “swimming internalization,”
after which the bactena are enclosed by macropinosomes
{6}. In this period, the phagosomal membrane continues to

5 J. Exp. Med. © The Rockefeller University Press » 0022-1007/2003/07/5/13 $8.00
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maintain a dynamic state. Lipid raft-associated molecules,
such as glycosylphosphatidylinositol (GPI)*-anchored pro-
teins, GM1 gangliosides, and cholesterol, have been shown
to be selectively incorporated into macropinosomes con-
taiming Briweella abortis. In contrast, late endosomal marker
lysomal-associated niembrane prowin (LAMP)-1 and host
cell transmembrane proteins are excluded from the macro-
pinosomes. The disruption of lipid rafts on macrophages
markedly inhibits the VirB-dependent macropinocytosis
and intracellular replication {6). These results indicated that
the entry route of B. aborfus into the macrophages deter-
mined the intracellular fate of the bacteria that was modu-
fated by lipid rafts (6, 7).

"The operon coding for export mechanisms specializing
in transferring a variety of multimolecular complexes across
the bacterial membrane to the extracellular space or into
other cells has been described (8). These complexes, named
type IV secretion systems, are also found in B. abortus (virB
genes; 9-11). This operon comprises 13 open reading
frames that share homology with other bacterial type 1V se-
cretion systems involved in the intracellular trafficking of
pathogens. Type IV secretion systems export three types of
substrates: (a) DNA conjugation intermediates, (b) the
multisubunit pertussis toxin, and {¢) monomeric proteins
including primase, RecA, the Agrobacterium tumefaciens
VitE2 and VirF proteins, and the Helicobactor pylori CagA
protein (8). However, the substrates of the VirB secretion
system of B. abortus and the target of the effector in host
cells remain undefined.

In this study, we investigated the effector protein se-
creted by the type IV secretion systems and its receptor on
the host plasma membrane. Our results implied that heat
shock protein Hsp60 of B. abowus had an effector-like
function, which was expressed on the bacterial surface by
the type IV secretion—associated manner. The cellular prion
protein (PrP<) was identified as a receptor for the Hsp60.
This recepror—ligand imteraction regulates the establishment
of B. abortus infection.

Materials and Methods

Reagents.  Gentandicin, protein A—Sepharose 4B beads, and
4’ 6-diamidino-2-phenylindole (DAPI) were obtained from
Sigma-Aldrich. Ni-NTA agarose beads were obtained from
QIAGEN. Alexa Fluor 594-streptavidin, Cascade blue goat anti-
rabbit IgG, and Texas Red goat anti—rat IgG were obtained from
Molecular Probes, Inc. Rhodamine goat anti-rabbit or mouse
1gG was obtained from ICN Pharmaceuticals. Anti—B. abortis
polyclonal rabbit serum, aerclysin, and anti- PrP® biotin-labeled

"mouse monoclonal antibody have been described (6, 12). Anti—
mouse CD48 rat monoclonal antibody MRC OX-78 was
obtained from Serotech. Anti—Escherichia coli GroEL mouse mono-
clonal antibody 9A1/2 was obtained from Calbiochem. Anti-

* Abbreviations used i this paper: DAPL, 4'6-diamidino-2-phenylindole;
GGPDH, glucose-6-phosphate debydrogenase; GPl, glycosylphosphati-
dylinositol; LAMP, iysomal-associated membrane protein; NPC1, Nie-
mann-Pick type C1 gene; PrP, prion protein; PrPU, cellular PrP: WASP,
Wiskott-Aldrich syndrome protein.
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Hsp6U rabbit polyclonal antibody was obtained from MBL Inter-
national Corporation. Anti-glucose-G-phosphate dehydrogenase
(G6PDH) goat polyclonal antibody was obtained from Cortex
Biochem. Bmuclla-infected human, cattle, and sheep sera have
been described (13). Ano-LAMP-1 rat monoclonal antibody
1D4B was obrained from the Developmental Studies Hybridoma
Bank of the Department of Pharmacology and Molecular Sci-
ences, Johns Hopkins University School of Medicine and the
Department of Biology, University of lowa.

Bacterial Strains and Media. Al B. abortus derivatives were
from 544 (ATCC23448), smooth virulent B. abortus biovar 1
strains. Bab598 (544 AvirB4), Ba600 (544 GFP™*), and Bat04
(AvirB4 GFP™*) have been described (6, 14). B. abortus strains
were maintained as frozen glycerol stocks and cultured on Bru-
cella broth {Becton Dickinson) or Brucella broth containing 1.5%
agar, Kanamycin was used at 40 pg/ml.

Constrnuction  of An In-Frame  Deletion Mutant  of virB2.
pMAW24 (ArirB2) was constructed by cloning two PCR. frag-
ments into Sall/Sacl-cleaved pSR47s (14). Fragment 1 was a
1,609-bp Sall-Bgl] fragment spanning a site located 1,609 nucle-
otides upstream of the 5' end of #irB2 to 6 nucleotides down-
stream from the 5' end and was amplified by PCR using primers
5 -GTCGACATGACAGGCATATTTCAACGC-3' (Sall site un-
derlined) and 5'-AGATCTTTTCATGATCTTTATTCCTAA-3
(BglIT site underlined; nucleotide positions § and 1,614 are avail-
able from GenBank/EMBL/DDBJ] under accession no.
AF226278, respectively; reference 10). Fragment 2 was a 1,600-bp
BamHI-Sacl fragment spanning the region starting 6 nucleotides
upstream of the 3’ end of virB2 to a position 1,594 nucleotides
downstream from the 3’ end and was amplified using primers 5'-
GGATCCAGGTAAAGGGACACAGATCAT-3' (BamHI site
underlined) and 5'-GAGCTCCATCCCGCTTGCCTGCGC-
GGA-3' (Sacl site underlined; nucleotide positions 1,921 and
3,526 are available from GenBank/EMBL/DDBJ under accession
no. AF226278, respectively; reference 10). pMAW24 (AvirB2)
was introduced into E. coli DH5a (Apir) and then the plasmid was
transferred into B. abortis 544 by electroporation (Gene Pulser;
Bio-Rad Laboratories). Isolation of in—frame deletion mutant by
the positive selection for sucrose resistance has been described
(14).

pMAW?25 (virB2*) was constructed by cloning a PCR. frag-
ment into Sall/BamHI-cleaved pBBR.IMCS-2 (15). The 707-bp
EcoRI-BamH! PCR fragment spanned a site located 369 nucle-
otides upstream of the 5’ end of »irB2 to a position 21 nucleotides
downstream from the 3’ end (10) and was amplified using
the primers 5'-GTCGACGTTATAGCGGCGGGCGGCGAC-3
(Sall site underlined) and 5'-GGATCCGTTGTCATGATCT-
GTGTCCCT-3' (BamHI site underlined).

