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Culture filtrate proteins from Mycobacterium tuberculosis induce protective immunity in various animal
models of tuberculosis. Two molecular mass regions (6 to 10 kDa and 24 to 36 kDa) of short-term culture
filtrate are preferentially recognized by Th1 cells in animal models as well as by patients with minimal disease.
In the present study, the 24- to 36-kDa region has been studied, and the T-cell reactivity has been mapped in
detail. Monoclonal antibodies were generated, and one monoclonal antibody, HYB 71-2, with reactivity against
a 29-kDa antigen located in the highly reactive region below the antigen 85 complex was selected. The 29-kDa
antigen (CFP29) was purified from M. tuberculosis short-term culture filtrate by thiophilic adsorption chro-
matography, anion-exchange chromatography, and gel filtration. In its native form, CFP29 forms a polymer
with a high molecular mass. CFP29 was mapped in two-dimensional electrophoresis gels as three distinct spots
just below the antigen 85 complex component MPT59. CFP29 is present in both culture filtrate and the
membrane fraction from M. tuberculosis, suggesting that this antigen is released from the envelope to culture
filtrate during growth. Determination of the N-terminal amino acid sequence allowed cloning and sequencing
of the ¢fp29 gene. The nucleotide sequence showed 62% identity to the bacteriocin Linocin from Brevibacterium
linens. Purified recombinant histidine-tagged CFP29 and native CFP29 had similar T-cell stimulatory prop-
erties, and they both elicited the release of high levels of gamma interferon from mouse memory effector cells
isolated during the recall of protective immunity to tuberculosis. Interspecies analysis by immunoblotting and

PCR demonstrated that CFP29 is widely distributed in mycobacterial species.

Tuberculosis (TB) remains a major global health problem
and is the most frequent cause of death from a single infectious
agent (40). The seriousness of the problem is reflected by the
fact that the World Health Organization declared the TB pan-
demic a global emergency situation in 1993. In the light of the
inconsistent efficacy imparted by Mycobacterium bovis bacillus
Calmette-Guérin (BCG) (14), the development of an im-
proved TB vaccine is a very high international research prior-
ity.

Immunity to TB is mediated by the cellular branch of the
immune system, and it has been demonstrated that Mycobac-
terium tuberculosis culture filtrate proteins are strongly recog-
nized by T cells involved in protection against TB (3, 26).
Given as experimental subunit vaccines, culture filtrate pro-
teins promote efficient acquired cellular resistance against the
disease (3, 27, 31). Single protective antigens could be included
in a future vaccine, as either a subunit or a DNA vaccine or in
the form of recombinant BCG expressing these proteins. How-
ever, until recently, very limited information on single antigens
recognized by T cells was available. By fractionation of extra-
cellular M. tuberculosis proteins into narrow molecular mass
fractions we have previously identified two regions that are
strongly recognized and stimulate proliferation and gamma
interferon (IFN-vy) production in T cells isolated in the first
phase of infection from various species (4, 6, 12, 29). In the
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low-molecular-mass fraction (5 to 12 kDa), ESAT-6 (for 6-kDa
early secretory antigenic target) has been identified as the
key target (4). The other mass region (24 to 36 kDa) comprises
several well-characterized culture filtrate proteins, including
T-cell antigens in the antigen 85 complex (4), which consists of
the three proteins, MPT44, MPT45, and MPTS9. The present
study was undertaken to identify novel T-cell antigens in the
24- to 36-kDa region. This investigation led to the identifi-
cation and purification of a 29-kDa M. tuberculosis protein,
CFP29, which is strongly recognized by mouse memory effector
cells. This antigen was characterized, and the corresponding
gene was cloned and sequenced. The immunological activity
of native as well as recombinant, histidine-tagged CFP29 was
evaluated.

MATERIALS AND METHODS

Bacterial strains and media. Short-term culture filtrate (ST-CF), which is
highly enriched in extracellular M. tuberculosis proteins, was produced in mod-
ified Sauton medium (5). Other culture filtrates from mycobacterial species were
prepared as described previously (2). Chromosomal DNAs from mycobacterial
species were obtained as described in detail elsewhere (39).

For PCR procedures, cloning, and recombinant expression, the Escherichia
coli K-12 DH5a« strain, the cloning vector pMCT6, and standard protocols were
used (32). pMCT6 is an expression plasmid containing unique restriction sites
allowing the construction of in-frame fusions with a leader peptide containing a
stretch of eight histidine residues (15). The mRNA for the peptide is transcribed
from the tac promoter and translated from a plasmid-encoded translational start
site. The plasmid also encodes the Lac repressor to ensure tight control of gene
expression.

The bacteriocin assay was carried out with bacterial strains from the Weihen-
stephan Strain Collection. The Listeria monocytogenes strains were grown on
tryptose agar slants, stored at 4°C, and subcultured for 24 h at 30°C in 10 ml of
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tryptose broth (Merck, Darmstadt, Germany). The Mycobacterium diernhoferi
strain was cultured in brain heart infusion broth (Merck) at 30°C for 72 h.

