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By using genetic complementation tests with various in vitro-constructed mutants with mutations in the cap
region (which is essential for encapsulation in Bacillus anthracis), we identified three cistrons, capB, capC, and
capA, in this order of arrangement. Minicell analysis revealed that these cistrons produce proteins of 44, 16,
and 46 kilodaltons, respectively. The complete nucleotide sequence of 3,244 base pairs covering the whole cap
region was determined and revealed the existence of the three open reading frames of capB (397 amino acid
residues; molecular weight, 44,872), capC (149 amino acid residues; molecular weight, 16,522), and capA (411
amino acid residues; molecular weight, 46,420) arranged in the order predicted by complementation tests.
These three cistrons were all transcribed in the same direction from promoters unique to each cistron. Judging
from the predicted amino acid sequence of the three proteins and from their localization and their sensitivity
to various physicochemical treatments, they appeared to be membrane-associated enzymes mediating the
polymerization of p-glutamic acid via the membrane. Capsular peptides immunologically identical to that of B.
anthracis were found in B. subtilis, B. megaterium, and B. licheniformis, but no sequence homologous to the cap
region was found in any of these bacilli other than B. anthracis. Using strains of B. anthracis with or without
insertional inactivation of the cap region, we found that the capsule of B. anthracis conferred strong resistance

to phagocytosis upon the bacterial host.

Bacillus anthracis is the causative agent of anthrax. This is
primarily a disease of domestic and wild animals, but in
humans exposed to diseased animals the infection manifests
as a skin infection or rarely a pulmonary infection or
septicemia. Two major virulence factors of B. anthracis, a
capsule and a tripartite toxin consisting of protective anti-
gen, edema factor, and lethal factor, are known (2, 36, 37,
43). The former is encoded by the 60-megadalton (MDa)
plasmid (9, 46), and the latter is encoded by the 110-MDa
plasmid (27).

The role of the capsule as a virulence factor has been
investigated rather extensively for some bacterial species;
these systems include the K1 antigen of Escherichia coli (6),
the capsule of Neisseria meningtidis (21), and the capsule of
Franciscella tulafensis (30). In these bacteria the capsule
confers serum resistance or resistance to phagocytosis. A
similar biological role of the capsule is generally assumed in
B. anthracis, but no reliable evidence has yet been reported.
The capsule of B. anthracis is unique in that it is composed
of a homopolypeptide of p-glutamic acid (11). Other bacilli,
such as B. subtilis (4), B. megaterium (10), B. licheniformis
(44), Sporosarcina halophilia (18), and Planococcus halo-
philus (18), also have a capsule consisting of a homopoly-
peptide of D- or L-glutamic acid. The immunological and
genetic relatedness among these polyglutamate capsules has
not been determined. D-Glutamyl transpeptidase in B. sub-
tilis (natto) (12) and membrane-associated glutamylpolypep-
tide synthetase in B. licheniformis (44) have been reported to
play a part in the synthesis of these polyglutamate capsules.
However, thus far, nothing is known about the synthetic
pathway of capsule formation in B. anthracis.

We have made a restriction enzyme cleavage map of
pTE702, a 60-MDa plasmid essential for the encapsulation in
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B. anthracis (45), cloned the genetic determinants required
for encapsulation (cap region) in E. coli, and transformed the
cloned cap region back into B. anthracis cured of the 110-
and 60-MDa plasmids to examine the expression in the
original host bacteria (23, 24). B. anthracis and E. coli but
not B. subtilis were found to express an immunologically
identical capsular peptide on the bacterial surface upon
introduction of the cloned cap region.

In the present study the cap region was further character-
ized by cistron analysis, nucleotide sequence determination,
minicell product analysis, promoter search, and localization
of the products under various experimental conditions.
These studies have identified three cistrons, capB, capC,
and capA, in this order of arrangement and with a promoter
unique to each cistron. Although the capsules of B. anthracis
and other bacilli were found to be immunologically identical,
no genetic homology with the cap region was detected in
bacilli other than B. anthracis.

MATERIALS AND METHODS

Bacterial strains and vector plasmids used. Bacterial strains
and representative plasmids are listed in Table 1. pCAP1,
pCAP2, and pTPCAP1 were used as parental plasmids
containing the intact cap region (24).

Construction of plasmids. Deletions 5-5, 5-6, 5-9, 5-3, and
5-10 were constructed by BAL31 treatment of Bg/II-digested
pCAP2 and Sall linker insertion. Deletions 2-3, 2-22, 2-46,
and 2-33 were constructed by BAL31 treatment of Sall-
digested pCAP1 and Bg/II linker insertion. A Bg/II fragment
of deletion 2-22 was inserted in the BamHI site of
pMYSH6003 to obtain pTPCAP1.

