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The adaptation of facultative intracellular bacteria to host macrophages involves regulation of the synthesis
of bacterial proteins. We analyzed the protein synthesis of Francisella tularensis LVS growing intracellularly in
the macrophage-like murine cell line J774 and extracellularly in culture medium. After pulse-labeling with
[35S]methionine and separation by one- and two-dimensional polyacrylamide gel electrophoresis, induction of
a few proteins during intracellular growth was demonstrated. One of them, a 23-kDa protein, was prominently
induced in the macrophages and also when extracellularly growing F. tularensis was exposed to hydrogen
peroxide. After isolation of the 23-kDa protein from a preparative two-dimensional gel, a 22-amino-acid
N-terminal peptide and two peptides obtained by trypsin digestion were sequenced. Based on the sequences,
degenerate oligonucleotides were constructed for use as primers in a PCR. Hybridization of amplified DNA to
XbaI-digested LVS DNA identified the gene of the 23-kDa protein in a 1.3-kb DNA fragment. Nucleotide
sequence analysis revealed an open reading frame encoding a putative protein of a calculated molecular mass
of 22.2 kDa. The open reading frame was preceded by a sequence typical of ribosome-binding sites in
Escherichia coli. The amplified gene was successfully expressed by the pTrc99A vector in E. coli under control
of the trc promoter. The gene product showed the same mobility and immunoreactivity as the 23-kDa protein
of F. tularensis. The deduced amino acid sequence showed no significant homology with protein sequences in
current data banks. Thus, intracellular growth of F. tularensis in macrophages was associated with prominent
upregulation of a novel 23-kDa protein.

Although most intracellular organisms live in a symbiotic
relationship with their hosts, some have developed an ability to
multiply excessively within cells and become true parasites.
The genera Mycobacterium, Legionella, Listeria, and Salmo-
nella all include species of facultative intracellular bacteria
pathogenic to humans. After ingestion by macrophages, the
microorganisms may end up in phagolysosomes, where they
become exposed to various oxygen-dependent and -indepen-
dent killing mechanisms. To survive within or escape from this
hostile environment, intracellular microorganisms have devel-
oped an array of strategies. Some microorganisms avoid initi-
ating the microbicidal oxidative burst when ingested in phago-
cytes, whereas others prevent phagosome-lysosome fusion or
escape from the phagosome into the cytoplasm (8, 18, 19).

The adaptation of facultative intracellular bacteria to vari-
ous hostile environments involves modulation of their protein
synthesis. By use of two-dimensional polyacrylamide gel elec-
trophoresis (PAGE), a general picture of this modulation can
be obtained. When facultative intracellular pathogens are ex-
posed to various noxious agents, the expression of a large
number of proteins is induced or repressed. Among proteins
induced are the so-called heat shock proteins, stress proteins
which fulfill functions as molecular chaperones and stabilize
protein conformation (26, 35).

To better understand mechanisms of adaptation of faculta-
tive intracellular bacteria to the intracellular environment,
two-dimensional electrophoresis has been used for analysis of
protein regulation during growth in macrophage cell lines.

Mycobacterium tuberculosis, Legionella pneumophila, Listeria
monocytogenes, and Salmonella typhimurium have all been
shown to modulate their protein synthesis while growing in
macrophages (1, 6, 16, 21, 23). Among proteins induced are
both well-characterized stress proteins and previously unrec-
ognized proteins.

Francisella tularensis, the etiological agent of the zoonotic
disease tularemia, has a well-documented ability to invade and
multiply inside various eucaryotic cells, including both profes-
sional phagocytes and nonphagocytic cells (3, 12, 25). In ex-
perimental infection, the attenuated live vaccine strain F. tu-
larensis LVS is used. The strain is virulent for mice, and murine
tularemia caused by the vaccine strain is an established model
of human tularemia (4, 13, 31).

In this study, we examined the translational response of F.
tularensis LVS during growth within the murine macrophage-
like cell line J774 by two-dimensional gel electrophoresis.
Compared to extracellular growth, intracellular growth re-
sulted in increased synthesis of a few proteins. The gene en-
coding a strongly upregulated 23-kDa protein was cloned, se-
quenced, and expressed in Escherichia coli.

