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Mycobacterium tuberculosis GroES was purified from culture filtrate, and its identity was confirmed by
immunoblot analysis and N-terminal sequencing. Comparing the immunological recognition of native and
recombinant GroES, we found that whereas native GroES elicited a strong proliferative response and release
of gamma interferon-␥ by peripheral blood mononuclear cells from healthy tuberculin reactors, the recombinant protein failed to do so. The same difference in immunological recognition was observed in a mouse model
of TB infection. Both the native and recombinant preparations were recognized by mice immunized with the
recombinant protein. Biochemical characterization including sodium dodecyl sulfate-polyacrylamide gel electrophoresis, two-dimensional electrophoresis, and mass spectrometry analysis of both proteins demonstrated
no differences between the native and recombinant forms of GroES except for the eight additional N-terminal
amino acids derived from the fusion partner in recombinant GroES. The recombinant fusion protein, still
tagged with the maltose binding protein, was recognized by T cells isolated from TB-infected mice if mixed with
culture filtrate before affinity purification on an amylose column. The maltose binding protein treated in the
same manner as a control preparation was not recognized. Based on the data presented, we suggest that the
association of biologically active molecules from culture filtrate with the chaperone GroES may be responsible
for the observed T-cell recognition of the native preparation.
ancy together with recent reports of different immunological
activities of native and recombinant mycobacterial antigen
preparations (13, 23, 39, 44) have stimulated our interest in
performing immunological and biochemical comparisons of
native and recombinant GroES.
In this study, we purified native M. tuberculosis GroES
(nGroES) from short-term culture filtrate (ST-CF) and compared the T-cell recognition of recombinant and native antigens. We have demonstrated that in BCG-vaccinated human
donors as well as in TB-infected mice, recombinant GroES
(rGroES) induced almost no cellular immune responses
whereas nGroES was highly stimulatory. No biochemical differences between the two molecules could be detected by a
range of techniques. Interestingly, the recombinant molecule
was biologically active after contact with culture filtrate, suggesting that antigen moieties present in the culture filtrate are
associated with nGroES and may be responsible for the T-cell
recognition.

Characterization of antigens which are recognized during
natural infection in tuberculosis (TB) patients as well as in
animal models of the disease is important in the selection of
antigens to be included in new TB vaccines and diagnostics.
Several immunodominant antigens have been described (as
reviewed in reference 46 and recently in reference 2). Some of
these antigens have been produced as recombinant proteins
and are distributed through the WHO IMMYC Recombinant
Protein Bank. This important initiative has allowed standardized large-scale studies of T-cell recognition in human patients
and in animal models. It is of critical importance, however, to
ensure that the activities of the recombinant and native preparations are comparable. We have previously found that antigen recognition of T cells isolated from patients with minimal
TB is directed against a wide range of different-molecular-mass
antigens (15). In this study, the low-molecular-mass fraction
enriched in GroES (also called cpn10, hsp10, and 10-kDa antigen) was frequently recognized and gave high levels of
gamma interferon (IFN-␥) production in patients with minimal
TB (15). The same fraction elicited high levels of IFN-␥ production from memory immune lymphocytes in the mouse
model of TB infection (3). Mycobacterial GroES has previously been described as a major T-cell antigen strongly recognized in TB patients and infected animals (12, 28, 34). However, several studies have tested recombinant Mycobacterium
tuberculosis GroES and reported only limited T-cell responses
in TB-infected mice and patients (3, 29, 37, 42). This discrep-