Animals and experimental infections. Female C57BL/6J and BALB/c mice
were purchased from Bombholtegaard (Ry, Denmark). Memory immune
C57BL/6J mice were generated as previously described (7). Briefly, mice re-
ceived a primary infection with 5 X 10* CFU of M. tuberculosis via the lateral tail
vein, after which they were treated with isoniazid (Merck, Rahway, N.J.) and
rifabutin (Farmatalia Carlo Erba, Milan, Italy) in their drinking water for 2
months to clear the infection. The mice were rested for a period of 4 to 6 months
before challenge with 10° CFU of bacteria intravenously, and the animals were
sacrificed on day 4 postinfection.

Protein purification. Narrow molecular mass fractions of ST-CF were ob-
tained by the multielution method (6). Briefly, 6.5 mg of ST-CF was separated by
standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the gel was preequilibrated in the elution buffer (25 mM 3-[cyclo-
hexylamino]-1-propanesulfonic acid [CAPS], 37 mM ammonia, pH 10.2). The gel
was electroeluted in a Whole Gel Elutor (Bio-Rad, Richmond, Calif.) for 20 min
at 40 V, followed by reversal of the current for 10 s. Thirty fractions of approx-
imately 3 ml were harvested from the unit.

For purification of CFP29, ammonium sulfate was added to concentrated
ST-CF to obtain a final concentration of 1.5 M ammonium sulfate. The soluble
proteins were subsequently subjected to thiophilic adsorption chromatography
(30) on an Affi-T gel column (Kem-En-Tec, Copenhagen, Denmark). Proteins
were eluted by a linear 1.5 to 0 M gradient of ammonium sulfate, fractions
containing CFP29 were concentrated, and the buffer was changed to 10 mM
Tris-HCI (pH 8.5) by ultrafiltration. Further purification was performed on a
Mono Q HR 5/5 column (Pharmacia, Uppsala, Sweden) equilibrated with 10 mM
Tris-HCI (pH 8.5) and eluted with a linear gradient of sodium chloride (0 to 0.75
M). As the final purification step, gel filtration was performed on a Superose 6
HR 10/30 column (Pharmacia) equilibrated with phosphate-buffered saline
(PBS), pH 7.4. Standard proteins were aldolase (158 kDa), catalase (232 kDa),
ferritin (440 kDa), and thyroglobulin (669 kDa) (Pharmacia). SDS-PAGE fol-
lowed by silver staining and immunoblot analysis with monoclonal antibody
(MAb) HYB 71-2 was used to detect CFP29 during the purification procedures.

For generation of subcellular fractions of M. tuberculosis, bacteria were lysed
in a French pressure cell and fractionated into a cell wall fraction, a membrane
fraction, and a cytosol fraction by differential centrifugation as previously de-
scribed (34). Further fractionation of the membrane proteins was performed by
extraction and phase separation with 4% (wt/vol) precondensed Triton X-114 (22).

Purified MPT51, MPT59, and MPT64 proteins were kind gifts from S. Nagai
(Osaka City University Medical School, Osaka, Japan).

The Brevibacterium linens Linocin preparation was obtained from sterile fil-
tered culture supernatant by ultrafiltration and ultracentrifugation (37).

Protein concentrations were determined by the micro-bicinchoninic acid
method (Pierce Europe, Oud-Beijerland, The Netherlands).

MAbs. BALB/c mice were immunized four times at 2-week intervals. MAbs
were generated by immunization with SDS-PAGE-purified 26- to 29-kDa pro-
teins from ST-CF in adjuvant R-730 (RIBI ImmunoChem Research Inc., Ham-
ilton, Mont.) (first and second immunizations) or in aluminum hydroxide gel
adjuvant (2.0% Alhydrogel; Superfos Biosector, Kvistgdrd, Denmark) (third
immunization and boosting). Spleens were isolated, and spleen cells were fused
with the P3-X63 myeloma cell line. Supernatants from wells with visible growth
were tested for antibodies by immunoblotting of SDS-PAGE-separated ST-CF.
The subclass of the MAb HYB 71-2 was determined with an RPN29 mouse
monoclonal antibody isotyping kit (Amersham, Buckinghamshire, United King-
dom) according to the manufacturer’s instructions. MAb HBT12, reacting with
PstS, has been described previously (24).

SDS-PAGE and 2-DE. Electrophoresis experiments were performed in the
Protean IIxi system (Bio-Rad). Standard SDS-PAGE was done with 10 to 20%
gradient gels (16 by 16 by 0.075 cm) as described by Laemmli (21). The gels were
either silver stained (10) or transferred to nitrocellulose (Schleicher and Schuell,
Dassel, Germany) as previously described (34). For immunoblot analysis, the
nitrocellulose membranes were incubated with mouse MADbs and then with
alkaline phosphatase-labeled rabbit anti-mouse antibodies (D314; DAKO,
Glostrup, Denmark). Nitroblue tetrazolium—5-bromo-4-chloro-3-indolylphos-
phate was used as a substrate.

For the separation of proteins for sequencing, Tricine SDS-PAGE was carried
out in 12% gels as described elsewhere (33). After electrophoresis, the gels were
blotted to Problott polyvinylidene difluoride (PVDF) membranes (Applied Bio-
systems, Foster City, Calif.) by semidry electroblotting in 10 mM CAPS-10%
methanol, pH 11. PVDF membranes were stained with 0.1% Coomassie blue
R-250 in 40% methanol-1% acetic acid and destained in 50% methanol.