MATERIALS AND METHODS

Bacterial strains, cell lines, and plasmids. F. tularensis LVS was supplied by
the U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick,
Frederick, Md. It was stored at 270°C and cultivated on modified Thayer-Martin
agar containing GC medium base (30). For each experiment, bacteria were
grown overnight at 37°C in the synthetic liquid Chamberlain medium (7). After
dilution in the same medium, bacteria were grown to exponential phase. The
murine macrophage line J774 was grown in cell medium containing Dulbecco’s
modified Eagle medium (DMEM; GIBCO BRL, Grand Island, N.Y.) with 10%
(vol/vol) fetal calf serum (FCS). E. coli DH5a has been previously described (15).
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Plasmids pTrc99A (Pharmacia AB, Uppsala, Sweden) and pBluescript II KS1

(Stratagene, La Jolla, Calif.) were purchased.
DNA manipulations. All DNA manipulations, including purification, digestion

with restriction endonucleases, ligations, and gel electrophoresis, were per-
formed according to methods described by Sambrook et al. (28). Purification of
DNA fragments was done by b-agarase treatment as instructed by the manufac-
turer (Boehringer, Mannheim, Germany). Southern blot analysis was carried out
on nylon membranes (Hybond-N; Amersham International, Amersham, En-
gland) as described by Southern (33). Double-stranded DNA probes were la-
beled with [a-32P]dATP (Amersham International) by use of random hexanucle-
otide primers (Pharmacia) according to the manufacturer’s instructions.

Radioactive labeling of extracellularly growing F. tularensis LVS. Exponen-
tially growing F. tularensis LVS was pelleted and suspended at a density of 107

organisms/ml in methionine-free Chamberlain medium or methionine-free
DMEM with 10% FCS. To 1-ml portions, 10 ml of L-[35S]methionine (10 mCi/ml;
specific activity, 1,000 Ci/mmol; Amersham International) was added to a final
concentration of 100 mCi/ml. After a 2-h labeling period, an excess of cold
methionine (0.4 g/liter) was added, and the tubes were placed on ice. Each
suspension was transferred to an Eppendorf tube, and the cells were pelleted,
washed twice in phosphate-buffered saline (PBS), suspended in 50 to 100 ml of
distilled H2O, and frozen at 270°C until subjected to two-dimensional electro-
phoresis.

Intracellular growth of F. tularensis LVS in macrophages and radiolabeling of
bacterial proteins. After overnight incubation of 1-ml cultures of J774 cells (106

cells per well in a six-well tissue culture plate) in cell medium at 37°C, 1.0 ml of
DMEM containing 107 cells of F. tularensis LVS was added to each culture. After
incubation for 2 h at 37°C in 5% CO2, the wells were washed twice to remove
extracellular bacteria. To each well, 1.0 ml of cell medium with gentamicin (50
mg/ml) was added, and incubation was continued for 1 h. Thereafter, the mono-
layer was washed once, and cell medium containing 2 mg of gentamicin per ml
was added. After various periods of incubation at 37°C, the medium was changed
to methionine-free DMEM. After 1 h of further incubation, cycloheximide (200
mg/ml) and L-[35S]methionine (100 mCi/ml) were added for a 2-h period of
pulse-labeling. The monolayer was washed twice with ice-cold PBS and lysed
with 0.1% sodium deoxycholate in PBS. Bacteria were pelleted by centrifugation,
washed twice in PBS, and resuspended in 100 ml of distilled H2O. The suspension
was stored at 270°C until gel electrophoresis was performed. From parallel
wells, viable counts were performed by lysis of the monolayers and incubation of
samples of the suspensions on Thayer-Martin agar plates. In a control experi-
ment, the bacterial growth rate in macrophages was found to be essentially the
same irrespective of whether methionine was present (data not shown).

For quantitation of total protein synthesis, a portion of the bacterial suspen-
sion was dissolved in 1 ml of Tris-EDTA (pH 7.8), cooled, and precipitated by
the addition of an equal volume of ice-cold 10% trichloroacetic acid (TCA). The
precipitate was collected on a glass fiber filter and washed three times with cold
5% TCA and twice with 220°C ethanol for determination of radioactivity in a
liquid scintillation counter.