Cell Culture.  Bone marrow—derived macrophages from fe-
male BALB/¢, C57BL/6, Ngsk, or Zrch PrPS-deficient mice
{16, 17), and PrPC transgenic Ngsk PrPC-deficient mice (18) were
prepared as previously described (6, 14). After culturing in L cell~
conditioned medium, the macrophages were replated for use by
hifting cells in PBS on ice for 5 to 10 min, harvesting cells by cen-
trifugation, and resuspending cells in RPMI 1640 containing 10%
fetal bovine serum. The macrophages were seeded (2-3 X 10°
per well) in 24-well dssue culture plates for all assays.

Immunefluorescence Microscopy.  Detection of intracellular bac-
teria, macropinosome fonmation, and fluorescence-labeled mole-
cules by fluorescence microscopy have been described (6). In
brief, B. abortus strains were grown to AGG0 = 3.2 in Brucella
broth and used to infect mouse bone marrow—derived macro-
phages for various lengths of tme at 2 multiplicity of infection of
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20. Infected cells were fixed in periodate-lysine-paraformalde-
hyde containing 5% sucrose for 1 h at 37°C. Samples were
washed three times in PBS and wells were successively incubated
three times for 5 min in blocking buffer (2% goat serum in PBS)
at room temperature. ‘

All antibody-probing steps were for 1 h at 37°C. Samples were
washed three times in PBS for 5 min and then permeabilized in
—20°C miethanol for 10 5. After incubating three times for 5 min
with blocking buffer, saniples were stained with each primary an-
tibody. After washing three times for 5 min in blocking buffer,
samples’ were stained sinmultaneously with each secondary ant-
body. Samples were placed in mounting medium and visualized
by fluorescence microscopy.

100 macrophages were examined per coverlip to deternine
the total number of intracellular bacteria, macropinosome forma-
tion, and total number of bacteria within macropinosomes (6).

Dretenination of Efficiency of Bacterial Uptake and Intracellular
Growsh by Cultured Macrophages.  To determine uptake of bacte-
ria, mouse bone marrow—derived macrophages were infected
with B. abostns. After (1, 5, 15, 25, and 35 min incubation at 37°C,
macrophages were washed once with medium and incubated
with 30 pg/n gentamicin for 30 min. Macrophages were then
washed three times with fresh medium and lysed with distilled
water. CFUs were determined by serial dilutions on Brucella
plates. Percentage protection was determined by dividing the
number of bacteria surviving the assay by the number of bacteria
in the infectious inoculum, as determined by viable counts.

To determine intracellular growth of bacteria, the infected
macrophages were then washed once with medium and incu-
bated with 30 pg/ml gentamicin. At different time peints, cells
were washed and lysed with distilled water and the number of
bacteria was counted on plates of a suitable dilution (6).

Ni-NTA Agarose Pull-Down and Immunoprecipitation Assay. A
fusion protein of Hsp60 tagged with six hisudine residues at the
NH, terminus was constructed using the QIAexpress systern with
pQE30 plasmid (QIAGEN). The fusion Hsp60 protein was puri-
fied by Ni-NTA chromatography.

Eor the pull-down assay, Ni-NTA agarose beads—bound
Hsp60 (20 pg/ml) were added to 1 ml macrophage lysate {~10°
cells) prepared with lysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM
EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF,
1% Triton X-100, 0.1% SDS, 4 pg/ml leupeptin, 1 mM PMSF;
reference 19), and the mixture was incubated at 37°C for 20 min.
Ni-NTA agarose beads—bound PrPC€ (20 pg/ml; reference 20)
were added to 1 ml purified Hsp60 solution (20 pg/ml}, and the
mixture was incubated at 37°C for 20 min.

For immunoprecipitation assay, 20 pg/ml Hsp60 added to 1
ml macrophage lysate was incubated at 37°C for 20 min. The
sample was then immunoprecipitated with the anti-PrP® antibody
and incubated at 4°C overnight. Protein A-Sepharose beads were
added to the sample and incubated at room temperature for 1 h.
Each protein or antibody (20 pg/ml) was added in reaction solu-
tion and incubated for 20 min before pull-down or inunmunopre-
cipitation for binding inhibition.

The precipitates were washed with PBS and analyzed by immu-
noblotting with either anti-Hsp60 or anti-PrP<, and silver staining
was performed using 2D-Silver Stain II (Daiichi Pure Chemicals).

Expuession of Hsp60 on Lactococcus Lactis,  pMAW30 (B. aborfus
Hsp60*) or pMAW31 (E. wli Hsp60™) was constructed by clon-
ing a PCR fragment into Kpnl/Sacl- or Sacl-cleaved pSECET,
which is a vector for the secretion of foreign protein to the cell
surface of L. lactis (21). The 1,640-bp Kpnl-Sacl or 1,647-bp Sacl
PCR fragment spanned the hisp60 gene of B. aborrus (22) ot E. coli

7 Watarai et al.

(23) and was amplified using the primers 5'-GGTACCATG-
GCTGCAAAAGACGTAAAA-3' (Kpnl site underlined) and
5'-GAGCTCTTAGAAGTCCATGCCGCCCAT-3" (Sacl site
underined), or 5'-GAGCTCATGGCAGCTAAAGACGTA-
AAA-3" (Sac site underlined) and 5'-GAGCTCTTACATCAT-
GCCGCCCATGCC- (Sacl site underdined). Transformation of
L. lactis IL1403 was performed according to the method of Holo
and Nes (24).

Hip60 Localization on Bacteria.  Bacteria were grown to AGI} =
3.2 in broth, collected by centrifugation, and fixed in 4%
paraformaldehyde. Expression of Hsp60 on the B. aboitus or L.
lactis surface was confirmed by immunofluorescence microscopy
with anti-Hsp60 monoclonal amibody (25). Immuncfluores-
cence staining of permeabilized bacteria was performed as previ-
ously described (25).

ELISA. The ability of PrP€ to bind to Hsp60 on L. lacris was
measured as follows. A 50-pl aliquot of ~108 L. lactis was placed
into 96-well immuno plates (Nunc) and incubated at room tem-
perature for 2 h. The sample was then removed and the wells
were washed twice with PBS-0.05% Tween 20. 50 pl macro-
phage lysate (200 pg/ml) were added and the plate was incubated
at 37°C for 1 h. The amount of bound PrP was determined by
ELISA with anti-PrP® antibody.