To construct the pCAP and pTPCAP series of plasmid
mutants, we used the following three methods: (i) filling in of
HindIIl, Xbal, BamHI, and BstEII sites with the Klenow
fragment; (ii) insertion of a Bgl/II linker into each of the
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TABLE 1. Bacterial strains and representative plasmids used

Strain or plasmid

Relevant characteristic®

Reference or
source

E. coli
MC1061
C600 recA
CC118
M2124

B. anthracis
TE702
TE703
TE7021
Shikan

hsr lac leu

recA

phoA
Minicell-producing cell

Spo~ Cap™ Tox~

As TE702 but cured of the Cap plasmid
As TE703 but containing pTE7021
Virulent strain

7
This laboratory
26
39

24
24
24
45

B. subtilis NIAH801 Cap* Product natto
B. megaterium NIAH368 Cap* Human stool
B. licheniformis NIAH227 Cap™ Human stool
Plasmids

pHY300PLK Ap" Tc" pACYC177 derivative 14

pMY6003 Ap" Tp" pBR322 derivative 22

pBR322 Ap" Tp" 3

pCAP1 cap region cloned into pHY300PLK 24

pCAP2 Self-cloning of pCAP1 with BglIl 24

pTPCAP1 cap region cloned into pMY6003 This study

2 Abbreviations: Spo~, asporogenous; Cap*, encapsulated; Cap~, nonencapsulated; Tox™, non-toxigenic; Ap‘, ampicillin resistance; Tc, tetracycline

resistance; Tp", trimethoprim resistance.

Hincll, Pvull, and Aatl sites; and (iii) deletion of four
nucleotides from the Ps¢I site by using the Klenow fragment.

pCAPA and pCAPB were constructed by partial digestion
of pCAP2 and pCAP1 with Pstl, respectively. pPCAPC was
constructed by inserting the BamHI-BgIII fragment of dele-
tion 2-33 into the BamHI site of pHY300PLK.

Minicell analysis. Minicells were isolated and labeled with
[>*S]methionine (Amersham Corp., Amersham, United
Kingdom) by the method of Thompson and Achtman (39).
For fractionation of the protein products, sodium dodecyl
sulfate-12.5% polyacrylamide gels were used.

Nucleotide sequencing. The dideoxynucleotide procedure
of Sanger et al. was used for nucleotide sequencing (31).
Single-stranded pUC118 DNA was purified and used for
sequencing by the Kilo-sequence deletion kit and 7-DEAZA
sequencing kit (Takara Shuzo, Co., Kyoto, Japan).

Cell fractionation and trypsin treatment. Labeled minicells
were treated with lysozyme (15) at 4°C, and spheroplast and
periplasmic preparations were isolated by microcentrifuga-
tion at 15,000 X g for 30 min at 4°C. The spheroplast
preparation was sonically disrupted in the presence of phen-
ylmethylsulfonyl fluoride. Then, membrane and cytoplasmic
fractions were isolated by centrifugation at 70,000 rpm for 45
min in a TLA-100.2 rotor (Beckman Instruments, Inc.,
Fullerton, Calif.). For trypsin digestion experiments for
topological mapping (34), spheroplasts were lysed by soni-
cation after freezing and thawing. Intact and lysed sphero-
plasts were reacted with trypsin in 3 mM EDTA buffer (pH
7.5) at 37°C for 30 min. The reaction was terminated by
addition of an excess amount of soybean trypsin inhibitor
(Sigma Chemical Co., St. Louis, Mo.), and proteins were
precipitated with 5% trichloroacetic acid. Portions were
analyzed on sodium dodecyl sulfate-12.5% polyacrylamide
gels.

Dot hybridization. Total DNAs from B. anthracis, B.
megaterium, B. subtilis, and B. licheniformis were prepared
by the method of Johnson (16), except that the lysozyme
concentration was 10 mg/ml and the treatment was carried
out for 90 min at 37°C for B. anthracis and 30 min for other

strains. To label the probes with [**P]JdCTP (Amersham
Corp.), we used a random-priming labeling kit (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). Total DNAs
were transferred to nitrocellulose filters by the method of
Maniatis et al. (25). Hybridization was carried out in the
presence of 50% formamide at 42°C.

TnphoA insertion experiments. TnphoA (26) was trans-
posed to a suicide plasmid, pCHR81 (32), to construct
pCHR71::TnphoA. pCHR71::TnphoA was conjugally intro-
duced into E. coli MC1061 containing pCAP1 at 30°C. A Km"
Tp" transconjugant was spread on an agar plate to yield
about 500 separate colonies at 30°C. Each of these isolates
was grown at 30°C in L broth containing ampicillin (50
ug/ml) and kanamycin (50 pg/ml), spread on an agar plate
containing kanamycin (400 pg/ml), and then grown at 42°C.
Cells on the plate were collected, and plasmid DNA was
isolated and used to transform E. coli CC118. Transformants
were selected on an agar plate supplemented with 5-bromo-
4-chloro-3-indolyl phosphate (XP; 40 pg/ml) (Sigma) and
kanamycin (50 pg/ml) at 37°C. Blue and light-blue colonies
were selected and analyzed.