MATERIALS AND METHODS
Antigens and mitogens. ST-CF was produced as described previously (5).
Briefly, M. tuberculosis H37Rv was grown in modified Sauton medium without
Tween 80 on an orbital shaker for 7 days at 37°C. The bacteria were removed by
filtration and the filtrate was concentrated 100-fold on an Amicon (Danvers,
Mass.) YM3 membrane.
Purification of nGroES. (i) Preparative electrophoresis. ST-CF (200 mg) was
precipitated with ammonium sulfate to a final saturation of 80%. The precipitate
was resuspended in distilled water and washed three times with 8 M urea on a
Centriprep 3 unit (Amicon). ST-CF proteins were fractionated on a Rotofor
preparative isoelectric focusing cell (Bio-Rad, Richmond, Calif.) as described
elsewhere (45). The collected fractions were analyzed by silver-stained sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the
GroES-containing fractions were pooled and refractionated. The pooled protein
was further purified by whole-gel elution as described in reference 7. Briefly,
SDS-PAGE sample buffer was added to the sample, which was boiled for 5 min
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C57BL/6J mice (Bomholtegaard, Ry, Denmark), were housed in cages contained
within laminar flow safety enclosure for the infection experiments. Intravenous
infections were administered via the lateral tail vein with an inoculum of 5 ⫻ 104
M. tuberculosis suspended in PBS (pH 7.4) in a volume of 0.1 ml. Memory
immune mice were obtained by clearing the primary infection by chemotherapy
as described previously (8). This group of mice received isoniazid (Merck, Rathway, N.J.) and rifabutin (Farmatalia Carlo Erba, Milano, Italy) in their drinking
water for 2 months. The mice were rested for 4 to 6 months before being used
for experiments. For the study of the recall reaction, animals were infected with
an inoculum of 106 bacteria and sacrificed at day 4.
Naive C57BL/6J mice were immunized subcutaneously into the footpads with
10 g of rGroES (batch Mt 10-2) or PBS in a volume of 0.2 ml emulsified in
incomplete Freund’s adjuvant (IFA; Statens Serum Institut). Twelve days after
immunization, animals were sacrificed.
Spleen cells and lymph node cells were obtained by preparing single-cell
suspensions as described previously (6). Lymphocytes were cultured in microtiter
wells (Nunc, Roskilde, Denmark) containing 2 ⫻ 105 cells in a volume of 200 l
of RPMI 1640 supplemented with 5 ⫻ 10⫺5 M 2-mercaptoethanol, penicillinstreptomycin, 1 mM glutamine, and 5% (vol/vol) fetal calf serum. Cellular proliferation was investigated by pulsing cultures after 48 h of incubation (1 Ci of
[3H]thymidine per well), and after further 22 h of incubation, plates were harvested and processed for liquid scintillation counting as previously described
(16). All tests were carried out in triplicate, and all counts-per-minute values are
given as geometric means. Supernatants for the investigation of IFN-␥ were
harvested after 48 h of incubation. Culture supernatants were tested in triplicate,
and IFN-␥ was detected by enzyme-linked immunosorbent assay (ELISA) with
biotin-labeled rat anti-murine IFN-␥ MAb (16). Concanavalin A (1 g/ml) was
used in all experiments as a positive control for cell viability.
Isolation and in vitro culture of PBMC from human donors. Peripheral blood
mononuclear cells (PBMC) were obtained from healthy BCG-vaccinated Danish
donors. PBMC were freshly isolated by gradient centrifugation of heparinized
blood on Lymphoprep (Nycomed, Oslo, Norway). The cells were resuspended in
RPMI 1640 supplemented with 5 ⫻ 10⫺5 M 2-mercaptoethanol, 100 IU of
penicillin per ml, 50 g of streptomycin per ml, nonessential amino acids, 1 mM
glutamine, and 10% human ABO serum. PBMC (105) were added to triplicate
wells in round-bottom microtiter plates (Nunc) and stimulated for 3 days with
mitogens and 5 or 7 days with antigens; 24 h before harvesting, 0.25 Ci of
[3H]thymidine (TRA 120; Radiochemical Centre, Amersham, United Kingdom)
was added to triplicate wells, and [3H]thymidine incorporation was measured by
liquid scintillation counting. IFN-␥ was detected on duplicate supernatants by
ELISA (MABTECH, Stockholm, Sweden) according to the manufacturer’s instructions. Recombinant human IFN-␥ (Gibco BRL, Rockville, Md.) was used as
a standard. Phytohemagglutinin (1 g/ml) was used in all experiments as a
positive control for cell viability.
Statistical analysis. A paired t test was used to compare the difference in
proliferative or IFN-␥ response between native and recombinant antigens, and
P ⬍ 0.05 was considered significant.