One- and two-dimensional gel electrophoresis. Samples from the stored bac-
terial suspensions, containing 105 cpm, were concentrated to a minimal volume
in a Speed Vac Concentrator (Savant Instruments, Holbrook, N.Y.) and sub-
jected to one- or two-dimensional gel electrophoresis. For one-dimensional so-
dium dodecyl sulfate (SDS)-PAGE, the samples were dissolved in a buffer
containing 62.5 mM Tris (pH 6.8), 1% SDS, 5% b-mercaptoethanol, and 10%
glycerol. For two-dimensional electrophoresis, the samples were suspended in 20
ml of lysis buffer (9 M urea, 2% [vol/vol] 2-b-mercaptoethanol, 2% [vol/vol]
Ampholine [Bio-Rad Laboratories, Richmond, Calif.], pH 3.5 to 10.0, 2.0%
[vol/vol] Triton X-100) and mixed with 10 ml of a buffer containing 8 M urea, 2%
(vol/vol) 2-b-mercaptoethanol, 2% (vol/vol) Ampholine (Bio-Rad), pH 3.5 to
10.0, 0.5% (vol/vol) Triton X-100, and 0.01% bromophenol blue and separated
according to a modification (14) of the method described by O’Farrell (27). First,
isoelectric focusing was performed by use of strips of a prefabricated dried gel
(Immobiline DryPlate, pH 4.0 to 7.0; Pharmacia) as recommended by the man-
ufacturer. After storage at 270°C, the strips were equilibrated in a solution
containing 6 M urea, 10% (vol/vol) Tris-HCl (pH 6.8), 30% (vol/vol) glycerol,
and 2% (wt/vol) SDS and applied on a uniform 14% acrylamide gel for electro-
phoresis as described by Laemmli (22). For quantitation of protein synthesis,
protein spots were assayed by an InstantImager (Packard Instrument Company,
Inc., Meriden, Conn.). The ratios were expressed as the means of three separate
experiments.

Identification of proteins in membrane and cytoplasmic fractions of F. tula-
rensis. By ultrasonic disintegration of F. tularensis LVS cells (29), a cytoplasmic
fraction and a membrane fraction were obtained. Proteins of the cytoplasmic
fraction were precipitated by addition of 10% TCA at 4°C. Each fraction was
analyzed by one-dimensional gel electrophoresis and blotted. By blotting of the
filters with a monoclonal antibody specific to a 17-kDa membrane protein (32),
we confirmed that this protein was exclusively localized in the membrane frac-
tion.

Antisera. After separation by two-dimensional PAGE, a gel piece containing
the intracellularly induced 23-kDa protein was excised, washed, and suspended
in complete Freund’s adjuvant. The suspension was used for subcutaneous im-
munization of rabbits according to a previously used schedule (30). A monoclo-

nal antibody specific to a 17-kDa membrane lipoprotein of F. tularensis LVS was
produced as previously described (32).

Western blotting, autoradiography, and sequencing of peptides. For Western
blot analysis, proteins in acrylamide gels were transferred to nitrocellulose filters
and probed as described by Swanson et al. (34). An alkaline phosphatase-
conjugated secondary antibody system was used.

Sequence determination of peptides. For amino acid sequencing, proteins of
polyacrylamide gels were transferred to a polyvinylidene difluoride transfer
membrane (Millipore Corp., Bedford, Mass.). After staining with Coomassie
brilliant blue, the spot containing the 23-kDa protein was excised and subjected
to N-terminal sequencing by the Edman degradation technique. To generate
internal fragments of the protein, trypsin degradation was kindly performed by
Bo Ek, Biomedical Center, Uppsala, Sweden.

DNA sequencing. An XbaI-cleaved fragment, shown by Southern blot analysis
to contain the gene of the 23-kDa protein of F. tularensis, was ligated into
pBluescript II KS1 phagemid vector DNA. The recombinant vector DNA was
used for transformation of competent cells of E. coli DH5a. After plating, clones
were screened by PCR using degenerate primers deduced from the sequenced
peptides. Plasmids from recombinant clones were purified by the alkaline-lysate
procedure (28) and sequenced in both directions by the dideoxynucleotide chain
termination method, using an AmpliCycle sequencing kit (Perkin-Elmer, Nor-
walk, Conn.). Universal primers and specific primers, based on the sequenced
DNA, were synthesized by SGS, Köping, Sweden, and used for PCR amplifica-
tion and initiation of the reaction. [a-32P]dATP was used for labeling.