Time Lapse Video Microscopy. Bone marrow—derived mac-
rophages were plated in Lab-Tek Chambered coverglass {Nunc)
and incubated ovemnight in RPMI 1640 containing 10% FBS at
37°C in 5% C(O,. 2 X 10°/ml] bacteria were added to the cham-
ber and then the chamber was placed on a heated microscope
stage set to 37°C for observation using an Olympus IX70 in-
verted phase microscope with 100X UPlanApo lens fitted with
phase contrast optics. The bacteria were allowed to settle pas-
sively onto the macrophages and images were captured over a
30-min period. The images were captured every 15 s using a
cooled CCD camera (CoolSNAP; Roper Scientific) and pro-
cessed using Openlab software (Improvision) on a Power Macin-
tosh G4 computer.

Vindence In Mice. Virulence was determined by quantitating
the survival of the strains in the spleen after 10 d. Groups of five
mice were injected intraperitoneally with ~10% CFUs of brucel-
lae in 0.1 ml saline. At 10 d after infection, their spleens were re-
moved and homogenized in saline. Tissue homogenates were se-
rally diluted with PBS and plated on Brucella agar to count the
number of CFUs in each spleen.

Results

Tail Formation of PrP< with Swimming Internalization of B.
abortus. Our previous results showed that GPl-anchored
proteins were selectively incorporated into macropino-
somes containing B. abortus (Fig. 1; reference 6). To in-
vestigate further the membrane sorting process, the dis-
tribution of GPl-anchored proteins during swimming
internalization of B. abostus was analyzed. Aerolysin {rom
Acromonas lydrophila, which binds to the GPI moiety of
GPlI-anchored proteins on the cell surface (26), was used as
probe for the detection of GPl-anchored proteins. At 5
min after infection, aggregation of aerolysin-labeled GPI-
anchored proteins showing tail-like formation was colocal-
ized with swimming bacteria on the macrophage surface
(Fig. 1). In contrast, no aggregation of CD48, which is a
GPl-anchored protein, was observed at the same tme
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point {Fig. 1). Similar results were obtained for other GPI-
anchored proteins, such as CD55 {(unpublished data).
However, when one GPl-anchored protein, PrP%, was
tested, colocalization of aggregated PrPC tail and swimming
bacteria was observed (Fig. 2 A). Sometimes, several PrP¢
tails were observed from a single bacterium (Fig. 2 A). PrPC
was also incorporated into macropinosomes containing
wild-type strain, but not »irB4 mutant, after 15 min incu-
bation (Fig. 2 A).

To obtain the ratio of PrP® il formation, colocalization
of PrPC tail and internalized bacteria was quantitated mi-
croscopically at various times of incubation. »irB4 mutant
was rapidly internalized, with most bacteria internalized be-
fore further incubation, but the internalization of wild-type
strain was delayed (Fig. 2 B). Wild-type strain, but not
virB4 mutant, was present in macropinosomes transiently
(Fig. 2 C). The kinetics and degree of association of the
PrPC tail with internalized wild-type strain showed maxi-
mal association after 5 min incubation (Fig. 2 D). The
maximal association of PrP¢ with phagosomes containing
wild-type strain was observed after 15 min incubation (Fig,
2 E). In contrast, colocalization of PrP® with virB4 mutant
was much less pronounced {Fig. 2, D and E). These results
suggested that bacterial products secreted by the type IV
system might aggregate PrPC specifically and form tail
structures during swimming internalization of B. aborfus.

Stirface Exposure of Hsp60 on B. abertus.  To  investigate
bacterial factors associated with PrP© tail formation, immu-
nodominant proteins were examined by immunoblotting
with human brucellosis sera, which recognized a major
protein (60 kD) and two minor proteins (30~25 kD; Fig. 3
A). In a previous report (22), immunodominant Hsp60 re-
acted with sera from mice experimentally infected with B,
abortis. Therefore, the 60-kD protein was expecied to be
Hsp60. To confirm this, purified Hsp60 of B. abortus was
analyzed by immunoblotting with serz from human and
animal brucellosis. As expected, Hsp6( reacted with serum
from human, cattle, and sheep with naturally acquired bru-
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CD48 (red)
Bacteria (green}

Figure 1. Tail formation of GPl-anchored
proteins on the site of swimming internal-
ization. Bone marrow—derived macrophages
were incubated with B. abartns for 5 or 15
min, and GPl-anchored proteins were lo-
calized by immunofluorescence as described
in Materials and Methods. Merged images
of the GFP (green) and TRITC (red) chan-
nels up and down with phase contrast im-
ages of the same field are shown. Cells were
probed with aerolysin for GPl-anchored
proteins and with anei-CID48. White arrows
point to bacteria and blue arrow points to
tail-like aggregation of GPl-anchored pro-
teins.

cellosis (Fig. 3 B}. Mutant strains {AvirB2 and AvirB4} also
had immunoreactive Hsp60 (Fig. 3 A). To examine if
Hsp60 was secreted into the external medium, culture su-
pernatant of B. abortus was analyzed by immunoblotting,
Immunoreactive proteins were not detected in culture su-
pernatant {unpublished data). However, surface-exposed
Hsp60 on wild-type strain, but not virB2 and virB4 mu-
tants, was detected by immunofluorescence staining with
anti-Hsp60 antbody (Fig. 3 C). Because introduction of
complementing plasmid into each mutant restored surface
expression of Hsp60, the expression of Hsp60 on the bacte-
rial surface associates with the type IV secretion system
(Fig. 3 C).

To demonstrate that, as above, the presence of Hsp60 on
the bacterial surface did not result from wholesale relocal-
ization of cytoplasmic leakage, a control experiment was
performed. Surface exposure of G6PDH was determined
by immunofluorescence microscopy. Antibody against
G6PDH failed to react with bacterial cell surfaces, As it was
not certain that the control antibody was able to react with
bacteral ¢ells in the immunofluorescence experiment, the
antibody was used to probe bactetia in the presence or ab-
sence of permeabilization by hypotonic lysozyme treatment
(25). Antibody against GEPDH reacted with permeabilized
bacteria, but failed to react with bacterial cell surface (Fig. 3
D). Therefore, the surface exposure of Hsp60 is not caused
by cytoplasmie leakage.