RESULTS
Purification of nGroES. The 10-kDa M. tuberculosis homologue of the heat shock protein GroES was purified from
ST-CF by preparative 2-DE with isoelectric focusing as the first
step followed by size separation in SDS-PAGE and electroelution as described in Materials and Methods. The combination
of these methods gave a nontoxic, pure preparation of
nGroES, which could be used directly in immunological assays.
nGroES was analyzed by SDS-PAGE (Fig. 1A) and compared with the rGroES supplied by the WHO Recombinant
Protein Bank. Both proteins gave one band in SDS-PAGE, and
for rGroES the observed mobility was slightly lower than that
for the nGroES protein, in accordance with the presence of
eight additional amino acids in rGroES derived from the construction of the fusion protein in the pMAL expression system.
As judged from SDS-PAGE, nGroES was purified to homogeneity; no contaminating bands were observed (Fig. 1A). Immunoblot analysis with MAb HYB 76-1 showed reactivity to
nGroES as well as rGroES (Fig. 1B).
T-cell responses to nGroES and rGroES. PBMC from two
healthy PPD-positive individuals were stimulated with different concentrations of the recombinant and native GroES preparations. Stimulation with nGroES induced significant proliferative and IFN-␥ response in all concentrations above 0.1
g/ml, whereas neither proliferation nor IFN-␥ release was
observed after stimulation with the same concentrations of
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and separated by standard SDS-PAGE. After termination of electrophoresis, the
gel was equilibrated in 2 mM phosphate buffer and electroeluted in the whole-gel
eluter (Bio-Rad). The obtained fractions were aspirated, adjusted to isotonia
with concentrated phosphate-buffered saline (PBS; pH 7.4), and analyzed by
silver-stained SDS-PAGE and immunoblot analysis using the M. tuberculosis
GroES monoclonal antibody (MAb) HYB 76-1.
(ii) Column chromatography. Ammonium sulfate was added to ST-CF to
obtain a final concentration of 1.5 M ammonium sulfate. The soluble proteins
were subsequently subjected to thiophilic adsorption chromatography (36) on an
Affi-T gel column (Kem-En-Tec, Copenhagen, Denmark), and proteins were
eluted by a linear 1.5 to 0 M gradient of ammonium sulfate. The fractions were
analyzed by silver-stained SDS-PAGE, fractions containing nGroES were concentrated, and the buffer was changed to 10 mM Tris-HCl (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-HCl (pH 8.5) and
eluted with a linear gradient of sodium chloride (0 to 0.75 M). Fractions were
analyzed by silver-stained SDS-PAGE and immunoblot analysis with HYB 76-1,
fractions of pure nGroES were pooled, and the buffer was changed to PBS (pH
7.4).
Recombinant proteins. M. tuberculosis and M. leprae GroES were expressed in
Escherichia coli as fusion proteins with the maltose binding protein, purified on
an amylose affinity column, cleaved with factor Xa, and further purified by anion
exchange as described previously (28). M. tuberculosis GroES batches Mt 10-1B
and Mt 10-2 and M. leprae GroES batches Ml 10-1B and Ml 10-2 were supplied
by the WHO Recombinant Protein Bank. The maltose binding protein was
obtained from the amylose affinity column after factor Xa cleavage of the MPT64
fusion protein (32). The expression and purification of M. tuberculosis GroES in
E. coli with no additional amino acids (Mtcpn10) have previously been described
(21, 22).
For affinity chromatography, 0.5 mg of the M. tuberculosis GroES fusion
protein or the maltose binding protein was mixed with 10 mg of ST-CF for 1 h
at room temperature in PBS (pH 7.4). The fusion protein or the maltose binding