The software package GCG, developed by the Genetics Computer Group
(University of Wisconsin, Madison), was used to assemble and analyze the
sequences. The FASTA and BLAST programs of the GCG package were used
for homology searches in the GenBank and SWISS PROT databases.

Expression of a 23-kDa protein of F. tularensis LVS in E. coli. Oligonucleotide
primers complementary to the ends of the gene encoding the 23-kDa protein
were synthesized. The primer complementary to the 59 end was extended by an
NcoI restriction site, and that complementary to the 39 end was extended by an
XbaI restriction site. Due to exchange of a nucleotide, the procedure resulted in
substitution of the second amino acid (serine to glycine) of the 23-kDa protein.
The DNA fragment was amplified by PCR and ligated to plasmid pTrc99A. After
transformation into E. coli DH5a and induction of the lac promoter of the
plasmid, the bacterial lysate was probed with a polyclonal rabbit serum specific
to the 23-kDa protein.

Nucleotide sequence accession number. The nucleotide sequence of the gene
encoding the 23-kDa protein was submitted to the EMBL database and given
accession no. Y08861.

RESULTS

Survival and multiplication of F. tularensis LVS in J774
macrophages. F. tularensis LVS invaded and replicated intra-
cellularly in the macrophage-like cell line J774. During a pe-
riod of 48 h, exponential growth occurred and bacterial num-
bers increased approximately 100-fold (Fig. 1). In repeated
experiments, the doubling time was 5 to 7 h. After 2 days of
incubation, the macrophage monolayers began to detach and
bacterial growth ceased.

In preliminary experiments, limited growth of F. tularensis
LVS was found to occur in cell medium lacking macrophages
(Fig. 1). To arrest extracellular bacterial growth of the organ-
ism, gentamicin was added to the medium. Since gentamicin
might affect intracellular bacterial growth (9), we assessed its
effect on F. tularensis incubated under various conditions. In

FIG. 1. Enumeration of F. tularensis LVS organisms after various intervals of
growth in the murine cell line J774 (solid line) or cell medium, i.e., DMEM with
10% FCS (broken line).
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Chamberlain medium, the MIC was 0.1 to 0.2 mg/ml. In the
presence of macrophages, however, bacterial growth was not
completely inhibited even at 50 mg/ml. Under conditions used
in the experiments, i.e., incubation for 1 h at a concentration of
50 mg/ml followed by washing and continued incubation in the
presence of 2 mg of gentamicin per ml, intracellular replication
of F. tularensis was not affected.

Pattern of protein synthesis of F. tularensis LVS during
infection of macrophages. After 2, 6, 24, or 48 h of growth of
F. tularensis intracellularly in J774 macrophages or extracellu-
larly in cell medium or Chamberlain medium, [35S]methionine
was added for a 2-h period of pulse-labeling. Proteins were
separated by one- or two-dimensional PAGE, and the patterns
of protein synthesis were analyzed by autoradiography of the
blotted gels.

One-dimensional electrophoresis of bacteria pulse-labeled
at 24 h of intracellular growth showed increased synthesis of at
least four proteins (approximate molecular masses of 20, 23,
55, and 70 kDa) compared to bacteria incubated in Chamber-
lain medium (Fig. 2). After incubation in cell medium without
macrophages, the pattern of protein synthesis was quite similar
to that in cell medium (data not shown). Two-dimensional gels,
analyzed by a bioimager for computer-aided quantification,
showed similar results in three separate experiments. Of 24
major proteins present at 24 h of intracellular growth, 4 were
synthesized at a rate at least 1.5 times higher than that of
bacteria growing in cell medium (proteins 7, 8, 12, and 17 in
Fig. 3A and C and Table 1). Notably, DnaK (protein 2),
GroEL (protein 3), and GroES (protein 10) were only mar-

ginally or not at all induced. In comparison to logarithmically
growing bacteria in Chamberlain medium, a number of pro-
teins were up- and downregulated (Table 1). The most marked
upregulation was demonstrated for three of the four proteins
indicated above (proteins 7, 8, and 17 in Fig. 3A and B and
Table 1) and also for protein 15 and DnaK (protein 2).