Phagocytosis experiments. Phagocytosis experiments were
performed mainly by the method described by Beachey et al.
(1). Fresh human blood was heparinized, and erythrocytes
were removed by sedimentation in 2% (wt/vol) dextran at
37°C for 40 min. Buffy-coat leukocytes were recovered by
centrifugation (400 x g for 10 min) and suspended at 56°C for
30 min in RPMI 1640 medium containing 10% heat-inacti-
vated fetal calf serum. Then, 20 pl of bacterial cells was
mixed with 200 pl of leukocytes, and the mixture was
incubated for 30 min at 37°C with gentle shaking. Smears
were examined microscopically.

Other procedures. Media, reagents, isolation of plasmid
DNA, and transformation were as described previously (24).

RESULTS

Genetic and molecular identification of the cap region on the
Cap plasmid. An approximately 6.2-kilobase fragment of the
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FIG. 1. Physical and genetic map of the cap region. In the pCAP
and pTPCAP series, pHY300PLK and pMY6003, respectively, were
used as vector plasmids. A multicloning site of pHY300PLK is
shown at both termini of pCAP1 and pCAP2. Cap* indicates the
ability to produce the capsule; positive and negative reactions are
judged by reactions with anti-Cap serum, respectively (24). Sym-
bols: ¥, 4-bp insertion; V, BglII linker insertion; O, 4-bp deletion;
A, deletion or frameshift mutation; ==, regions present on these
plasmids (interruption in each line indicates the deletion); A, B, C,
capA, capB, and capC; H, HindllI; Bg, Bglll; X, Xbal; B, BamHI;
Hc, Hincll; Pv, Pvull; P, Pstl; Bs, BstEll; A, Aatl; S, Sall; Sm,
Smal; E, EcoRI.

cap region of the Cap plasmid, pTE702, which is required for
encapsulation in B. anthracis TE702, had been cloned in E.
coli and shown to phenotypically express a capsule sub-
stance immunologically identical to that of wild- -type B.
anthracis TE702 (24). To identify and localize the minimum
essential region more precisely, various deletion mutants
were made by exonucleolytic cleavage with BAL 31 and
frameshift mutants were made by in vitro site-specific mu-
tagenesis at the specific restriction sites (Fig. 1). It was
identified as an approximately 3.0-kilobase-pair region on
pCAP1 (Fig. 1). To analyze the genetic organization of the
minimum essentjal region thus identified, we performed
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cistron analysis in E. coli C600 (recA) by complementation
between the mutants obtained above. These mutants consist
of pCAP series and pTPCAP series mutually compatible
with one another. The former were mutants of pCAP1
cloned into pHY300PLK, and the latter were derivatives of
pTPCAPI cloned into pMY6003. The complementation tests
scored by the immunological reaction to anti-Cap serum
resulted in at least three cistrons, which were designated
according to the order of arrangement as capB, capC, and
capA (the order A, B, and C is based on the molecular
weight of the products in minicells and also on the sizes of
the open reading frames) (Table 2). To identify the region
coding for the three cistrons, pPCAPA, pCAPB, and pCAPC
(Fig. 1) were constructed by using the vector pHY300PLK
and examined for their ability to restore the Cap* phenotype
when coexisting with one of the mutants of the pTPCAP
series. The results agreed with those of the complementation
tests and showed that pCAPA, pCAPB, and pCAPC contain
capA, capB, and capC, respectively (Table 2). This does not
necessarily show that each of the cistrons has its own
promoter, because it has been suggested that a promoter
activity exists in both directions at the multicloning sites of
the vector pHY300PLK.

Identification in minicells of proteins encoded by the Cap
region. The products encoded by the cap region were
analyzed in the E. coli minicell system (Fig. 2). Four major
proteins, CapA (ca. 46 kDa), CapB (ca. 44 kDa), CapB’ (ca.
20 kDa), and CapC (ca. 16 kDa), were produced by the intact
cap region of pTPCAP1 (Fig. 2A, lane 1). The site-specific
mutagenesis of the cap region at the HindIII site abolished
the production of CapB (Fig. 2A, lane 2). Mutation at the
Xbal, BamHI, Hincll, or Pvull site resulted in the loss of
CapB and CapB’ (Fig. 2A, lanes 3 to 6). Mutation at the PstI
or BstEIl site inactivated the coding capacity of CapC (Fig.
2A, lanes 7 and 8). Finally, mutation at the Aatl site
abolished the production of CapA (Fig. 2A, lane 9). Among
BAL 31 deletion mutants from the right of pCAP2 with
respect to the direction shown in Fig. 1, deletion 2-22
produced the whole intact protein products, whereas dele-
tion 2-46 failed to produce CapA (Fig. 2B, lanes 1 and 2).
Similarly, deletion 5-9 was intact with respect to the four
protein products, but deletions 5-3 and 5-10 did not produce
CapB (Fig. 2B, lanes 3 to 5). pCAPA, pCAPB, and pCAPC
were found to encode CapA, CapB plus CapB’, and CapC,
respectively (Fig. 2C, lanes 3 to 5). All these results are
consistent with the conclusion that cistrons capA, capB, and