protein was thereafter purified on the amylose affinity column as recommended
by the manufacturer (New England Biolabs, Beverly, Mass.). Fractions eluted by
maltose were analyzed by silver-stained SDS-PAGE and immunoblot analysis
with either the maltose binding protein antiserum or HYB 76-1.
Other antigens and mitogens. Synthetic M. tuberculosis GroES was produced
and purified as described previously (26). Ag85B was kindly provided by S. Nagai
(Osaka City University Medical School, Osaka, Japan). Phytohemagglutinin (HA
17) was from Wellcome (Beckenham, United Kingdom), concanavalin A was
from Sigma Chemical Co. (St. Louis, Mo.), and purified protein derivative (PPD;
RT47) was from Statens Serum Institut (Copenhagen, Denmark).
Analyses of antigen preparations. Protein concentrations were determined by
the Micro BCA (bicinchoninic acid) method (Pierce, Oud-Beijerland, The Netherlands).
SDS-PAGE and two-dimensional PAGE (2-DE) were performed in the Protean IIxi system (Bio-Rad). Standard SDS-PAGE in 10 to 20% gradient gels,
2-DE, and Tricine SDS-PAGE were performed as previously described (41).
Lipopolysaccharide (LPS) content was determined by the Limulus amoebocyte
lysate clot test described in reference 10. Recombinant antigen preparations
were passaged through endotoxin-removing columns (Detoxi-Gel, 20344; Pierce)
as recommended by the manufacturer. The LPS content in the rGroES preparations after removal of endotoxin was 0.06 to 0.6 ng of endotoxin/g of protein.
nGroES preparations contained 0.08 to 0.8 ng of endotoxin/g of protein.
Antibodies. HYB 76-1, the MAb reacting with GroES, was produced by immunization of BCG-primed BALB/c mice with PPD (25) and was kindly provided by C. Koch, Statens Serum Institut. The maltose binding protein rabbit
antiserum was from New England Biolabs.
N-terminal sequence analysis. nGroES, purified by preparative electrophoresis, was subjected to reversed-phase high-performance liquid chromatography on
a Vydac (Hesperia, Calif.) 214TP52 C4 column (2.1 by 25 mm) equilibrated with
9.5% isopropanol in 0.1% trifluoroacetic acid. Elution was performed with a 9.5
to 76% linear gradient of isopropanol in 0.1% trifluoroacetic acid. The collected
peak material was analyzed by silver-stained SDS-PAGE, and N-terminal sequence analysis was performed on a Procise sequencer (Applied Biosystems,
Foster City, Calif.) as described by the manufacturer.
MS analysis. nGroES purified by preparative electrophoresis and rGroES
(batch Mt 10-2) were subjected to 16% Tricine SDS-PAGE and blotted onto a
polyvinylidene difluoride membrane, which was stained with Coomassie blue, as
previously described (41). The bands were excised and digested in situ with
trypsin, and the total mixtures were analyzed by matrix-assisted laser desorption
ionization–time-of-flight (MALDI-TOF) mass spectrometry (MS) (20). The
fragments were identified by matching the experimental masses with the calculated masses of the expected tryptic peptides of nGroES and rGroES, using the
GPMAW program (Lighthouse Data, Odense, Denmark). The mass of intact
nGroES was determined by MALDI-TOF MS after dialysis of nGroES against
0.1 M ammonium bicarbonate buffer in a Tube-O-Dialyser unit (cutoff, 1,000 Da;
Chemicon, Temecula, Calif.).
Experimental infection/immunization and mouse lymphocyte cultures. M. tuberculosis H37Rv, used for infection experiments, was grown at 37°C on Löwenstein-Jensen medium or in suspension in modified Sauton medium enriched with
0.5% sodium pyrovate and 0.5% glucose. The animals, female 6- to 12-week-old
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TABLE 1. Recognition of mycobacterial antigens by mouse
memory effector cellsa
Antigenb