Interaction of PrP“ with Hip60 of B. abortus.  Because Hsp60
expressed on the bacterial surface by the type IV secretion
system was most likely interacting with the target cell, we
tested Hsp60 for its ability to bind to PrPC on macro-
phages by pull-down assay with Hsp6() or PriP“ beads. Analy-
sis of the precipitated proteins by immunoblotting with
anti-PrPC or Hsp6é0 antibody showed that a 29-kD PrP¢
was associated with Hsp60, but not beads alone (Fig. 4, A
and B). To confirm this association, Hsp60 was added to
macrophage lysate and the proteins in the mixture were
then inumunroprecipitated with anti-PrPC antibody. The
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Figure 2. PrPC il formation at the
site of swimming intermnalization. (A)
Macrophages were incubated with B,
abortus for 5 or 15 min, and PrP® were
localized by immunofluorescence as de-
scribed in Materials and Methods.
Merged images of the GFP {green) and
TRITC (red) channels up and down
with phase contrast images of the same
field are shown. White arrows point to
bacteria and blue arrows point to tail-
like aggregation of PrPC, (B-E) Wild-
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precipitated proteins were analyzed by immunoblotting
with anti-Hsp60 antibody. The precipitates contained
Hsp60 (Fig. 4 B). Because the anti-Hsp60 antibody did not
recognize macrophages Hsp60, the antibody showed spe-
cific for bacterial Hsp60 (Fig. 4 B). This Hsp60 and PrP¢
association was inhibited by the addition of anti-Hsp60
polyclonal antibody, purified Hsp60, or PrP¢ (Fig. 4, A and
B). These results indicated that the interaction between
Hsp60 and PrPC would be specific. The precipitated pro-
teins were also analyzed by silver staining. The precipitates
contained two major bands (60 and 29 kD) and two weak
minor bands (74 and 27 kD; Fig. 4 C). These results sug-
gested that Hsp60 bound to PrP€ mostly, but there is possi-
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5

Incubation time {min)

and then incubated for the periods of
time indicated. Uptake {B), macropino~
some formation {C), PrPC tail formation
(D)., or PrP€ positive phagosomes (E)
was quantified as described in Materials
and Methods. % PrP€ tail formation or
% phagosomes PrPC positive refers to
the percentage of bacteria that showed-
costaining with the PrPC tail or PrP¢-
included phagosomes. 100 macrophages
(B and C) or 100 bacteria (D and E)
were examined per coverslip. Data are
the average of triplicate samples from
three identical experiments, and the error
bars represent the standard deviation.

8 wild-type
) virB4 mutant

15 25 35

bility that Hsp60 might interact indirectly with PrP¢ medi-
ated by other cellular components.

To further characterize Hsp60, distribution of Hsp60 in
B. abortus—infected macrophages was analyzed by immu-
nofluorescence microscopy. At 5 or 15 min after infection,
Hsp60 colocalized with only the bacterial surface and was
not detected in macrophage membrane or cytoplasm (Fig.
41, :

To investigate if Hsp60 exposed on bactenal surface
could aggregate PrPC on macrophages, macrophages were
infected with L. lactis expressing Hsp60 of B. abortus on its
surface (Fig. 5 B), and then PrP® was detected by immu-
nofluorescence microscopy. After 5 min incubation, PrP¢
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accumulated around internalized Hsp60* L. lactis but not
Hsp60~ L. lactis (Fig. 5 A). Quantitative data showed that
>70% of L. lactis expressing Hsp60 colocalized with PrPC
at all time points (Fig. 5 D). PrPC tail formation was not
observed with either Hsp60* or Hsp60~ L. lactis. L. lactis
was seeded on the wells of a microtiter plate, macrophage
lysate was added, and then binding activity was measured
by ELISA with anti-PrP€ antibody. The binding of PrP€to
Hsp60 on the L. lactis surface was detected but not with
Hsp60~ L. lactis (Fig. 5 C). L. lactis expressing Hsp60 of E.
coli also colocalized with PrPC at all time points, but the
percentage of colocalization was lower than Hsp60 of B.
abortus (Fig. 5, C-E). These results suggested that Hsp60
expressed on the bacterial surface promoted accumulation
of PrPE, but is not sufficient for PrP€ taj} formation.

Effect of PrP< Deficiency on B. abortus Infection. To inves-
tigate the role of PrP< on B. abortus infection, several phe-
notypes of B. abortus virulence were tested by using macro-
phages from Ngsk PrPC-deficient mice (16). Time lapse
videomicroscopy was used to follow the internalization of
B. abortus by macrophages from parent or Ngsk PrPC-defi-
cient C57BL/6 mice. After contact of macrophages with B,
abortus, bactenia showed swimming internalization in mac-
rophages from parent mice (Fig. 6 A). The swimming of
the bacteria on the macrophage surface lasted for several
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Figure 3. VirB complex—dependent sur-
face expression of immunodominant Hsp60.
Immuncblot anaiysis of whole cell lysates
with serum from human brucellosis (A} and
of purified Hsp60 with indicated serom (B}.
(C) Labeling of bacteria grown in vitro with
antibody specific for Hsp60. Fluorescence
microscopy of stained wild-type, wirB2, or
virB4 mutant, and complemented strain for
each mutant, with anti-Hsp6{} (top) or ant—B.
abartus (middle) and phase contrast micros-
copy of the cotresponding microscopic
fields (bottom) are shown. (D) Localization
of G6PDH on permeabilized B. aburtus by
immunofluorescence microscopy. Bacteria
were probed with anti-G6PDH (top) and
stained for DNA with DAPI {middle) in ei-
ther the absence (—lysozyme) or the pres-
ence (+Flysozyme) of lysoryme, and phase
contrast microscopy of the corresponding
microscopic fields (bottom) are shown.

lysozyme  +lysozyme

minutes with generalized plasma membrane ruffling before
eventual enclosure in macropinosomes (Fig. 6 A). Contact
of B. abortus with macrophages from Ngsk PrPC-deficient
mice, in contrast, resulted in much smaller ruffling that was
restricted to the area near the bacteria. The ruffles associ-
ated with internalization of bacteria resulted in a more
rapid uptake than observed for macrophages from patent
mice (Fig. 6 B). 5 min after deposition on the macrophages
from parent mice, B. abortus showed generalized actin poly-
merization around the site of bacterial binding, which
could be observed by either phalloidin staining or phase
contrast microscopy (Fig. 6 C). Macrophages from Ngsk
PrP¢-deficient mice showed primarily small regions of
phalloidin staining at sites of bacterial binding (Fig. 6 C).
The differences in rate of phagocytosis and macropino-
some formation for parent or Ngsk PrPC.deficient mice
were quantitated microscopically at various times of incu-
bation. The kinetics of bacterial internalization and macro-
pinosome formation in macrophages from parent C57BL/6
mice were almost identical to those observed for macro-
phages from BALB/c¢ mice (Figs. 2, B and C, and 7, A-C).
Internalization of wild-type B. abortus into macrophages
from Ngsk PrPC-deficient mice, in contrast, was much
quicker and macropinosome formation was hardly detect-
able (Fig. 7, D-F}). The internalized wild-type strain did
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5 min