Two-dimensional electrophoresis (2-DE) in polyacrylamide gels was carried
out as described previously (18), except that in the first dimension, Nonidet P-40
was replaced by Tween 80. The first-dimension isoelectric focusing tube gels (14
by 0.15 cm) contained Biolyt 4/6 and Biolyt 5/7 (2:3) (Bio-Rad). After the first
dimension, samples were separated by SDS-PAGE in 10 to 20% gradient gels or
by Tricine SDS-PAGE in 12% gels (16 by 16 by 0.10 cm). The plI scale was
calibrated by measuring the pHs of pieces of isoelectric focusing gels soaked in
Milli Q water.

For glycan detection, protein samples were loaded on SDS-polyacrylamide
gels. After blotting to nitrocellulose membranes, the Immun-Blot kit for glyco-
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protein detection was applied according to the instructions of the manufacturer
(Bio-Rad). Creatinase (Boehringer Mannheim, Mannheim, Germany) and
ovalbumin (Bio-Rad) (0.2 and 1 pg of each protein) were included as negative
and positive glycan controls, respectively.

N-terminal sequencing. Separated proteins were blotted to PVDF membranes
after Tricine SDS-PAGE. The proteins of interest were excised and subjected to
N-terminal sequence analysis by automated Edman degradation with a Procise
494 sequencer (Applied Biosystems) as described by the manufacturer. The
EMBL and SWISSPROT databases were searched with the TFASTA and
FASTA algorithms (28), respectively.

Cloning and DNA sequencing. Based on the homology to the DNA sequence
of the B. linens lin gene (38), the following degenerate primers for PCR cloning
of the ¢fp29 gene were constructed: 5'-CCCGGCTCGAGAACCTYTACCGC
GACCTYGCYCC and 5'-GGGCCGGATCCGAYGCYGCGTCCTTYACYG
GXTGCCA (where Y is G or Cand X is T or C). These primers are derived from
nucleotides 6 to 30 and 301 to 327, respectively, of the lin gene.

A DNA fragment of 322 nucleotides was obtained by PCR amplification of M.
tuberculosis H37Rv chromosomal DNA with these primers, purified by using
Spinn-X columns (Costar, Cambridge, Mass.), and sequenced with a cycle se-
quencing kit (Pharmacia). The obtained sequence was used for a homology
search of the Sanger Centre M. tuberculosis database (http//www.sanger.ac.uk/
Projects/M_tuberculosis/blast_server.shtml) by using the Blast program. On cos-
mid CY444 in the database, a sequence that was identical to the sequence of the
amplified DNA fragment was identified. This sequence on cosmid CY444 was
contained within a 795-bp open reading frame, which was PCR amplified, cloned
into a Bglll- and Ncol-digested pMCT6 expression vector, and sequenced.

All primers used for cloning and sequencing were synthesized at the Statens
Serum Institut with an ABI-391 DNA synthesizer (Applied Biosystems).

Histidine-tagged recombinant CFP29 was expressed and purified by metal ion
affinity chromatography on an Ni*>*-Iminodiacetic acid-epoxy-activated Sepha-
rose 6B fast-flow column (Sigma Chemical Co., St. Louis, Mo.) in the presence
of 8 M urea (36). Fractions were analyzed by SDS-PAGE, and those fractions
containing recombinant CFP29 were pooled and applied to a 1-ml Resource Q
column (Pharmacia) equilibrated with 10 mM Tris-HCI-3 M urea (pH 8.5) and
eluted with a linear gradient of sodium chloride (0 to 1 M). Fractions containing
recombinant CFP29 were pooled and dialyzed in 25 mM HEPES, pH 8.0. The
lipopolysaccharide content in the recombinant CFP29 preparation was deter-
mined by the Limulus amoebocyte lysate clot test (8) to be <0.2 ng/ug of protein,
and this concentration had no influence on cellular activity.

Interspecies analysis. One microliter of chromosomal DNA (~20 ng/pl) was
used as template for PCR with the ¢fp29 gene-specific primers 5'-GGACGTTC
AAGCGACACATCGCCG and 5'-CAGCACGAACGCGCCGTCGATGGC,
giving rise to 572-bp DNA fragments. The annealing temperature was 55°C, and
the number of cycles was 30. PCR products were analyzed on 1% agarose gels.
As positive controls for the PCRs, identical PCRs were set up with 16S rRNA
gene primers that give rise to a 1,018-bp DNA fragment with chromosomal
DNAs from all the mycobacterial strains tested (11). All chromosomal DNA
preparations were positive, as determined by the amplification of the 1,018-bp
PCR fragment. Chromosomal DNA preparations that were negative with the
cfp29-specific primers were tested again under less stringent conditions by low-
ering the annealing temperature to 45°C and increasing the number of PCR
cycles to 35.