TABLE 2. Complementation and rescue tests

pTPCAP series”

pCAP series capB capC capA

VHindlIl VXbal VBamHI VHincll VPvull OPst1 VBstEIl VAarl VBamHI
¥ HindIII - - - - - + 4 + +
VXbal - - - - - + + + +
OPst1 + + + + + - - + +
VAatl + + + + + + + - -
A2-46 + NT NT NT NT + NT - -
A2-33 + NT NT NT NT + NT - -
AS-10 - - - - - + NT + NT
pCAPA - - - - - - - + +
pCAPB + + + + + - - - -
pCAPC - - - - - + + - -
2 Symbols: +, Cap*; —, Cap~; NT, not tested. The symbols just before the name of each restriction enzyme represent the nature of in vitro-constructed

mutants (Fig. 1).



VoL. 171, 1989

123456789

1234 58

ENCAPSULATION IN B. ANTHRACIS 725

D

f12a4s. 123 Kd

FIG. 2. Protein analysis by minicell methods. (A) Lanes: 1, pTPCAP1; 2, VHindIll; 3, YXbal; 4, YBamH]I; 5, VHincll; 6, VPvull; 7,
OPstl; 8, VBstEIL; 9, VAatl. For the significance of each symbol just before the name of each restriction enzyme, see Fig. 1. (B) Lanes: 1,
2-22;2, 2-46; 3, 5-9; 4, 5-3; 5, 5-10; 6, pHY300PLK. These deletion mutants are derivatives cloned to pHY300PLK. (C) Lanes: 1, pTPCAP1;
2, pCAP1; 3, pCAPB; 4, pCAPA; S, pCAPC. (D) Lanes: 1, pCAP1; 2, pBRCAP 5-5; 3, pBRCAP 5-6; 4, pBRCAP 5-9; §, pPBRCAP1. These
deletion mutants are derivatives cloned to pPBRCAP1. Protein products were fractionated on sodium dodecyl sulfate-12.5% polyacrylamide
gels. Major proteins, CapA, CapB, CapB’, and CapC, are shown on the left side. Positions of marker proteins are shown on the right side.

Kd, Kilodaltons.

capC encode CapA, CapB plus CapB’, and CapC, respec-
tively.

Complete nucleotide sequence of the cap region. The nucle-
otide sequence of the 3,244 base pairs (bp) covering the
whole intact cap region and the vicinity of the mutation
endpoints of some deletion mutants was determined (Fig. 3).
Three open reading frames corresponding to the products
CapB (44 kDa), CapC (16 kDa), and CapA (46 kDa) were
found in this order and in the same direction. No open
reading frame capable of coding for a protein larger than 8
kD was found in the opposite direction. Each coding frame
was finally identified on the basis of the following findings.
There were three possible translational initiation codons for
CapB in frame, the ATG codon at the nucleotide 81 (abbre-
viated as ATG-81), ATG-282, and GTG-309. Since deletion
mutants 5-5, 5-6, and 5-9 were Cap* but 5-10 lacked the
product CapB (Fig. 2B, lanes 3 to 5), ATG-282 was most
likely to be the initiation codon for CapB. Thus, CapB
contains 397 amino acid residues and has a molecular weight
of 44,872. The production of CapB’ was abolished by site-
specific mutagenesis at any one of the Xbal, BamH]I, Hincll,
or Pvull sites but not at the HindIII site (Fig. 2A, lanes 2 to
6), indicating that the translational initiation codon for CapB’
is GTG-849 in frame with CapB. CapB’ consists of 208 amino
acid residues and has a molecular weight of 23,349. Since
CapB’ mutants are always CapB mutants also but the
reverse is not the case, the contribution of CapB’ to encap-
sulation cannot easily be decided. However, since the nor-
mal production of CapB’' always accompanies the normal
production of CapB, the physiological function of CapB’
may at this stage be considered together with that of CapB.
Since CapC disappeared from the minicell products when
the Pstl site was deleted, the translational initiation codon
for CapC appears to be ATG-1490. It consists of 149 amino
acid residues and has a molecular weight of 16,522. The
translational initiation codon for CapA may be either ATG-
1951 or ATG-2134. However, since CapA is appreciably
larger than CapB in the minicell analysis, ATG-1951 seems
to be more probable. Hence, CapA contains 411 amino acid
residues and has a molecular weight of 46,420. For each of
the open reading frames described above, one possible

ribosome-binding site (Shine-Dalgarno sequence) (35) was
found at 5 to 10 bp upstream of the translational initiation
codons described above.