15 min

not replicate in the macrophages from Ngsk PrPC-deficient
mice (Fig. 7 G). Macrophages from parent and Ngsk PrPC-
deficient nuce showed no significant difference in the in-
ternalization, macropinosome formation, and intracellular
replication of virB4 mutant (Fig. 7, A—F and H). In macro-
phages from Ngsk PrPC-deficient mice, wild-type strain
failed to block phagosome maturation as shown by colocal-
ization of phagosomes containing the bacteria and the late
endocytic marker, LAMP-1, at 35 min after infection (Fig.
8, A and C). In contrast, wild-type strain prevented phago-
some-lysosome fusion, and therefore phagosomes contain-
ing wild-type strain do not have LAMP-1 in macrophages
from parent mice (Fig. 8, A and B).

To deternune if this defect in intracellular rephication of
B. abortus correlates with an inability 1o establish infection
in the host, we experimentally infected parent or PrP“-
deficient mice with B abortus. Many bacteria were recovered
from the spleen of BALB/c and C57BL/6 mice infected
with wild-type strain at 10 d after infection, but few bacte-
na were recovered from PrP%deficient mice, based on the
number of CFUs in each spleen (Fig. 7 I). As previously re-
ported {14), fewer bacteria were recovered from the spleen

11 Watarai et al.

Biot: aHspb0

Figure 4. Binding of Hsp60 to PrPC. (A)
Demonstration of affinity of Hsp6¢ for PrP¢ by
pull-down assay with Hsp60-ccated beads.
Control was assessed with beads only, the addi-
tion of anti-Hsp60 antibody, or purified Hsp60,
Precipitates were analyzed by immunoblotting
with anti-PrP¢ antibody. (B) Cell lysate or im-
munoprecipitates with anti-PrP© antibody and
affinity of PtPC for Hspé0 by pull-down assay
with PrP%—coated beads was analyzed by inunu-
noblotting with anti-Hsp6) antibedy. Control
was assessed with beads only, or the addition of
purified PrP<, (C) Silver staining of precipitates
by pull-down assay. Samples were purified with
Hsp6Q {control) and precipitates of pull-down
with Hsp60-coated beads (PD). (D) Labeling of
internalized bacteria in macrophages with anti-
body specific for Hsp60, Macrophages were in-
cubated with B. abortus for 5 or 15 min, and
Hsp60 were localized by immunoflucrescence
as described in Materials and Methods. Fluores-
cence microscopy of stained GFP-expressed
wild-type strain with anti-Hsp60 and phase con~
trast microscopy of the comesponding micro-
scopic fields are shown. Arrows point to bacteria.

of three mice strains infected with virB4 mutant {Fig. 7 I).
These results suggested that replicative phagosome forma-
tion and proliferation in mice of B. abortus required the up-
take pathway associated with PrPC.

“Several of the phenotypes ascribed to Ngsk PrPC-defi-
cient mice are most likely caused by up-regulation of prion
protein (PrP)-like protein doppel rather than by ablation of
PrPC {27). To investigate the involvement of doppel ex-
pression on B. abortus infection, Zrch PrPC-deficient mice
(17), with no up-regulation of doppel, were used for infec~
tiont assay. The results showed that phenotypes of Zrch
PrPC-deficient mice were almost the same as Ngsk PrP¢-
deficient mice on B. abortus infection (Fig. 7 G). In addi-
tion, PrPC transgenic Ngsk PrPC¢-deficient mice were
successfully rescued from the inhibition of bacterial intra-
celtular growth (Fig. 7 G). Therefore, doppel expression
was not involved in B. abortus infection.

Discussion

In this study, we have shown that Hsp60 of B. abertus,
secreted on the bacterial surface by the type 1V secretion
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Figure 5. Aggregation of PrP® by Hsp6l
expressed on the surface of L. factis. Macro-
phages were incubated with surface Hsp60+
{top) or Hsp60~ (bottom) L. lactis for 5§ min,
and PrPC was localized by immunofluores-
cence as described in Materials and Meth-
ods. Phase concrast microscopy of the corre-
sponding microscopic fields are shown.
Bacteria (shown by arrows) were stained
with DAPL, (B) Labeling of L. lactis grown
in vitro, with antibody specific for Hsp60.
Fluorescence microscopy of stained swiface
Hsp60* or Hsp60~ L. lartis with anti-Hsp60
{top) or DAPI (middle) and phase contrast
microscopy of the corresponding micro-
scopic fields (bottom) are shown. {C) PrP¢-
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system—associated manner, interacted directly or indirecty
with PrPC, and that the interaction contributed to establish
B. abortus infection. The cellular function of PrPC is un-
clear. Our results in this study provide a novel aspect of
PrP¢ function as a receptor for an intracellular pathogen.
Hsp60s, a member of the GroEL family of chaperonins in
E. coli, 15 widely distributed and conserved between
prokaryotes and mammals (28). Hsp60 proteins have been
recognized as immunodominant antigens of many micro-
bial pathogens, including B. abortus (22, 29). Hsp6ls are

I8 . /actis Ec Hsp60+
O L. Iactis Hsp60-

binding activity. Measurement of PrPC-
binding activity was performed by ELISA
(refer to Materials and Methods). (D and E)
Macrophages were incubated with surface
Hsp60* (solid bars) or Hsp60~ {open bars) L.
lactis for the indicated time, and association
of PtP© was determined by immunofluores-
cence microscopy. Hsp60 of B. aborts {D)
or E. goli (E) is expressing on L. facris surface.
% PrPC positive refers to percentage of bac-
teria that showed costaining with PrPC. 100
bacteria were examined per coverstip. Data
are the average of wiplicate samples from
three identical experiments, and the error
bars represent the standard deviation.