Mean IFN-␥ releasec
(ng/ml) ⫾ SE

I

ST-CF
Ag85B
nGroES (I)
rGroES (Mt 10-2)
rGroES (Mt 10-1B)
rGroES (Ml 10-2)
rGroES (Ml 10-1B)
ST-CF
nGroES (II)
rGroES (Mt 10-2)
rGroES (Mtcpn10)
sGroES

21.4 ⫾ 0.9
6.5 ⫾ 0.2
6.5 ⫾ 0.2
0.4 ⫾ 0.1
0.3 ⫾ 0.1
0.3 ⫾ 0.1
0.4 ⫾ 0.2
22.9 ⫾ 2.7
3.2 ⫾ 0.3
0.4 ⫾ 0.1
0.5 ⫾ 0.0
0.4 ⫾ 0.0

II

FIG. 1. Analysis of native and recombinant GroES. Different preparations of
M. tuberculosis GroES were analyzed by silver-stained SDS-PAGE (A) and
immunoblot analysis with MAb HYB 76-1 (B). Lanes: 1, ST-CF; 2, biochemically
purified nGroES; 3, rGroES. Numbers at the left indicate molecular mass markers in kilodaltons.

rGroES (results not shown). To confirm and extend these
observations, a comparison of nGroES and rGroES at the
concentration 5 g/ml was done on eight PPD-responsive,
healthy Danish individuals (Fig. 2). All donors recognized the
nGroES, whereas only very limited response to rGroES was
found. This difference was pronounced for both proliferation
and IFN-␥ release: the median value of the proliferative responses of eight donors to nGroES was 12.4 ⫻ 103 cpm,
whereas the median value of the responses to rGroES was
1.65 ⫻ 103 cpm; for IFN-␥ release, the median values of the

FIG. 2. Human T-cell responses to nGroES and rGroES. PBMC from eight
healthy, BCG-vaccinated individuals were stimulated with no antigen (control)
or with ST-CF, nGroES, and rGroES at the concentration 5 g/ml. The results
are shown as individual proliferative (A) and IFN-␥ (B) responses after stimulation. The variation between individual wells was less than 10% of the mean.

a
Splenic lymphocytes were isolated 4 days after reinfection with 106 M. tuberculosis and stimulated in vitro.
b
All antigens were used at a concentration of 5 g/ml. nGroES (I) was
purified by preparative electrophoresis; nGroES (II) was purified by column
chromatography; rGroES (M. tuberculosis) was expressed in E. coli either in the
pMAL system (Mt 10-2 and Mt 10-1B) or in the T7 expression system
(Mtcpn10); rGroES (M. leprae) was expressed in the pMAL system (Ml 10-2 and
Ml 10-1B); sGroES was the synthetic version of M. tuberculosis GroES.
c
Stimulation without antigen gave IFN-␥ values of ⬍0.05 ng/ml.

responses to nGroES and rGroES were 4.45 and 0.55 ng/ml,
respectively. These differences in the cellular responses to the
two preparations were highly significant (P ⬍ 0.02).
We continued by investigating the recognition of nGroES
and rGroES in the mouse model of TB infection. Mice rendered memory immune to TB by a primary infection followed
by chemotherapy were tested 4 days after challenge with M.
tuberculosis. Splenic lymphocytes were isolated, and cellular
responses to ST-CF, nGroES, rGroES, and antigen 85B
(Ag85B) were investigated (Table 1, experiment I). In this
experiment, two different batches of rGroES were compared to
check for potential batch-to-batch variation. Furthermore, two
preparations of M. leprae rGroES were included. None of the
mycobacterial rGroES batches induced measurable levels of
IFN-␥, whereas the nGroES was strongly recognized. Stimulation with ST-CF and Ag85B gave a prominent IFN-␥ release,
as expected (3). Thereafter, we investigated a different
nGroES preparation (purified by a combination of hydrophobic interaction chromatography and anion exchange [see Materials and Methods]), a different rGroES preparation (expressed in a different expression system), and a chemically
synthesized version of the GroES molecule (Table 1, experiment II). Among the M. tuberculosis GroES samples tested,
only nGroES induced a T-cell response, demonstrating that
only the native preparation is a source of the epitope(s) which
are recognized by splenocytes from memory immune mice.
The presence of potentially toxic substances in the rGroES
preparation (batch Mt 10-2) causing inhibition of the murine
and human T-cell responses was also investigated. Lymphocytes from non-mycobacterium-reactive human donors or naive mice were stimulated with suboptimal concentrations of
mitogen plus different concentrations of rGroES. No inhibitory
effect on the proliferative responses were detected in either
model (data not shown).
To investigate if rGroES can induce a recall response to the
homologous preparation, the recognition of nGroES and
rGroES was investigated after immunization with rGroES and
compared to responses induced by TB infection. C57BL/6J
mice were immunized with 10 g of rGroES in IFA; 12 days
later, the draining lymph node cells were isolated and stimu-
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FIG. 3. Priming for T-cell recognition of nGroES and rGroES by immunization and TB infection. Lymphocytes were isolated from the spleens of memory
immune mice 4 days after reinfection with M. tuberculosis (top) from naive mice
(bottom), or from the lymph nodes of mice immunized with rGroES in IFA
(middle). The lymphocytes were stimulated in vitro with ST-CF (4.0 g/ml),
nGroES (10 g/ml), and rGroES (10 g/ml). Control, no antigen added. Standard errors were less than 15% of the mean.