Deletion mutant 5-9, with a deletion 274 bp from the BgIII
site, leaving only 8 bp up to the translational initiation
codon, was found to be Cap*. This is probably due to
readthrough from the vector. To identify the promoter
unique to the capB cistron, we constructed deletion mutants
with the vector derived from pBR322 rather than
pHY300PLK by exchanging the fragment covering the
CapB-coding region. Since a Sall linker had been inserted at
the site of deletion endpoints of the pHY300PLK-cloned
deletions 5-5, 5-6, 5-9, 5-3, and 5-10, the Sall-Aat] fragment
of each deletion mutant was exchanged with the Sall-Aatl
fragment of pBRCAP1 having the intact cap region cloned
into pBR322 (Fig. 4). Thus, a series of pBRCAP-cloned
deletion mutants with the same code number as those of the
original pHY300PLK-cloned deletion mutants were ob-
tained. pBRCAP deletion mutant 5-5 was Cap* like its
parental pHY300PLK deletion mutant, 5-5. However,
pBRCAP deletion mutants 5-6, 5-9, 5-3, and 5-10 were Cap™~,
despite the previous finding that the original pHY300PLK
deletion mutants 5-6 and 5-9 were Cap™ (Fig. 1). In the
minicell analysis, pBRCAP deletion 5-5 produced intact
CapA, CapB, and CapC, whereas pBRCAP deletions 5-6 and
5-9 produced intact CapA and CapC but not CapB (Fig. 2D).
These observations indicate that the promoter unique to
capB exists between nucleotides 135 and 239. Since CapA
and CapC were phenotypically expressed in minicell analy-
sis of pPBRCAP deletions 5-6 and 5-9 in the absence of the
promoter unique to capB, it seems reasonable to assume that
they have their own promoter(s). The putative prometer
sequences for each of the three cistrons capB, capC, and
capA are shown in Fig. 3. To confirm that these sequences
are in fact active as the promoter, the BstEIll-Aarl fragment,
the BgllI-HindIII fragment, and the Pvull-Psf fragment,
containing the putative promoter sequence of capB, capC,
and capA, respectively, were each cloned to an expression
vector pKK232-8 (5) in the direction of transcription for the
chloramphenicol resistance gene. Insertion of either of these
sequences increased the MIC of chloramphenicol by about
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DKNIT HLSAKEETVKAVKERGE T T TecaTanTire

EDKKNTY QKK
s A
ARGETTETT G
X AF

AAAGAAGCTGATCTTGACT AMMATTTCAAAGATGTAAAAAATATTGTGTATCAAAATGTA
K EADLDTYVGAGENTPEEKDVEKNTIVYQNV

2400 ACGGATTATGGTGCTAAGGGAACTAAAGATACAATA
DYGAKGTRKDT]

AGGGTTGCT ACTCTTGGATTTACAGATGCATTTGTAGCAGGAGCTATTGCAACGAANGAACAACCAGGT TCGTTAAGT ATGAACCCAGATGTATTACTTAAGCAAATTAGT
220 pargereTy T T A A T ey e Al A T X EQPGSLSUNPDYVLLKGTLS

RV ATL

mumaa A T G c GGGGGGAAGAATACGATAATAAACCGAGTCCTAGACAGGAAGCCTTAGCAAAAGCAATGGTTGAT
AAAAAAGGTAATGCTGATCTTGTCGTAGTAAATACGCACT! A

B4 A T T e A B LV VY NTHVGEEYDNKPSPRGQEALAKAEAMDYD

e G T CATCCGCATGTACTTCAATCTTTTGATGTGTATAAGCAAGGGATTATCTTCTATAGTTTAGGT ARCTTTGTGT TTGACCAAGGATGGACAAGA

780 AT T A Y p W VL asFPDVYKGG1I1FYSLGNFUVFDQGWTR

ACAAAAGATAGTGCACTTGTGCAATATCATTTACGTGATAATGGTACTGCAATTCTTGATGTTGTACCTT TAAATATTCAAGAGGGATCACCAAAACCAGT TGCCAGTGCATTGGATAAR
280 QY MHLRDNGTAILLDOVVPLNIG GEGSTPIKPVASALDEK

AGT
X DS AL
, 8246+ . . . . . . . .
GTATCGTCAATTAACAAAAGATACATCCAAGOGT GCTCTATGGAGT AMAARAGATGATAAATTGGAAATCAAATTAAATCATAAACATGTTATTGAAAAAATGAARAAGAGE -
O T AT A T A T T e A LV S KK O DK LET KL NN KRV I ER MK KR