§ .15 25 35
Incubation time {min}

believed to reside in the cytoplasm (30). However, surface-
exposed Hsp60 has been reported in Legionella prneuwmophila
and shown to be involved in pathogenicity (31). Presum-
ably, Hsp60 of L. preumophila binds to unknown receptors
on nonprofessional phagocyte Hela cells, inidating actin
polymerization and endocytosis of the bacterivm into an
early endosome (32). But the role of surface-exposed
Hsp60 in professional phagocytes, such as macrophages, is
still unclear. As L. pnewmophila has a type IV secretion sys-
tem, surface expression of Hsp60 of L. prenmophila might

12 PrPC Promotes Brucella Infection
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be a similar mechanism to that of B. abertus. Effector pro-
teins secreted by the type IV system of B. abortus have not
been identified and this study is the first report describing a
candidate effector-like protein secreted by the type IV sys-
tem of B. abortus. Hsp60 are major anfigens that elicit
strong antibody responses in many bacteria (29). This in-
cludes bacteria that lack the type IV secretion system.
Therefore, there is a possibility that Hsp60 might release by
another secretion system and bind a denatured part of an
effector protein of the type IV secretion system that might
carry the Hsp60 to the bacterial surface.

It has been reported that PrPC interacts with Hsp60 by
using a Saccharomyces cerevisiae two-hybrid screening system
{33). The PrP is the causative agent of neurodegenerative
diseases such as Creutzfeld-Jakob disease in humans, bo-
vine spongiform encephalopathy, and scrapie in sheep (34).
The pathological, infectious form, PrP, is a B sheet aggre-
gate, whereas the normal cellular isoform, PrPC, consists of
2 largely o helical, autonomously folded COOH-terminal
domain and an NH,-terminal segment that is unstructured
in solution (35). Conformational conversion of PrP¢ into
PrP5 has been suggested to involve a chaperone-like fac-
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Figure 6. PrP“-regulated swimming inter-
nalization of B. abortus. (A and B) Selected time
lapse videomicroscopic images of wild-type B.
abortis- entry into macrophages from normal (A)
or PrPC-deficient C57BL/6 mice (B). Elapsed
time in minutes is indicated at the bottom of
each frame. Arrows point to bacteria. {C) Gen-
eralized actin polymerization after contact of
macrophages with B. abortns, Bacteria were de-
posited onto macrophages from normal (top) or
PrPC-deficient mice (botom) and then incu-
bated for 5 min, fixed, and stained for actin fila-
ments. Phase contrast microscopy of the corre~
sponding microscopic fields zare shown. Arrows
point to bacteria.

tor. GroEL of E. ¢oli can catalyze the aggregation of chem-
ically denatured and of folded, recombinant PrP in a
mode] reaction in vitro (36). Based on a previous report, it
was thought that surface-exposed Hsp60 of B. abortus
could bind to PrPC€and catalyze the aggregation of PyP€on
macrophages. Consistent with this hypothesis, Hsp60 ex-
pressed on L. lactis could catalyze the aggregation of PrP©
on macrophages. However, PrP¢ tail formation was not
observed in macrophages infected with Hsp60™ L. lactis.
Hsp60 is not sufficient for PrP< tail formation. In addition,
swinuning internalization and macropinoseme formation
were not observed in macrophages infected with Hsp60*
L. lactis. PrPC tail formation was required for bacterial
swimming on macrophages and another bacterial factor,
secreted by the type IV system, appears to be required for
PrPC tail formation.

B. abortus internalizes into macrophages by swimming on
the cell surface for several minutes, with membrane sorting
occurring during this period (6, 37). PrP< tail formation is
involved in the signaling pathway for swimming mnternal-
ization because the PrPC tail colocalized with Grb2 (un-
published data). Recently, evidence that PyPC interacts
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® . 0 and E} were. quantified as described
e s 15 25 35 T o 8§ 15 25 35 T 8§ 15 25 g5 in Materials and Methods, (A, B, D,
incubation time {min) Incubation time {min} incubation time (min) and E) 100 macrophages were ex-
- o amined per coverslip. (C and F) Up-
20077 . take efficiency by macrophages was
- D § E - F determined by protection of inter-
= 50 g 807 g8 nalized bacteria from gentamicin
2 £ g killing. Data are the average of tripli-
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5 £ 404 5 4 sent the standard deviation. {G and
E; ” £ g H) Ineracellular replication of B.
& g 20+ 2 2 abortus. Macrophages from BALB/c,
: C57BL/6, Ngsk, or Zrch PrPc-defi-
e A "’W S I " cient mice, or PP transgenic Ngsk
Incubation time {min} Incubation time (min) Incubation time {min) PrIPC-de.ﬁ cient mice were infected
with wild-type B. abortus (G), or
107 107 Compelitive Index | virB4 mutant {virB4—) and comple-
G H l .00001_| 0.000003 | 0.646 mented strain (virB4+). (H). Data
1057 106+] *1 ° : points and error bars represent the
oo 105 T‘L e ¢ mean CFUs of triplicate samples
2 2 §9 2 %° : from a typical expetiment (per_—-
Q0] © jo 2 5 formed at least four times) and their
s s : 5, ; standard deviation, respectively. (I)
1037 ir'-:’u‘: 1% e £5TBUE:virB4- ° o i Proliferation in mice. The CFUs of
| —a—preenigex o Fw-gﬁ::;ﬁrr;_ & 3 s% : each strain were enumerated in the
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- qgr i . 1oL . “ ; at 10 d after infection. For each
2 24 a3 2 24 48 BALB/c  ©57BLAS PrPeNgsk mouse, the results are indicated by
Incubation time (h} : incubation time () one open circle (log CFU of the

wild-type) and one solid circle (fog

CFU of the virB4 mutant). The means of the data are indicated by horizontal lines. The competitive index was calculated by dividing the mean ratio of
mutant CFUs to the wild-type CFUs recovered from spleens by the ratio of the mutant CFUs to the wild-type CFUs in the inoculun.