Bacteriocin assay. The spot-on-the-lawn method (9) was used to study the
inhibitory effects of the sterile protein samples. To prepare the plates, 0.1 ml of
a liquid culture of the indicator organism was inoculated into 6.5 ml of tryptose-
soft agar (tryptose broth with 8 g of agar/liter), mixed, and poured into petri
dishes (diameter, 10 cm). After solidification of the agar, 10 wl each of sterile
filtered ST-CF (4.5 mg/ml), native CFP29 (40 wg/ml), and B. linens Linocin (100
wg/ml) was applied on the agar. The agar plates were incubated at 30°C, and
possible inhibition zones were detected by using Henry’s lumination (17). The
plates were checked for inhibition zones after 24, 48, and 72 h of incubation.

Cellular assays. Spleen lymphocytes were isolated from memory immune mice
during the recall of protective immunity as previously described (13). Briefly,
cells pooled from three mice were cultured in microtiter wells in a volume of 200
wl of RPMI 1640 medium supplemented with B-mercaptoethanol, penicillin-
streptomycin, glutamine, and fetal calf serum. Recombinant mouse interleukin-2
(2.5 U/ml; GenZyme, Cambridge, Mass.) was added to all cultures. ST-CF and
purified proteins to be tested were all buffer exchanged into compatible buffers
before analysis and used at various concentrations (0.5 to 8 pg/ml) in cultures.
Supernatants were harvested after 72 h of incubation for detection of IFN-y by
enzyme-linked immunosorbent assay.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the EMBL, GenBank, and DDBJ nucleotide
sequence databases under accession no. Y12820.

RESULTS

Investigation of the highly stimulatory 24- to 36-kDa region
of ST-CF. The recall of long-lived memory immunity in the
mouse model is characterized by rapid recruitment and acti-
vation of memory effector cells directed predominantly to mol-
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FIG. 1. IFN-y release from mouse memory effector cells in response to narrow molecular mass fractions of ST-CF. (A) SDS-PAGE, followed by silver staining, of
ST-CF and the panel of fractions (lanes 1 to 6). Numbers at the left indicate molecular masses in kilodaltons, and the bands representing the HYB 71-2 antigen (HYB
71-2Ag), MPT51, MPT59, and MPT64 in ST-CF are indicated. (B) The fractions generated were used to stimulate mouse memory effector cells (obtained at day 4 of
M. tuberculosis challenge) in culture, and the release of IFN-y was measured. All values represent means from triplicate analyses. Standard errors of the mean were

not above 10% of the mean.

ecules in the 5- to 12- and 24- to 36-kDa regions of ST-CF (4).
To identify novel antigens in the 24- to 36-kDa region, ST-CF
proteins were separated by SDS-PAGE and divided into nar-
row fractions by the multielution method, giving rise to six
fractions from the selected region (Fig. 1). These fractions
were used to stimulate T cells isolated from the spleens of mice
during the recall response. Fractions 3 and 4 contained mem-
bers of the antigen 85 complex as major components, and as
expected, stimulation with these fractions elicited a prominent
release of IFN-y (4). However, large amounts of IFN-y were
also released in response to fraction 2, indicating that T-cell
antigens in the 26- to 29-kDa region were also present (Fig. 1).
To investigate this molecular mass region, MAbs were gen-
erated by immunization of BALB/c mice with the fraction in
RIBI adjuvant followed by boosting in aluminum hydroxide.
The HYB 71-2 MAb (immunoglobulin M class) showed strong
reactivity to a ST-CF band of 29 kDa located in the highly
active fraction 2 and was selected for thorough analysis.
Purification of a 29-kDa antigen. ST-CF proteins were
loaded on an Affi-T gel column for thiophilic adsorption chro-
matography. Immunoblot analysis with HYB 71-2 demon-
strated that the reactive molecule was eluted in the ammonium
sulfate concentration range of 0.44 to 0.31 M. The relevant
fractions were pooled and applied to a Mono Q column, and
this step was very efficient for separation of the 29-kDa protein
from other ST-CF proteins; fractions of almost pure 29-kDa
protein eluted at between 400 and 450 mM sodium chloride.
Final purification was performed by gel filtration on a Super-
ose 6 column equilibrated with PBS, pH 7.4. The reactive
molecule eluted near the void volume before any of the marker

proteins. In the gel filtration step, minor contaminating bands
were removed and the buffer was changed to PBS, which was
compatible with the cellular assays. As judged by SDS-PAGE,
an at least 90% pure preparation was obtained by this protocol,
which provided 40 pg of the purified protein from 400 mg of
ST-CF (Fig. 2). The 29-kDa protein was designated CFP29.

The CFP29 band was excised from a PVDF membrane after
Tricine SDS-PAGE, and microsequencing revealed two N-
terminal sequences: MNNLYRDLAPVTEAAWAEI and
NNLYRDLAPVTEAAWAEI The finding of these two se-
quences indicated that the N-terminal methionine in the ma-
ture protein is partially cleaved off.

2-DE analysis of CFP29. 2-DE analysis of purified CFP29
revealed a cluster of three distinct spots of the same molecular
mass, and all three spots were recognized by HYB 71-2 in
immunoblot analysis (Fig. 3A). Tricine SDS--2-DE analysis
was performed, and the spots representing CFP29 were excised
from the PVDF membrane for sequence analysis. For all three
spots, the same two sequences were detected after six cycles:
MNNLYR and NNLYRD. This finding confirms the partial
cleavage of the N-terminal methionine and suggests that all
three spots represent the same gene product.