Upregulation during intracellular growth of a 23-kDa pro-
tein with a pI of 5.8 (protein 7 in Fig. 3 and Table 1) was
observed at 6, 24, and 48 h but not at 2 h postinfection (data
not shown). At 24 h, a 3.7-fold increase was recorded (Fig. 3).
Of proteins found by one-dimensional electrophoresis to be
induced during intracellular growth, only the 23-kDa protein
was shown to be induced also by use of two-dimensional gels.
Possibly, the pI of the other proteins might have been outside
the pH range (4 to 7).

As expected (6), cycloheximide effectively arrested eucary-
otic protein synthesis; no labeled proteins were detected in
J774 cells inoculated without bacteria. In other control exper-
iments, the presence of cycloheximide was found not to alter
bacterial growth rate, viability, or pattern of protein synthesis
(data not shown).

In further control experiments, we addressed the possibility
that gentamicin used to inhibit extracellular bacterial growth
affected the synthesis of the 23-kDa protein or other proteins
of LVS. Irrespective of whether gentamicin was added imme-
diately after addition of the bacteria to the macrophage culture
or at 22 h postinfection, bacteria labeled at 24 h showed the
same pattern of protein synthesis (data not shown). Moreover,
when gentamicin was not added, thereby allowing both extra-
and intracellular growth to occur, pronounced induction of the
23-kDa protein was observed. Finally, at 2 h postinfection, no
induction of the protein was observed, irrespective of the pres-
ence of gentamicin.

Subcellular localization of the 23-kDa protein in F. tularen-
sis. Ultrasonic disintegration of F. tularensis resulted in a su-
pernatant containing the cytoplasmic fraction and a pellet con-
taining the membrane-bound proteins. The 23-kDa protein
was predominantly found in the cytoplasmic fraction (Fig. 4).
By quantitative analysis, more than 90% of the protein was
found in the cytoplasmic fraction.

Induction of the 23-kDa protein in response to hydrogen
peroxide. We tested whether the 23-kDa protein may be up-
regulated in response to defined stress conditions. To this end,
hydrogen peroxide (5 mM) was added to exponentially growing
F. tularensis. Five minutes after the addition, [35S]methionine
was added to the culture. The induction of the 23-kDa protein
was prominent (Fig. 5). A temperature shift to 42°C, however,
did not result in a significant induction.

In most experiments, induction by exposure to hydrogen
peroxide (Fig. 5) as well as to macrophages (Fig. 3A and C)
caused a slight decrease in the pI of the 23-kDa protein. West-
ern blot analysis consistently verified the identity of the pro-
tein. Similar observations have been made for other bacterial
proteins. For example, the ribosomal protein L7 of S. typhi-
murium and its N-terminally acetylated form L12 vary in pI but
not in relative molecular mass (1).

Sequence determination of the gene encoding the 23-kDa
protein. To obtain the N-terminal sequence of the 23-kDa
protein, a preparative two-dimensional gel was electroeluted to
polyvinylidene fluoride membranes and the protein spot was
excised. Twenty-two amino acids of the N-terminal sequence
were determined by automated Edman degradation. More-
over, after trypsin digestion of the 23-kDa protein and sepa-
ration of the resulting peptides by high-pressure liquid chro-
matography, two additional peptides were sequenced.
Altogether, 55 amino acid residues were thus identified.

FIG. 2. Protein synthesis of F. tularensis LVS during intracellular growth in
the J774 cell line analyzed by one-dimensional SDS-PAGE. After 24 h of growth,
bacteria were pulse-labeled for 2 h with [35S]methionine. Cell extracts were
separated by SDS-PAGE and subjected to autoradiography. The numbers on the
left are molecular masses in kilodaltons. Lane 1, intracellularly growing F. tula-
rensis LVS, ;105 cpm; lane 2, F. tularensis LVS grown in Chamberlain medium,
105 cpm; lane 3, F. tularensis LVS grown in Chamberlain medium, 2 3 105 cpm.
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Based on the three amino acid sequences, degenerate oli-
gonucleotide probes were designed. To minimize the degener-
ation, sequence information on the codon usage in F. tularensis
was utilized (32). By use of PCR, three DNA fragments of
different sizes were successfully amplified, confirming the suc-
cessful annealing of the oligonucleotides to F. tularensis DNA.