with Grb2 was provided by the two-hybrid screening sys-
tem (38). Grb2 is an adaptor protein involved in intracellu-
lar signaling from extracellular or transmembrane receptors
to intracellular signaling molecules (39). The structure of
Grb2 consists of a central SH2 domain flanked by two SH3
domains. The SHZ domain is responsible for interaction
with tyrosine kinase, whereas the SH3 domains can bind to
proline-rich motifs (40). Grb2 interacts through its SH3
domains with Wiskott-Aldrich syndrome protein (WASP),
which plays a role in regulation of the actin cytoskeleton
(41). WASP is a 64-kD protein expressed exclusively in
hematopoietic cells (42), The carboxyl terminal portion of
WASP contains regions that show homology to several ac-
tin-binding proteins, such as verprolin and cofilin, which
may allow binding of WASP to filamentous actin (43). In
regard to imternalization of B. abertus, surface-exposed
Hsp60 of B. abortus promotes aggregation of PrPt, and
PrP® tail formation is induced by unidentified factor(s) se-
creted by the type IV system. The interaction of PrP® il
with Grb2 will initiate cytoskeletal rearrangement and in-
duce generalized membrane ruffling. Bacteria may obtain
driving force for swimming internalization from membrane

14

ruffling, like riding the wave of membrane until enclosed
in macropinosomes. Consistent with this hypothesis, Grb2,
which had interacted with PrP€ tail, was excluded in mac-
ropinosomes containing B. abortus (unpublished data). Pre-
sumably, the sigial mediated by Grb2 is not required for
replicative phagosome formation after macropinosome for-
mation. Instead, 2 signal mediated by lipid rafts is needed
for replicative phagosome formation (6).

The function of the B. aborfus virB locus is essential for
itracellular survival, both in cultured cells and in the
mouse ntodel (10, 11, 44—46). Our results of virulence for
mice confirmed these previous works. The role of mouse
macrophages in mediating resistance or susceptibility
among mouse strains to some intracellular pathogens has
been shown by studies of the Ity/Lsh/ Beg resistance model.
Resistance to Salmonella enterica serovar Typhimuriuni,
Leishmania donovani, and mycobacterial species is regulated
by polymorphism of the Nramp! gene that controls mac-
rophage function (47). Bovine Nrampl is a major candi-
date for controlling the in vivo—resistant phenotype against
B. abertus infection (48). Our previous study indicated that
Niemann-Pick type C1 gene {INPC1) regulated the inter-

PePC Promotes Bricella Infection
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nalization and intracellular replication of B. aborfus and also
contributed to bacterial proliferation in mice (49). Macro-
phages from NPCl-deficient mice did not support inter-
nalization and intracellular replication of B. abortis (49). In
this study, inhibition of internalization was not observed in
macrophages from PrPt-deficient mice. In NPCl-deficient
mice macrophages, lipid raft-associated molecules, such as
cholesterol, GM1 ganglioside, and GPl-anchored proteins,
accumulated only in intracellular vesicles (49}, In contrast,
these molecules were present in both plasma membrane
and intracellular vesicles of macrophages from PrPC-defi-
cient mice as well as macrophages from parent mice (un-
published data). Therefore, lipid raft-associated molecules
on the plasma membrane are essential for the internaliza-
tion of B. abertus, and PrP¢ promotes the bacterial swim-
ming internalization.

Lipid rafts are involved in infection by several intracellu-
lar pathogens. For example, macropinosomes containing L.
pneumophila included lipid raft-associated molecules (50).
GPl-anchored proteins were present in Toxoplasma gondii
and Plasmodium falciparim vacuoles (51, 52). The intracellu-
lar parasite L. donovani can actively inhibit the acquisition

15 Wataral et al.

Incubation time (min)

cient mice, assessed by immunofluores-
cence microscopy. (A) Macrophages from
C57BL/6 or PrPC-deficient C57BL/6 mice
were infected with wild-type or #irB4 mu-
tant B. abortus for 35 min. (B and C) Wild-
type (solid bars) or vrB4 mutant (open bars)
were deposited onto macrophages from
normal (B} or PrP¢-deficient mice {C), and
then incubated for the periods of time indi-
cated and probing with LAMP-1 was per-
formed. % Phagosomes positive rtefers to
percentage of intemnalized bactera that
showed costaining with LAMP-1, based on
observation of 100 bacteria per coverslip.
Data are the average of triplicate samples
from three identical experiments, and error
bars represent the standard deviation. ND,
not detectable.

15 25 35

of flotillin~1—enriched lipid rafts by phagosomes and the
maturation of these organelles (53). Lipid platforms have
been implicated in the budding of HIV and influenza virus
(54, 55). The compartmentalization of Ebola and Marburg
viral proteins within lipid rafts during viral assembly and
budding has also been shown (56). In addition, PrP was at-
tached to membranes by a GPI-anchor that associated with
lipid rafts, and a recent study showed that conversion of
raft-associated PrPC to the protease-resistant state required
insertion of PrP% into contigunous membrane (57). Thus,
lipid rafts, including PrPC, may have an important role as a
gateway for the intracellular trafficking of pathogens (58).
Cutrent treatment of acute brucellosis requires com-
bined regimen of antibiotics and is conditioned by the fact
that brucellae are facultative intracellular pathogen. Thus, it
is important to treat patients with drugs that penetrate mac-
rophages. This fact seems to be responsible for the long du-
ration of the disease and the high incidence of relapses. To
this end, the study of the immunogenicities of antigens and
their use in combination with new systems is very impor-
tant for the development of better vaccines or antimicrobial
agents. New strategies are also necessary to prevent brucel-
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~ losis while avoiding the disadvantages of the currently used
live vaccines for animais. The study of host—pathogen mo-
lecular interactions raises the possibility of novel vaccines or
antimicrobial agents. The results of our study thus provide

a potential new target for prevention of infection by intra-

cellular pathogens.
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ABSTRACT

H.I. CHEUN, B.-l. MAKINO, M. WATARAI, J. ERDENEBAATAR, K. KAWAMOCTO AND 1. UCHIDA. 2003.

Aims: To detect Bacillus anthracis DINA from soil using rapid and simple procedures.

Methods and Results: Various amounts of B. anthracis Pasteur II spores were added artificiallv to 1 ¢
which was then washed with ethanol and sterile water. Enrichment of the samples in trypticase soy broth was
performed twice. A DNA template was prepared from the second enrichment culture using a FastPrep instrument.
The template was then used for nested and real-time polymerase chain reaction (PCR) with B. anthracis-specific
primers, to confirm the presence of B. anthracis chromosomal DNA and the pX01/pXO2 plasmids.
Conclusions: One cell of B. anthracisin 1 g of soil could be detected by nested and real-time PCR. The uscfu]neqs
of the PCR method using field samples was also confirmed.

Significance and Impact of the Study: The results indicate that this could be a useful method for detecting
anthrax-spore contaminated soil with high sensitivity. Its appllcat:on could have great impact on the progress of

of soil,

epidemiological surveillance.

Keywords: Baciflus anthracis, detection, nested PCR, real-time PCR, soil.