Figure 3B shows the pattern obtained in 2-DE of ST-CF
proteins. The labeled spots were identified by 2-DE immuno-
blot analysis or by addition of individual purified proteins to
samples of ST-CF followed by 2-DE analysis. The three spots
representing CFP29 were mapped just below MPT59 in the pH
range of 5.0 to 5.2.

To investigate whether glycosylation could be the explana-
tion of the heterogeneity observed in 2-DE gels, a glycan de-



VoL. 66, 1998

A B
974 —
662 — Ll
450 — T
310 — i - - - -
a e
215 —
144 =— z -
1 2 3 1 2 3

FIG. 2. Fractions from the different steps used in the purification of CFP29
analyzed by SDS-PAGE followed by silver staining (A) and by immunoblot
analysis with HYB 71-2 (B). Lanes: 1, ST-CF; 2, fraction obtained from the
Affi-T gel column; 3, fraction obtained after anion-exchange chromatography
and gel filtration. Numbers at the left are molecular masses in kilodaltons.

tection kit was used to examine CFP29 for glycosylation. After
SDS-PAGE, electroblotting to nitrocellulose, and labeling for
glycan, 0.2 g of the positive control (ovalbumin) from this kit
was clearly identified as a glycoprotein; however, no staining of
the CFP29 band (1 to 5 pg was applied) was observed (data not
shown), indicating that CFP29 is not glycosylated.
Distribution of CFP29 in subcellular fractions. Many M. fu-
berculosis culture filtrate antigens are derived from the enve-
lope, from which they are gradually released (5). ST-CF and
subcellular fractions of M. tuberculosis were analyzed for the
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TABLE 1. Subcellular localization of CFP29 and PstS

Reactivity” with protein (MAb):

Subcellular
fraction* CFP29 (HYB 71-2) PstS (HBT12)

ST-CF + +

Cell wall — ++
Cytosol - _
Membrane +++ +++
Membrane, aq. +++ +
Membrane, det. - 4+

“aq. and det., aqueous and detergent phases, respectively, obtained after
Triton X-114 phase separation. The same quantity of total protein was applied
for all samples, except for the aqueous and detergent phases, which in total
represented the same protein content as the other fractions.

? Values from immunoblot analysis: —, no reactivity, +, weak reactivity, ++,
intermediate reactivity, +++, strong reactivity.

presence of CFP29 and PstS (Table 1). CFP29 was found in
ST-CF only in small quantities but was highly enriched in the
membrane fraction. In agreement with earlier studies, the PstS
homolog, the lipidated 38-kDa protein recognized by HBT12,
was located predominantly in the membrane and cell wall
fractions. The association between CFP29 and the membrane
was evaluated by Triton X-114 phase separation of the cell
membrane fraction. CFP29 preferably partitioned in the aque-
ous phase, whereas the majority of PstS was detected in the
detergent phase, in agreement with previously published data
(41).

The presence of CFP29 in the membrane fraction and ST-
CF suggests that it may be gradually released from the enve-
lope to the extracellular milieu during growth.