Chromosomal DNA of F. tularensis was digested with re-
striction enzymes. The digested DNA was separated on an
agarose gel and probed by a radiolabeled DNA fragment am-
plified by PCR. A 1.3-kb fragment, shown to hybridize to the
probe, was excised, eluted from the gel by b-agarase treatment,
and ligated into the pBluescript vector DNA. After transfor-

mation into E. coli DH5a, bacteria containing the appropriate
gene were identified by PCR amplification. Bidirectional nu-
cleotide sequencing of the recombinant fragment revealed an
open reading frame encoding a protein with an Mr of 22,200.
The deduced protein included the sequences identified by Ed-
man degradation at positions 2 to 24, 74 to 89, and 131 to 148,
confirming that the PCR-amplified fragment contained the
appropriate gene. Notably, the deduced sequence contained an
N-terminal methionine that was not found by the amino acid
sequencing, indicating that the amino acid had been cleaved
posttranslationally. The theoretical pI, 5.65, was in reasonable
agreement with the pI of the 23-kDa protein of F. tularensis on
the two-dimensional gels, determined to be 5.8.

A sequence (AggAgA) similar to the Shine-Dalgarno se-
quence typical of ribosome-binding sites of E. coli was located
six bases upstream of the putative ATG initiation codon of the
open reading frame. Similar to previously sequenced genes of
F. tularensis, the overall A1T content was high. This resulted
in a highly biased codon usage with a pronounced predomi-
nance of A1T, 83%, at the third and most degenerate position
of the translated codons.

Expression of the 23-kDa protein in E. coli. To express the
23-kDa protein in E. coli, DNA of F. tularensis LVS comprising
the open reading frame was PCR amplified. Primers comple-
mentary to the 59 and 39 ends had been extended to contain
NcoI and XbaI restriction sites, respectively. A fragment of 620
bp was amplified, cleaved, and ligated into plasmid pTrc99A.
By transformation into E. coli DH5a and induction of the trc
promoter of the plasmid, the gene was successfully translated.
The gene product showed the same mobility as the 23-kDa
protein of F. tularensis, and a polyclonal rabbit antiserum ob-

FIG. 3. Protein synthesis of F. tularensis LVS during intracellular growth in
the J774 cell line analyzed by two-dimensional SDS-PAGE. After growth in J774
cells for 24 h (A), in Chamberlain medium for 24 h (B), or in DMEM for 24 h
(C), bacteria were pulse-labeled for 2 h with [35S]methionine. Cell extracts were
separated by isoelectric focusing in the first dimension (pH 4 to 7 from right to
left) and by SDS-PAGE in the second dimension, and gels were subjected to
autoradiography.
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tained by immunization with the 23-kDa protein of F. tularensis
reacted with the recombinant protein (Fig. 6).

DISCUSSION

F. tularensis is a potent pathogen. As few as 10 organisms of
the biovar F. tularensis tularensis (type A) given subcutaneously
are sufficient to cause infection in humans, and if antibiotic
treatment is not given, type A tularemia is associated with a
significant mortality. A few days after onset of disease, a septic
phase occurs and the bacteria are spread to various organs.

There is no evidence of production of any potent bacterial
toxin. Instead, symptoms and lesions are believed to be sec-
ondary to host-derived responses to the vigorously multiplying
bacteria. An event central to the pathogenesis of tularemia is
the adaptation of the pathogen to macrophages and other
target cells of the host. Obviously, modulation of protein syn-
thesis may be crucial to this adaptation. This study seems to
pinpoint one of the proteins regulated. The 23-kDa protein
was the most prominently upregulated protein during intracel-
lular growth in macrophages.