INTRODUCTION

Soil contains many kinds of micro-organisms, most of which
are not pathogenic to humans. However, although they may
be rare or artificially induced, pathogenic microbes some-
times exist in the soil that can cause respiratory or oral
infections by becoming airborne as small particles like
aeyosols, spores, or micro-organism-binding dust. Microbes
can float in the air for several hours if they exist as dried and
powdered particles with 2 diameter of about 1-3 ym.
Therefore, the spore-forming condition of Bacillus anthrasis
is the most suitable for producing inhalational airborne
anthrax, meaning that B. anthrecis needs to be subjected to
continuous epidemiological surveys of the environment
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Obikere University of Agrienlture and Veterinary Medicine, Inada-cho, Obihirn.
Hokbaido 050-8553, Japan fe-mail: smakino(@ohihiro.ac jp).

& 2003 The Society for Applied Microhiology

because it ¢can survive in the soil for a long period of time
in its spore form.

As anthrax is one of the most acute septicernia bacterial
infections diseases, anthrax spores have been considered the
most effective candidate for biological weaponry for over
80 years and were actually used in 2001 (Jernigan ef af.
2001). However, it is difficult to detect B. anthracis in the
soil because soil includes materials that inhibit or interfere
with the polymerase chain reaction (PCR), such as heavy
metals, humic acid and other spore-forming bacteria (Tebbe
and Vahjen 1993).

In this paper, we focused on the rapid preparation of a
DNA template suitable for PCR from soil samples and
detection methods for B. anthracis spores in the soil by two
PCR techniques, nested and real-time PCR, using B.
anthracis-specific primers for the peg (Price ot al. 1949),
capA (Makino et al. 1989), and sep (Etienne-Toumelin ¢t o/,
1995) genes.
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MATERIALS AND METHODS
Spore preparation

Anthrax spores were prepared from B. anthracis Pasteur 11
(Uchida ¢z al. 1985} by the method of Uchida et al. (1985).
Bacillus anthracis Pasteur II by Japanese researchers was
“attenuated for virulence, but still contained both the toxin
and capsule plasmids and therefore differs from ATCC
4229 that was designated as a Pasteur vaccine strain,
because the latter contains only pXO2. These spores were
washed three times with sterile double distilled water
(DDW); the suspension was then heated to 65°C for
30 min to kill the vegetative cells. The spore suspension
was serially diluted in DDW and pleated on trypticase soy
agar (TSA; Becton Dickinson, Sparks, MD, USA)} w
estimate the numbers of spores,

DNA preparation from soil

The commercial soils used in this study were bought at a
gardening shop, and were around pH 77 and 31%
moisture content, and contained 3% peat. One gram of
soil was artificially contaminated with 0, 1, 10, 10°, or 10°
spores, suspended in 20 m] of 70% ethanol, incubated for
10 min at room temperature with gentle shaking, and
spun at 4400 X g for 20 min at room temperature, This
washing step was repeated twice. The resulting precipitant
was then washed twice with 20 ml of DDW and
resuspended in 20 ml of trypticase soy broth (TSB;
Becton Dickinson). After 12 h of incubaton at 37°C with
genile shaking, 100 gl of the culture was incubated in
10 ml of fresh TBS for 4 h at 37°C with shaking to
inhibit spure formation. One millilitre of the second
culture was spun at 20 000 X g for 5 min, followed by
two washes with DDW and resuspension in -5 ml of
DDW. Finally, a DNA template for PCR was prepared

from the suspension using the FastPrep’™ FPI120 inste-
ument (Funakeshi Co. Ltd, Tokyo, Japan) according to the
manufacturer’s instructions, as previously described (Cheun
et al, 2001). If necessary, a FastDNA SPIN Kit for Soil
{Funakosi) was used to isolate DNA directly from soil.
PCR

Qligonucleotide primers for the pag and rap.d genes were
used to confirm the presence of plasmids pXO! (Mikessel
et @l 1983) and pXO2Z (Uchida et af. 1993), respectively,
and for the sap gene on the chromosome (Table 1). These
primers were previously confirmed to be specific for
B, anthracis (Cheun ¢t al. 2001). Nested PCR was performed
in a 25 gl reaction mixture using a model 9600 thermal
cycler (Applied Biosystems Japan Ltd, Tokyo, Japan). The
following PCR cycle was used: 1 x95°C for 2 min;
35 X (95°C for 15 5 followed by 60°C for 15s and 72°C
for 30 s}, 1 x 72°C for 5 min; cool to 4°C. Real-time PCR
was performed using a Light Cycler (Roche Diagnostic Co.
Lid, Tokyo Japan) according to the supplier’s instructions
using Light Cycler ™ FastStart DNA Master SYBR Green.
The following PCR cycles were used: T x 95°C for 19 min;
40 x (95°C for 10 s followed by 64°C for 10 s and 72°C for
20 s} {(Makino et af. 2001).

To confirm the usefulness of the PCR method, nine field
soil samples were randomly collected from nine different
sites at Arkhangai, Khubsgul and Ulaunbator in Mongolia, a
country where anthrax js known to reside in the soil, in July
20601. The soil samples were raked up on the surface. DNA
templates were prepared from the samples at the Institute of
Veterinary Medicine in Ulaanbaatar as described above.
Also 0-1 ml of the second culture was spread on the PLET
medium, which is reported to be selective for B. anthracis
(Knisely 1966). PLET medium was prepared by using Heart
Infusion agar base (Becton Dickinson) containing 03 g L™

Target
PCR Primer  Sequence {5'-3"} gene

Table 1 Oligonucleoride primers used in

Amplified  Accession this study

size no,

First SL-U1 CGCGTTTCTATGGCATCTCTTCT  sap
SL-DI TTCTGAAGCTGGCGTTACAAAT

Second SL-U2 CGGRACAGAAGCAGCAAAA
SL-D? GCTGTTGGCTCATCAGCTA

First PAS GAGGTAGAAGGATATACGGT bag
PAS TCCTAACACTAACGAAGTCG

Second PA7 ATCACCAGAGGCAAGACACCC
PAs = ACCAATATCAAAGAACGACGC

First MOl  GACGGATTATGGTGCTAAG . cap
MO12  GCACTGGCAACTGGTTTTG

Second BAS7? GCTGATCTTGACTATGTGGGTG
BA5S#6  GGCTTCCTGTCTAGGACTCGG

039bp  Z36946
327 bp

597 bp  AF306782
211 bp

M1bp  M24150

288 bp
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