Characterization of the ¢fp29 gene. Database searches for
homology to the N-terminal sequence of CFP29 in EMBL and
SWISSPROT by the TFASTA and FASTA algorithms, respec-
tively, identified a B. linens protein, M18 Linocin (accession no.
X93588) with 74% identity to the 19 N-terminal amino acids of
CFP29. Linocin, encoded by the lin gene, is a potent bacteri-
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FIG. 3. 2-DE analysis. (A) Immunoblot analysis of the purified CFP29 with HYB 71-2. The three individual spots reacting with HYB 71-2 are marked by
arrowheads. (B) Silver-stained gel of ST-CF. The positions of individual proteins are indicated. Numbers at the left of each panel are molecular masses in kilodaltons.
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ATCGATCGGCAGCTTGARAGGAAGCCCCCGATGAACAATCTCTACCGCGATTTGGCACCG 60
CFP29 SD M N N L ¥ R D L A P
Linocin * * * * * * E * * *
GTCACCGAAGCCGCTTGGGCGGAAATCGAATTGGAGGCGGCGCGGACGTTCAAGCGACAC 120
CFP29 vV T E A A WA EI E L EAAURTT F KR H
Linocin I P G P * * * *x % * F & *x R % * & x « |
ATCGCCGGGLCGCCGGGTGGTCGATGTCAGTGATCCCGGGGGGCCCGTCACCGCGGCGGTC 180
CFP29 I1 A G R RV V DV S D P GG G P V T AAYV
Linocin * * * * * T * % * A G * T * F E * § * ¥
AGCACCGGCCGGCTGATCGATGTTAAGGCACCAACCAACGGCGTGATCGCCCACCTGCGG 240
CFP29 s T 6 R L I DV KAUPTNGU VI A HTILR
Linocin T * * H I R * * o s E * s * L Q V K Q@ *
GCCAGCAAACCCCTTGTCCGGCTACGGGTTCCGTTTACCCTGTCGCGCARCGAGATCGAC 300
CFP29 A S K P L VRL RV P F TUL S R NE I D
Linocin I V Q@ E Y I E * * T * * * y T * Qg A * *
GACGTGGAACGTGGCTCTAAGGACTCCGATTGGGAACCGGTAAAGGAGGCGGCCAAGAAG 360
CFP29 D V ER G S KD S DWE PV KEA AUJ AK K
LinOCin * * A * * * G * * * * Q * * * D * * T T
CTGGCCTTCGTCGAGGACCGCACAATATTCGAAGGCTACAGCGCCGCATCAATCGAAGGG 420
CFP29 L A F V EDIRTTIF E G Y S A A S I E G
Linocin I * M A * * *x A * I H * L b * * G * G *
ATCCGCAGCGCGAGTTCGAACCCGGCGCTGACGTTGCCCGAGGATCCCCGTGARATCCCT 480
CFP29 I R S A S S N P AL TUL P E D P R E I P
Linocin * v P G * * * A * yv A I * D A V E D F A
GATGTCATCTCCCAGGCATTGTCCGAACTGCGGTTGGCCGGTGTGGACGGACCGTATTCG 540
CFP29%9 D vV I $ Q AL S EL RLAGV D G P Y 3
Linocin * A v A * * * * V * * T V * * * * * * *
GTGTTGCTCTCTGCTGACGTCTACACCAAGGTTAGCGAGACTTCCGATCACGGCTATCCC 600
CFP29 vV L L $ A DV Y T KV S ET s D H G Y P
Linocin L * * * s A E * * * * * * S T * * * * *
ATCCGTGAGCATCTGAACCGG---CTGGTGGACGGGGACATCATTTGGGCCCCGGCCATC 657
CFP29 I R EH LNIRS-L VD GDTI I WA P A I
LinOCin * * * * * S * Q * G A * E * * * * * * L
GACGGCGCGTTCGTGCTGACCACTCGAGGCGGCGACTTCGACCTACAGCTGGGCACCGAC 717
CFP29 D G A F VL TTI RGGDF DUIL QL G T D
Linocin E * * L L VvV S§ * * * x % y E * H * * o *
GTTGCAATCGGGTACGCCAGCCACGACACGGACACCGAGCGCCTCTACCTGCAGGAGACG 777
CFP29 v A I G Y A S HDPTDTEIRULYUL QE T
Linocin L, § * * * y % * « g E * V E * * * * x &
CTGACGTTCCTTTGCTACACCGCCGAGGCGTCGGTCGCGCTCAGCCACTAAGGCACGAGC 837
CFP29 L T F L C Y T AU EW A S V A L S H *
Linocin ¥ ¢ * * A L * D * § * * p * * T *

GCGAGCAATAGCTCCTATGGC 858
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FIG. 4. Nucleotide sequence of the amplified PCR fragment and deduced amino acid sequence of CFP29. The putative Shine-Dalgarno (SD) site and the amino

acid sequence confirmed by N-terminal sequencing are underlined. Alignment of the deduced amino acid sequence of CFP29 and that of B. linens Linocin is shown.
A single gap was inserted to improve alignment. Identical amino acid residues are indicated by asterisks.

ocin with activity against Listeria species and other gram-pos-
itive bacteria (37).

Because of this high degree of sequence identity, the /in gene
sequence was used to design two degenerate PCR primers. By
PCR, a DNA fragment was obtained with these primers and M.
tuberculosis chromosomal DNA as the template. The sequence
of the PCR fragment was identified in a 795-bp open reading
frame on cosmid CY444 in the M. tuberculosis genome se-
quencing database at the Sanger Centre, Cambridge, United
Kingdom. This 795-bp open reading frame has 62% identity to
the lin gene sequence of B. linens, and the 5’ end translates into
a sequence that shows 100% identity to the 19 N-terminal
amino acids of CFP29. We therefore conclude that the 795-bp
open reading frame corresponds to the gene encoding CFP29.

This open reading frame was PCR amplified, cloned into the
pMCT6 expression vector, and sequenced. The determined
nucleotide sequence of the open reading frame, named c¢fp29,
and the deduced sequence of 265 amino acids are shown in Fig.
4. The open reading frame is preceded by a putative Shine-
Dalgarno-like sequence, 5'-GGAAGC-3’, centered 8 bp up-
stream of the ATG start codon. The nucleotide sequence of
the ¢fp29 gene was completely identical to that of the 795-bp
open reading frame identified on cosmid CY444 from the M.
tuberculosis genome sequencing database. The start of the de-
duced amino acid sequence is identical to the N-terminal se-
quence of the mature CFP29, indicating that CFP29 has no
signal sequence, and no consensus signal sequence was iden-
tified for the ¢fp29 gene by computer-assisted analysis (25).
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TABLE 2. Presence of the CFP29 protein and gene in different
species and strains of mycobacteria

Presence of:

Species and strain Source®
Protein” Gene®

M. tuberculosis

H37Rv (ATCC 27294) ATCC + +

H37Ra (ATCC 25177) ATCC + +
M. africanum patient isolate SSI + +
M. bovis

ANS (MNC 433) SSI + +

BCG Danish 1331 SSI + +
M. avium ATCC 15769 ATCC + -
M. terrae ATCC 15755 ATCC + +
M. marinum ATCC 927 ATCC + +
M. szulgai patient isolate SSI + +
M. scrofulaceum ATCC 19275 ATCC + -
M. diernhoferi ATCC 19340 ATCC + +

“ ATCC, American Type Culture Collection; SSI, Statens Serum Institut my-
cobacterium collection.