lated with ST-CF, nGroES, and rGroES (Fig. 3). In mice
immunized with rGroES, we observed in vitro recall responses
to the homologous preparation as well as to nGroES and
ST-CF. This demonstrates that the recombinant preparation
contains T-cell epitopes and that these epitopes are found in
the native version of the molecule. Splenocytes from M. tuberculosis-infected mice recognized ST-CF and nGroES but not
rGroES. In naive mice, only a low level of proliferation was
observed to any of the antigens, excluding the presence of
nonspecific stimulatory compounds in the preparation.
Biochemical characterization of nGroES and rGroES. To
identify possible differences between the nGroES and rGroES
molecules, several biochemical analyses were undertaken.
The purity of the nGroES preparation was evaluated by
2-DE analysis and silver staining, which demonstrated three
individual spots (Fig. 4). All three spots were recognized by
HYB 76-1 after immunoblot analysis (data not shown), indicating that no other proteins were copurified with GroES.
Similar results were obtained for nGroES purified by column
chromatography (data not shown).
The N-terminal amino acid sequence of nGroES was determined, and one sequence was obtained (Table 2). This sequence is in agreement with the published amino acid sequence of M. tuberculosis GroES (11, 30). As previously
reported by Nagai and coworkers (30), the N-terminal methionine is cleaved off in the mature protein. In rGroES, the first
seven amino acids are derived from the fusion partner; in total,
rGroES contains eight additional amino acids compared to the

mature, native protein. This analysis confirmed the identity of
the purified nGroES and revealed no other proteins or peptides present in this preparation.
A recent study reports that delayed-type hypersensitivity
activity of the Brucella L7/L12 ribosomal proteins is dependent
on lipidation which occurs, in brucellae but not in E. coli (9).
An MS analysis was performed after tryptic digestion of
nGroEs and rGroES to determine whether any posttranslational modifications are present in either preparation (Table
3). The measured masses of the peptides obtained were compared with the calculated masses; these values were identical
for all peptides within experimental error, indicating that no
posttranslational modifications are found in nGroES or
rGroES; 90 and 93% sequence coverage was observed for
nGroES and rGroES, respectively. The mass of intact nGroES
was determined by MS to be 10,678.5 (⫾10) Da, which is in full
agreement with the calculated mass of 10,673 Da. In this analysis, peaks corresponding to masses of ca. 3,000 Da were also
observed. However, attempts to identify the origins of these
peptides or potential fragments of nGroES were not successful.
Murine recognition of the recombinant GroES fusion protein. Although the purity of the GroES preparations has been
checked rigorously, the above results raised the possibility that
small amounts of molecules derived from culture filtrate associate with the GroES protein in a noncovalent manner and are
responsible for the observed activity of nGroES. We addressed
this possibility by mixing the recombinant M. tuberculosis
GroES protein still fused to the maltose binding protein with
ST-CF. This was followed by affinity purification of the GroES
fusion protein on an amylose column. SDS-PAGE analysis of
the two preparations did not reveal any additional bands in the
GroES fusion protein preparation after contact with ST-CF
(Fig. 5). T cells isolated from memory immune mice 4 days
after reinfection with M. tuberculosis were thereafter stimu-