Two-dimensional electrophoresis is useful in studies of the
adaptation of facultative intracellular bacteria to their intra-
cellular environment. Besides providing a general picture of
the regulation of bacterial protein synthesis, it allows compar-
ison of changes caused by macrophages to those caused by
direct exposure to agents known to be active intracellularly.
Usually, only some of the proteins induced under a defined
stress condition are induced also in cultured macrophages (1,
6, 20, 23). The prominent induction of the 23-kDa protein of F.
tularensis LVS both during intracellular growth in the macro-
phage line J744 and after exposure of extracellularly growing
bacteria to hydrogen peroxide suggests that it is important to
the bacteria during host-derived stress. The lack of upregula-
tion of the protein when bacteria were growing in cell medium
or during logarithmic growth in Chamberlain medium indi-
cates that the induction is related to the adaptation of F.
tularensis to the intracellular compartment.

The 23-kDa protein showed no significant homology with
any sequence in current databases, and thus, no hints regarding
a possible function of the protein were obtained. The lack of
genetic systems for the generation of specific mutants in F.
tularensis is another obstacle in delineation of its function. The
23-kDa protein was localized predominantly in the cytoplasmic
fraction of the bacterial cells. Although computer analysis of
the amino acid sequence did identify a putative transmem-
brane region in the protein, a cytoplasmic localization of the
protein was nonetheless supported by a lack of putative signal
peptide. It showed no similarity to the superoxide dismutase of
F. tularensis (accession no. U35670), a protein with a deduced
Mr similar to that of the 23-kDa protein. Proteins which, like
the 23-kDa protein, are regulated in response to diverse stimuli
have been called universal stress proteins. Such a protein of
similar molecular weight has been identified in L. pneumophila
(21), though with no homology in the N-terminal sequence to
the 23-kDa protein of F. tularensis. In M. tuberculosis, a 23-kDa
stress protein has been found, the sequence of which was not
reported (2).

Compared to S. typhimurium, L. pneumophila, or M. tuber-
culosis (1, 6, 21, 23), the number of proteins found to be
induced in F. tularensis LVS during growth in macrophages was
quite low. In fact, only four proteins were here shown to be
expressed at notably increased levels. In contrast, F. tularensis
LVS responded to heat or hydrogen peroxide with increased

FIG. 4. Subcellular localization of a 23-kDa protein of F. tularensis LVS.
After separation by ultracentrifugation of a lysate of F. tularensis LVS, 10 mg of
the cytoplasmic or the outer membrane fraction was separated by electrophoresis
in a 14% polyacrylamide gel and transferred to a nitrocellulose filter. Filters were
probed with a polyclonal rabbit antiserum specific to the 23-kDa protein at a
dilution of 1:100. Lane 1, outer membrane preparation; lane 2, cytoplasmic
preparation; lane 3, total lysate of F. tularensis LVS. Sizes are indicated in
kilodaltons.

FIG. 5. Induction by hydrogen peroxide of a 23-kDa protein of F. tularensis
LVS. F. tularensis LVS was grown to logarithmic phase in Chamberlain medium,
exposed to hydrogen peroxide (5 mM) for 35 min, and pulse-labeled for 15 min
with [35S]methionine. Cell extracts were separated by isoelectric focusing in the
first dimension (pH 4 to 7 from right to left) and SDS-PAGE in the second
dimension, and gels were subjected to autoradiography.

TABLE 1. Ratios of synthesis of various proteins of F. tularensis
LVS during intracellular growth in macrophages and extracellular

growth in cell medium or Chamberlain medium

Protein no.a
Ratiob

Intracellular/cell medium Intracellular/Chamberlain

1 0.52 6 0.31 0.80 6 0.45
2 1.08 6 0.05 2.63 6 1.06
3 0.73 6 0.10 1.02 6 0.71
4 0.69 6 0.83 0.69 6 0.25
5 1.00 6 0.18 0.85 6 0.45
6 0.89 6 0.13 0.54 6 0.23
7 3.70 6 0.08 3.70 6 0.05
8 1.89 6 0.56 1.06 6 0.35
9 1.14 6 0.03 0.74 6 0.06
10 0.95 6 0.23 0.75 6 0.13
11 0.53 6 0.08 0.78 6 0.35
12 1.88 6 0.87 2.51 6 0.92
13 0.86 6 0.10 1.00 6 0.57
14 0.66 6 0.04 1.04 6 0.08
15 1.43 6 0.39 1.66 6 0.63
16 0.79 6 0.14 0.85 6 0.28
17 1.67 6 0.23 1.67 6 0.49
18 0.92 6 0.07 0.80 6 0.07
19 1.29 6 0.39 0.91 6 0.07
20 0.83 6 0.49 0.83 6 0.35
21 1.00 6 0.39 0.63 6 0.06
22 0.46 6 0.18 0.43 6 0.10
23 1.50 6 0.28 0.92 6 0.07
24 0.67 6 0.21 0.45 6 0.16