® The protein was identified in culture filtrates by immunoblot analysis with
HYB 71-2.

¢ The presence of the gene was investigated by PCR.

Comparison of Linocin and CFP29. The deduced amino
acid sequence of CFP29 shows 58% identity to that of Linocin
(Fig. 4). The deduced molecular mass of CFP29 is 28,860 Da,
and the calculated plI is 4.70. In comparison, the calculated
mass of Linocin is 28,596 Da, and the pl is 4.41.

The observed similarities point to the existence of a Linocin
homolog in M. tuberculosis. Linocin exists in its native form as
a polymer with a high molecular mass (>2,000 kDa) (37). Like
Linocin, CFP29 elutes close to void volume before any of the
marker proteins on a Superose 6 gel filtration column, indicat-
ing that the molecular mass of CFP29 in its native form is at
least 700 kDa.

Bacteriocin activity was therefore examined by spotting sam-
ples of native proteins on agar containing the indicator strains.
Twenty-four Listeria monocytogenes strains with different sen-
sitivities to inhibitory effects from Linocin were investigated. A
single mycobacterial species, M. diernhoferi, was also included
as indicator strain, since this species has been reported to be
inhibited by a not-yet-defined molecule from M. tuberculosis
(35). Linocin inhibited the growth of all L. monocytogenes
indicator strains, as expected, whereas no inhibition of M. di-
ernhoferi by Linocin was observed (data not shown). None of
the indicator strains were inhibited by ST-CF or CFP29.

Interspecies analyses. The presence of CFP29 in different
mycobacterial species was examined at the protein level with
HYB 71-2 by immunoblot analysis of mycobacterial culture
filtrates. A 29-kDa band reacting with HYB 71-2 was observed
in all culture filtrates tested (Table 2).

At the genetic level, PCR analysis with cfp29-specific prim-
ers demonstrated that the cfp29 gene is present in all species
with the exception of Mycobacterium avium and Mycobacte-
rium scrofulaceum (Table 2). DNAs from these two species
were tested under less stringent conditions, but no PCR prod-
uct could be detected. Since a HYB 71-2-reactive 29-kDa band
is present in both species, the lack of PCR product may be
explained by polymorphism in the region corresponding to the
primers or by the presence of a shared epitope in a different
protein with the same mobility in SDS-PAGE as CFP29.

Immunological activity of CFP29. CFP29 is present in only
small amounts in ST-CF, so to obtain CFP29 for immuno-
logical studies, recombinant histidine-tagged CFP29 was ex-
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pressed and purified to homogeneity as described in Materials
and Methods.

The T-cell recognition of purified native and recombinant
CFP29 was evaluated and compared to those of other culture
filtrate antigens from the 24- to 36-kDa region. Memory effec-
tor cells isolated from mice during the recall of protective
immunity were stimulated in vitro with different concentrations
of CFP29, MPT59, MPTS51, and MPT64, and the cellular re-
sponses were compared with the response to ST-CF (Table 3).
All antigens except MPT64 were recognized and gave rise to a
dose-dependent release of IFN-vy in the cell cultures. As pre-
viously reported, MPT59 is a very prominent target molecule
in this region (4), and MPT59 gave rise to almost the same
cellular reactivity as ST-CF (Table 3). The CFP29 preparations
also gave rise to high levels of IFN-y, whereas MPT51 elicited
only a limited release of IFN-y. The native and recombinant
CFP29 samples gave rise to similar dose-response curves, with
increasing release of IFN-v in the dose range of 0.5 to 8 pg/ml
and the same level of IFN-y at the highest concentration (Ta-
ble 3).

DISCUSSION

It is now considered a fact that M. tuberculosis culture filtrate
contains targets for protective T cells, and in animal models,
experimental vaccines based on culture filtrate proteins induce
protective immunity (3, 27).

In the present study, we describe a novel T-cell antigen,
CFP29, from the highly stimulatory 24- to 36-kDa region of
M. tuberculosis ST-CF. This region contains antigens recog-
nized strongly by memory effector cells in mouse and guinea
pig models of TB (4, 16). Furthermore, this region is strong-
ly recognized by Thl cells in human TB patients with mini-
mal disease (12). Although CFP29 is present in ST-CF in very
limited amounts, we were able to isolate enough native CFP29
for a partial biochemical characterization and demonstration
of its potent T-cell-stimulatory properties. In cellular assays,

TABLE 3. Mouse IFN-y response to ST-CF and antigens
from the 24- to 36-kDa region”

Antigen Concn (pg/ml) IFN-y release (ng/ml)?
ST-CF 8.0 24.36 (0.22)
2.0 24.09 (0.33)
0.5 11.12 (0.24)
nCFP29¢ 8.0 12.22 (0.13)
2.0 3.74 (0.12)
0.5 1.20 (0.01)
rCFP29¢ 8.0 11.43 (0.18)
2.0 9.37 (0.18)
0.5 1.61 (0.17)
MPT51 8.0 2.33(0.12)
2.0 0.73 (0.03)
0.5 0.78 (0.03)
MPT59 8.0 19.30 (0.55)
2.0 19.37 (0.15)
0.5 10.67 (0.37)
MPT64 8.0 <0.05
2.0 <0.05
0.05 <0.05

“ The responses were measured with memory effector T cells isolated from the
spleen 4 days after challenge with M. tuberculosis.