TABLE 2. N-terminal amino acid sequences of nGroES
and rGroES
Protein

Sequence

nGroES ...................
X X V N I K P L E Da
GroES .....................
M A K V N I K P L E Db
rGroES....................L R P Q P E F V A Kc
a

Sequence of purified nGroES from ST-CF (this study).
Deduced from the published DNA sequence (11).
As stated in the data sheet accompanying the batch Mt 10-2 from the WHO
Recombinant Protein Bank.
b
c
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FIG. 4. Silver-stained 2-DE gel of biochemically purified nGroES. The three
individual spots reacting with HYB 76-1 are marked by arrowheads. Molecular
masses in kilodaltons are indicated on the left.
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TABLE 3. MS tryptic peptide data
Avg molecular mass (Da)
Calculated

nGroES

rGroES

⫺8–2
3–11
12–34
35–49
35–56
35–57
50–57
57–72
58–72
73–91
80–91

1,185.4
1,056.3
2,343.6
1,524.7
2,384.6
2,540.8
1,035.1
1,777.0
1,620.8
2,177.4
1,428.6

1,056.7
2,344.6
1,525.1
2,385.4
2,541.7
1,035.1
1,777.4
1,621.0
2,179.1
1,429.5

1,185.5
1,056.0
2,344.6
1,524.9
2,385.0
2,541.5
1,035.0
1,777.4
1,620.7
2,178.7
1,429.4

lated with the two preparations of the GroES fusion protein. In
confirmation of our earlier findings, no induction of IFN-␥ was
observed in response to the GroES fusion protein in the dose
range of 0.25 to 8 g/ml, but the fusion protein which had been
mixed with culture filtrate induced a significant release of
IFN-␥ with a peak at 2 g/ml, although the levels of IFN-␥
induced were lower than those observed for nGroES (Fig. 6).
The same experiment was performed with the maltose binding
protein alone, but at a concentration of 2.0 g/ml no detectable IFN-␥ was released neither before or after treatment with
ST-CF (data not shown). These data suggest that the GroES
part of the fusion protein binds the moieties from ST-CF
responsible for the immunological recognition.
DISCUSSION
M. tuberculosis GroES was originally identified as a major
T-cell antigen responsible for the strong human and murine
T-cell recognition of antigen fractions with a molecular mass of
around 10 kDa (12, 34). The strong reactivity to low-mass
antigens has been confirmed in other studies of TB patients
and BCG-vaccinated human donors (15, 38) and is also a
characteristic of early disease in several animal species (16, 24,
35). However, data from a number of more recent studies
collectively suggested that the same high level of responses
cannot be induced by the recombinant version of GroES (3, 29,
37, 42).

FIG. 5. Analysis of ST-CF-treated rGroES. The recombinant fusion protein
of GroES and the maltose binding protein was mixed with ST-CF followed by
affinity chromatography on an amylose column. The preparation was analyzed
before (lane 1) and after (lane 2) this treatment by SDS-PAGE and silver
staining. Molecular masses in kilodaltons are indicated on the left.

FIG. 6. Recognition of mycobacterial antigens by mouse memory effector
cells. Splenic lymphocytes were isolated from three memory immune mice 4 days
after reinfection with 106 M. tuberculosis. The lymphocytes were stimulated in
vitro with ST-CF (Œ), nGroES purified by column chromatography (■), the
recombinant fusion protein of the maltose binding protein and M. tuberculosis
GroES (F), and the recombinant fusion protein treated with ST-CF (). The
levels of IFN-␥ were measured in culture supernatants; each point represents the
mean of triplicate values ⫾ standard error of the mean. Stimulation without
antigen gave IFN-␥ values below 0.05 ng/ml. This experiment was repeated twice
with the same overall results.