3120 GAAAAGCAAGAGCATCAAGATAAGCAAGAAAAAGAARATCAAGTATCAGTGGAGACAACAACTTGAATTCCTTTAAATGGGGARAGAAGATAATTCTTTTCTGTTTGATAGTCAGCCAGA
Q _E K Q EX ENQV SVETTT

8222

3240 TCCA

FIG. 3. Nucleotide sequence of the cap region. The sequence is numbered starting from the BglII site of the cap region. Possible

translational initiation codons are enclosed in small boxes. Possible promoter sequences are shown as —35 apq -10, and SD is the possible

Shine-Dalgarno sequence (35). Right-directed arrows above the sequence point to the region of DNA remaining undeleted in the denoted

deletion mutants (described in the legend to Fig. 1). Hydrophobic amino acid sequences in CapA and CapB are boxed. A, B, and C are the

open reading frames of CapA, CapB, and CapC products, respectively.
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FIG. 4. Construction of pPBRCAPI1-derived deletions.

4- to 16-fold in E. coli. This indicates that the sequences
contain a promoter sequence active in E. coli. However, the
extent of the increase in MIC was not as high as that of the
E. coli-derived promoter. The introduction of a functional E.
coli promoter upstream from that of the B. anthracis cap
region highly potentiated the promoter activity of the latter
(data not shown).

Localization of CapA, CapB and CapC proteins in E. coli.
To determine the location of these proteins, we fractionated
the cytoplasmic, membrane, and periplasmic fractions of
minicells (Fig. SA). All the CapA, CapB, and CapC fractions
were found in the membrane fraction, as opposed to B-
lactamase, which was found in the periplasmic fraction.
When the spheroplast preparation was treated with trypsin,
all three proteins were unaffected and remained intact,
whereas the trypsin treatment following lysis of the sphero-
plasts by sonication resulted in the loss of the CapA and the
CapB proteins (Fig. SB). These results indicate that all three
proteins are membrane-associated proteins.

CMP

Ty

123458783910

FIG. 5. Fractionation of minicells containing the cap region and
its trypsin digestion. (A) Fractionation of minicells containing
pBRCAP1. C, cytoplasmic fraction; M, membrane fraction; P,
periplasmic fraction. An arrow shows the mature B-lactamase
protein. (B) Trypsin treatment of spheroplast preparations. Lane 1,
intact minicell containing pTPCAP1; Lane 10, periplasmic fraction.
The intact (lanes 2 to S) and the lysed (lanes 6 to 9) spheroplasts
derived from minicells containing pTPCAP1 were treated with
trypsin at concentrations of 0 (lanes 2 and 6), 5 (lanes 3 and 7), 20
(lanes 4 and 8), or 50 (lanes 5 and 9) ug/ml. Protein products were
fractionated on sodium dodecyl sulfate-12.5% polyacrylamide gels.
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FIG. 6. Protein map of the cap region. A hydropathicity plot of
each protein was generated by using the program of Kyte and
Doolittle (20); window = 20 was used. The value of each position
was plotted against the residue number of each protein. Arrows with
solid lines at the middle are the open reading frames of the three
proteins CapA, CapB, and CapC. Open boxes in CapA and CapB
proteins shown near the N terminus are hydrophobic amino acid
sequences. TnphoA insertion sites are shown as solid and broken
lines below the arrows of open reading frames, and the direction of
phoA transcription is shown as an arrow; solid and broken lines
represent blue and light-blue colonies on XP plates, respectively.
Probes I, 1I, and III were used for dot hybridization experiments
(shown in text and in Fig. 7).

Distribution of the sequence homologous to the cap region in
other bacilli. In addition to B. anthracis, B. subtilis, B.
megaterium, and B. licheniformis are known to have a
capsule consisting of glutamyl polypeptide. To identify the
capsular component and its genetic determinant among these
bacilli, B. anthracis TE702, TE703 (as TE702 but cured of
the Cap plasmid), and Shikan (a virulent Cap™* strain), B.
subtilis NIAH801, B. megaterium NIAH368, and B. licheni-
formis NIAH227 were used to prepare the antigen for
Ouchterlony precipitation assays against the antibody raised
to B. anthracis TE702 capsular antigen. Except for the Cap™
TE703 strain, all produced fused precipitation lines (see Fig.
7A), indicating that they produce an immunologically iden-
tical polypeptide. On the other hand, dot hybridization was
performed with the six strains described above by using
three probes, probes I, II and III (Fig. 6 and 7B). Only the
Cap* strains of B. anthracis, TE702 and Shikan, were
homologous to the probes, indicating that the genetic deter-
minant for the capsular polypeptide in three bacilli other
than B. anthracis is not homologous to the Cap region.