> Expressed as mean values from triplicate analyses performed with cells
pooled from three mice. Numbers in parentheses are standard errors of the
means.

< nCFP29, native CFP29.

¢ rCFP29, recombinant CFP29.
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native as well as recombinant CFP29 was clearly identified as a
T-cell antigen triggering the release of large quantities of
IFN-vy from memory effector cells isolated during the recall of
protective immunity in the mouse model of TB infection. How-
ever, given the complexity of the reactive 26- to 29-kDa frac-
tion in SDS-PAGE, our identification of CFP29 does not ex-
clude that other, as-yet-unidentified T-cell antigens may also
contribute to the prominent release of IFN-y in response to
this fraction.

It has been suggested that the extracellular proteins most
relevant for novel vaccines are the ones appearing in abundant
quantities in culture filtrates (19). Since intracellular growth of
M. tuberculosis in macrophages induces a significant change in
protein expression compared to extracellular growth in culture
medium (1, 23), the search for new M. tuberculosis antigens
should not be biased by their relative quantities in vitro. The
identification of the highly reactive T-cell antigens CFP29 and
ESAT-6 (34), both of which are present in small amounts in
culture filtrates, demonstrates that important antigens may be
overlooked if only the most abundant molecules are charac-
terized. For both antigens, immunoblot analysis with specific
MADs has proven to be a sensitive technique for identification
and isolation of proteins which constitute less than 1% of the
total protein quantity.

Investigation of subcellular fractions of M. tuberculosis
showed that CFP29 is present in the membrane and culture
filtrates but not in the cytosol fraction. This leads to the con-
clusion that CFP29 is exported and probably gradually released
from the envelope, making it available for immune recognition
in the early stage of infection. The localization of CFP29 em-
phasizes the relevance of defining antigens from various sub-
cellular fractions of M. tuberculosis, and this matter is currently
being pursued as part of our attempts to identify new M.
tuberculosis T-cell antigens.

A consensus signal sequence is absent from the cfp29 gene,
a phenomenon also observed for other extracellular mycobac-
terial proteins, like ESAT-6 and superoxide dismutase (34, 42),
suggesting the existence of signal sequence-independent mech-
anisms for translocation of proteins across the bacterial mem-
brane. The partitioning of CFP29 in the aqueous phase indi-
cates a peripheral association of the protein with the
membrane, and in agreement with this finding, no transmem-
brane segments in the amino acid sequence of CFP29 were
identified by the algorithm of Klein et al. (20).

2-DE analysis of CFP29 showed three different spots in the
pl range of 5.0 to 5.2 with the same N-terminal sequence. The
cause of the heterogenity of CFP29 observed in 2-DE is not
known, but it could be explained by deamidation, oxidation of
amino acids, or posttranslational modifications such as phos-
phorylation. Our data suggested that glycosylation was not a
possible explanation.

CFP29 is widely distributed in mycobacterial species, and its
expression was demonstrated in culture filtrates from patho-
genic species as well as nonpathogenic species of environmen-
tal origin, suggesting that CFP29 could play an important phys-
iological role in mycobacteria. Comparison of the amino acid
sequences, calculated pls, and molecular masses of CFP29 and
B. linens Linocin indicated that CFP29 is a mycobacterial ho-
molog of Linocin, and it was therefore relevant to investigate
whether CFP29 possesses bacteriocin activity. Twenty-four L.
monocytogenes strains and M. diernhoferi were tested for
growth inhibition in the presence of purified native CFP29 or
ST-CF. However, no inhibition was observed with any of the
strains tested. CFP29 may not share this property with Linocin,
due to either significant differences in the amino acid se-
quences or lack of posttranslational modifications which may

INFECT. IMMUN.

be important for the bacteriocin activity. Alternatively, CFP29
may have lost its activity during the purification process.

In this regard, M. tuberculosis is known to possess bacterio-
cin activity against several rapidly growing mycobacterial
strains, including M. diernhoferi (35). The inhibitory activity
was sensitive to heat treatment and proteinase digestion, im-
plying that the responsible molecule is of proteinaceous origin.
To our knowledge, no detailed characterization of the mole-
cule responsible for this mycobacteriocin activity has been pub-
lished. However, the expression of a 29-kDa protein which
reacts with HYB 71-2 in the rapidly growing, nonpathogenic
species M. diernhoferi further supports that CFP29 is not the
molecule responsible for this inhibition observed by Takeya
and Tokiwa (35). It therefore still remains to be established
which physiological role CFP29 may play in mycobacteria.

Work is in progress to test the recognition of recombinant
CFP29 by human TB patients in different stages of disease.
The results obtained in the mouse model of TB infection are
encouraging and suggest that CFP29 should be added to the
list of important T-cell antigens derived from culture filtrates.
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