Intrigued by these findings, we purified M. tuberculosis
GroES by classical chromatographic methods as well as by
preparative 2-DE and conducted a comparative study of
nGroES and rGroES. The nGroES molecule was purified to
homogeneity as evaluated by SDS-PAGE, 2-DE, MS, and Nterminal sequence analysis. The present study demonstrated a
marked difference in the T-cell recognition of these preparations, and the lack of reactivity to the recombinant preparations was reproduced with different batches of rGroES from
the WHO Recombinant Protein Bank. The rGroES preparations tested all had a low content of LPS and were nontoxic in
cell cultures.
Mycobacteria are phylogenetically different from E. coli and
may therefore handle many posttranslational modifications differently. This may directly influence the immunogenicity of
lipidated or glycosylated proteins expressed in E. coli. It is
widely believed that this limitation may impose severe constraints on the use of E. coli for the expression of mycobacterial
proteins. In this regard, two recent reports have described
immunological differences between the mycobacterial protein
MPT64 and the 35-kDa M. leprae protein when expressed in M.
smegmatis instead of E. coli (39, 44). A conformation-dependent MAb recognized the M. smegmatis-derived 35-kDa protein but not the E. coli-derived form of the protein, suggesting
a different folding of the proteins (44). The 19-kDa M. tuberculosis glycosylated lipoprotein has in a similar way been expressed in E. coli and M. vaccae, and stronger IFN-␥ responses
to the M. vaccae-derived protein were observed. After immunization with M. vaccae, splenocytes recognized the recombinant 19-kDa protein purified from M. vaccae but not the equivalent E. coli protein. This suggested that posttranslational
modifications are important for the processing and presentation of the 19-kDa protein or that the M. vaccae-derived protein contains noncovalently associated contaminants which influence the immune response (1). In the present study, MS
analysis of tryptic peptides from nGroES and rGroES demonstrated no posttranslational modifications of either protein,
and the two molecules had identical mass spectra, the only
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face in the complex, and it has been hypothesized that M.
leprae GroES also may play an active role in protein folding by
binding to hydrophilic parts of the substrate molecules (27).
This hypothesis is supported by the study of Bochkareva and
Girshovich which demonstrated interaction of newly synthesized proteins with E. coli GroES (14). The binding sites of
hsp70, another chaperone, have been mapped on three proteins from M. tuberculosis, and these were predominantly regions with clusters of aliphatic amino acids (40). Recent findings from our laboratories indicate a markedly different activity
also of native and recombinant M. tuberculosis hsp70 (37), in
contrast to a number of recently expressed antigens such as
ESAT-6, which has been demonstrated to have similar stimulatory activities in the native and recombinant forms (43). The
proposed association of culture filtrate molecules with GroES
and hsp70 must be quite resistant, as it is retained at least
partially after SDS-PAGE. The observed differences in immunological activity may be related to the biological function of
GroES and hsp70 as heat shock proteins, and of interest for
this discussion are experiments showing induction of antitumor
immunity after immunization with the heat shock proteins
hsp70 and gp96 purified from cancer cells, presumably due to
association of tumor-derived peptides with the heat shock proteins (17, 31). Future work in our laboratories will be directed
to establishing whether peptides bind in the same way to M.
tuberculosis GroES.
The future selection of antigens for novel TB vaccines will
have to be based on large-scale evaluation of antigen recognition in different populations. The WHO antigen bank is an
important initiative which allows comparative studies to be
conducted in several laboratories. However, the present study
emphasizes that a careful evaluation of native as well as recombinant proteins is of crucial importance for the successful
establishment of such standard panels. The access to recombinant M. tuberculosis proteins is facilitated by the complete
genomic sequence of M. tuberculosis (18). In many cases, the
corresponding native protein will not be purified, and therefore the choice of the host expression system is of major importance. In the present study, E. coli was demonstrated to
have the advantage that no contaminant of mycobacterial origin was copurified. In other cases, M. smegmatis or other
mycobacterial expression systems will be needed to ensure
proper processing of the recombinant protein; in this case, new
sensitive methods for the detection of trace amounts of mycobacterial contaminants may be needed.
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