The cap region confers resistance to phagocytosis. Using a
pair of Cap* and Cap~ strains, we examined the biological

FIG. 7. Distribution of the capsular antigen and the sequence
homology to the cap region in various bacilli. (A) Ouchterlony assay
with anti-Cap serum raised by the capsule antigen from B. anthracis
TE702 (24). Antigens were isolated by a 20-min autoclaving of the
cell suspension grown on NBY agar plates (24) in the presence of
20% CO,. (B) Dot hybridization with probes I, II, and III (Fig. 6).
About 20 pg of total DNA per spot was used. Dots: 1, B. anthracis
TE702; 2, B. anthracis Shikan; 3, B. subtilis; 4, B. megaterium; 5, B.
licheniformis; 6, B. anthracis TE703.
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TABLE 3. Phagocytosis of B. anthracis Cap* and Cap~ strains

Bacterial cells® Treatment® % Phagocytosis®
TE702 Untreated 4
TE7021 Untreated 98
TE702 Autoclaved? 37
TE7021 Autoclaved? 97
TE702 Pronase® 55
TE7021 Pronase® 93
TE702 Anti-Cap serum” 38
TE7021 Anti-Cap serum’” 96

@ B. anthracis TE702 is Cap* and contains an intact capsule plasmid
pTE702. TE7021 is Cap™ and contains a pTE7021 plasmid with an insertion
mutation in the cap region.

b Because B. anthracis cells were linked together, they were slightly
sonicated and separated from each other.

© Expressed as number of neutrophiles per 100 counted cells containing one
or more bacterial cells.

4 Sonicated cells were autoclaved at 121°C for 30 min and washed in
phosphate-buffered saline.

¢ Sonicated cells were treated with pronase (100 p.g/ml) at 37°C for 30 min
and washed in phosphate-buffered saline.

/ Sonicated cells were incubated with phagocytic cells in the presence of
anti-Cap serum.

role of the capsule. TE702 is a strain of B. anthracis that is
avirulent as a result of the loss of the toxin plasmid, but it
carries the intact capsule plasmid pTE702 and hence is
Cap*. TE7021 (24) is a Cap~ derivative of TE702 containing
pTE7021 (an insertion mutant in the cap region of pTE702).
TE7021 but not TE702 was efficiently phagocytosed in the
absence of complement and specific antibody (Table 3).
Treatments more or less removing the capsular substance
from the bacterial surface, such as autoclaving and pronase
digestion and the addition of anti-Cap serum to the reaction
mixture, slightly but consistently decreased the ability of the
Cap™ bacteria to resist phagocytosis.

DISCUSSION

Although a considerable amount of information is avail-
able concerning the biosynthesis of bacterial surface struc-
tures including capsular polysaccharides (47), lipopolysac-
charides (29), peptidoglycan (13), and membrane mannans
(33), relatively little is known about the molecular mecha-
nism of the synthesis of the poly-D-glutamyl capsule of B.
anthracis. We demonstrated in a previous study (24) that the
cloned cap region was phenotypically expressed in E. coli
and produced a capsular substance immunologically identi-
cal with that of B. anthracis. This permitted us to adopt
recombinant DNA technology to study the capsule of B.
anthracis in E. coli.

In the present study, to clarify the role of the capsule as a
virulence factor of B. anthracis, we constructed isogenic
Cap™ and Cap~ strains of B. anthracis and compared them
for the ability to resist phagocytosis. This has clearly dem-
onstrated that encapsulated strains of B. anthracis resist
phagocytosis.

Furthermore, in the present study, complementation tests,
minicell analysis, localization of the products, and nucleo-
tide sequence determination for the cap region performed in
E. coli have identified three cistrons, capA, capB, and capC.
Each of these has a respective unique promoter but the same
direction of transcription. The hydropathicity of the prod-
ucts, CapA, CapB, and CapC, was plotted (Fig. 6) on the
basis of the nucleotide sequences obtained (Fig. 3). CapC
was shown to be a hydrophobic protein, strongly suggesting
that it is a membrane protein (19). CapA has a hydrophobic
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segment from Try-25 to somewhere around Gin-44, and the
segment is surrounded by Arg. The N-terminal 20 amino
acids of CapB are also hydrophobic, and amino acid 21 is
Arg (Fig. 3 and 6), suggesting that the N-terminal 20-
amino-acid segment is associated with the membrane and the
other portion is in the cytoplasmic space. In addition,
minicell analysis has revealed that all the CapA, CapB, and
CapC fractions are in the membrane fraction (Fig. 5). These
results are consistent with the hypothesis that all three
proteins are membrane associated; that the hydrophobic
segment of CapA and CapB, consisting of 20 amino acids
(boxed in Fig. 3), is integrated into the membrane, with the
other portion remaining in the cytoplasmic space; and,
finally, that CapC is hydrophobic and integrated into the
membrane so that its eight trypsin-susceptible sites are
protected from digestion by trypsin.