a Numbers refer to protein designations in Fig. 3.
b Ratio of incorporation of [35S]methionine (percentage of total detected

disintegration per minute) during intracellular growth and growth in cell medium
(DMEM with 10% FCS) or in Chamberlain medium. Ratios are means 6
standard errors of the means of three experiments.
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synthesis of at least 15 proteins (10). The low response to
macrophages was apparently not due to unfavorable conditions
for bacterium-host cell interaction per se. F. tularensis LVS
replicated in the macrophages with a doubling time of 5 to 7 h,
which is similar to previous observations on the organism (11)
and similar also to results on the replicative rates of S. typhi-
murium and L. pneumophila in macrophages (1, 21). Our con-
trol experiments indicated that gentamicin and cycloheximide,
used to inhibit extracellular bacterial growth and protein syn-
thesis of host cells, respectively, did not interfere with intra-
cellular synthesis of bacterial proteins.

Also, in L. monocytogenes, the induction of proteins by in-
tracellular infection in macrophages has been reported to be
modest (16). Consistent with the present observations in F.
tularensis, L. monocytogenes showed a pronounced upregula-
tion of the DnaK and GroEL homologs in response to heat or
oxidative stress but not when grown intracellularly in macro-
phages. In this respect, F. tularensis and L. monocytogenes seem
to differ from M. tuberculosis and Brucella species, both of
which have been observed to markedly upregulate the synthe-
sis of DnaK and GroEL during growth in macrophages (20, 23,
24).

The stress response of an intracellular parasite may be re-
lated to which intracellular compartment is inhabited. In vitro,
F. tularensis LVS replicates in endosomes of murine macro-
phages (4), a compartment which is acidified, thereby making
iron available to the pathogen (11). The ability of F. tularensis
to replicate in this environment without inducing a vigorous
stress protein response may seem remarkable. In this respect,
it differs not only from S. typhimurium, L. pneumophila, M.
tuberculosis, and Brucella species (1, 6, 20, 21, 23, 24), agents
which mobilize a strong stress protein response while localized
in the endosome, but also from L. monocytogenes, an agent
which escapes the phagosome and replicates in the cytoplasm
(8). In fact, this localization has accordingly been suggested to
make L. monocytogenes less dependent on its stress proteins
(16).

A bacterium which is well adapted to the macrophage may
be able to survive intracellularly without a need for dramatic
change in protein synthesis. Actually, this would be a matter of
virulence, and again, observations on L. monocytogenes are of

interest. When an attenuated mutant of the species was in-
gested by macrophages, it showed a much stronger increase in
bacterial protein synthesis than did a virulent strain (17). F.
tularensis is a highly virulent intracellular pathogen causing
rapidly developing infection in the susceptible mammalian
host, indicating that it may be well adapted to intracellular
growth. The present finding of a modest stress response of F.
tularensis to macrophages would be in line with such an adap-
tation. Interestingly, an attenuated mutant of F. tularensis LVS
has been found to depend on its stress protein response in
order to express any degree of virulence. After exposure to
various forms of stress in vitro, the mutant strain showed a
transient increase in both virulence in mice and capacity to
infect and proliferate intracellularly in macrophages (5). Pos-
sibly, an ability to mobilize a stress response is of special
importance to attenuated, less well adapted strains of faculta-
tive intracellular bacteria.

In essence, the stress proteins produced by F. tularensis in
response to macrophages, as demonstrated in this study, and
the 23-kDa protein in particular, may be worth focusing on
when one is trying to understand the mechanisms involved in
the adaptation of the organism to the host macrophages and
inherent to its pathogenic potency. The lack of homology of
the 23-kDa protein to known proteins suggests that it is not a
previously characterized virulence factor.
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