The capsular substance of B. anthracis, B. subtilis, B.
megaterium, and B. licheniformis was found to be immuno-
logically identical (Fig. 7A). However, the genetic determi-
nant for the synthesis of the capsule substance seems to be
distinctive between B. anthracis and other bacilli, because
no sequence was found in bacilli other than B. anthracis that
was homologous to any probes derived from the cap region
(Fig. 7B). Since functionally identical enzymes derived from
different species of bacteria may be encoded by genetic
determinants completely nonhomologous with one another
(17), this observation may not be exceptional.

On the other hand, the lack of homology may reflect the
difference in the synthetic pathways. There have been
several reports on the enzymatic pathways leading to the
biosynthesis of the poly-D-glutamate capsule in bacilli (12,
40, 42, 44). Although the synthetic pathway of capsule
formation in B. anthracis remains obscure, the capsule of
this organism is composed of only a homopolypeptide of
D-glutamic acid (11). In contrast, glutamyl polypeptide pro-
duced by B. subtilis (natto) contains both p- and L-glutamic
acid (41), and it was reported that y-glutamyltranspeptidase
might participate in the synthesis of capsular substance in B.
subtilis (12). However, E. coli strains (38) defective in
vy-glutamyltranspeptidase activity could not be comple-
mented by the cap region of B. anthracis with respect to this
enzymatic defect, but they synthesized the capsule to the
same extent as did E. coli strains proficient in this enzymatic
activity and carrying the cap region. Furthermore, in E. coli
strains defective in this enzyme, the capsular synthesis
directed by the cap region was not inhibited by the inhibitor
6-diazo-5-oxo-norleucine, which is specific to this enzyme
(28) (data not shown). These observations indicate that the
enzyme(s) encoded by the cap region does not possess
y-glutamyltranspeptidase activity.

In contrast, the existence of membrane-associated poly-
glutamyl synthetase complex in B. licheniformis was re-
ported (8, 44). In experiments with purified membrane
fractions of B. licheniformis, the reactions of this enzymatic
complex were found to proceed sequentially by several
apparently separable steps. Thus, L-glutamate is activated in
the presence of ATP to form the activated intermediate
L-glutamyl AMP. Subsequently, the stereochemical inver-
sion of the L to the p form occurs independently of the
activation step. A protein-bound thioester mediates racem-
ization and the subsequent transfer to growing polymeric
chains. Several experimental observations have also been
reported which support the involvement of an endogeneous
acceptor of the N terminus of growing nascent chains onto
which sequential addition of activated glutamyl residues
occurs (8).
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Our preliminary data have revealed that E. coli carrying
the cap region incorporates appreciably higher L-[**C]Glu
levels than E. coli without the cap region does (data not
shown). This indicates that L-Glu may be the direct precur-
sor of the capsule encoded by the cap region, as is the case
in B. licheniformis.

Moreover, since the three proteins, CapA, CapB, and
CapC, encoded by the cap region are all membrane associ-
ated (Fig. 5), it is conceivable that the cap region codes for
a membrane-associated polyglutamyl synthetase complex
similar to that in B. licheniformis. In B. anthracis, the
capsular polymer could not be detected in any in vitro-
constructed Cap~ mutants (Fig. 1), even after lysis by
sonication (data not shown). That is, without all of the three
products from the three cistrons, the capsule substance
cannot be synthesized at all. This is not compatible with the
possibility that the polymerized capsule is synthesized in the
cytoplasm and transported to the bacterial surface but sug-
gests that polymerization of glutamate occurs in the mem-
brane. Also, in this respect, the synthetic pathway of the
capsular substance encoded by the cap region in B. anthra-
cis seems to resemble that in B. licheniformis (8).

The three proteins in B. anthracis were found to be
associated with the membrane (Fig. 5). CapC is a hydropho-
bic protein and seems to exist in membrane-integrated form
(Fig. 6). The insertion of TnphoA into the capC cistron
resulted in a mutant producing a blue colony on an XP plate,
which was used for scoring alkaline phosphatase activity,
whereas the insertion into capB and capA resulted in light-
blue mutants in the same assay (Fig. 6). These observations
indicate that the membrane protein CapC exists neither in
the inner membrane nor in the periplasmic space but in the
outer membrane in E. coli. CapC, but not the two other
proteins, was in fact detected in the outer membrane fraction
(data not shown). Although these results were obtained with
E. coli, CapC, among these three proteins encoded by the
cap region, may exist on the outermost surface in B.
anthracis also. Thus, if the synthetic pathway in B. anthracis
highly resembles that in B. licheniformis, CapC may be the
most suitable candidate for the endogeneous acceptor of
glutamyl residues.
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