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ABSTRACT Viable cells of Micrococcus luteus secrete a
factor, which promotes the resuscitation and growth of dormant,
nongrowing cells of the same organism. The resuscitation-
promoting factor (Rpf) is a protein, which has been purified to
homogeneity. In picomolar concentrations, it increases the viable
cell count of dormant M. luteus cultures at least 100-fold and can
also stimulate the growth of viable cells. Rpf also stimulates the
growth of several other high G1C Gram-positive organisms,
including Mycobacterium avium, Mycobacterium bovis (BCG),
Mycobacterium kansasii, Mycobacterium smegmatis, and Mycobac-
terium tuberculosis. Similar genes are widely distributed among
high G1C Gram-positive bacteria; genome sequencing has un-
covered examples in Mycobacterium leprae and Mb. tuberculosis
and others have been detected by hybridization in Mb. smegmatis,
Corynebacterium glutamicum, and Streptomyces spp. The myco-
bacterial gene products may provide different targets for the
detection and control of these important pathogens. This report
is thus a description of a proteinaceous autocrine or paracrine
bacterial growth factor or cytokine.

The essential role of cytokines in controlling the activation,
growth, and proliferation of eukaryotic cells is now widely
recognized (1). These proteinaceous cell-signaling molecules
include many growth factors that are widely distributed among
vertebrates, and probably also invertebrates (2). Similar growth
factors have also recently been found in unicellular organisms
such as ciliates (3–6). In prokaryotic organisms, intercellular
signaling usually involves small metabolites (e.g., N-acyl homo-
serine lactones) or peptides (7–16). Although specific interactions
have been documented between vertebrate cytokines and pro-
karyotes (17–20), there are no known examples of autocrine or
paracrine growth factors produced by prokaryotic microorgan-
isms.

The number of observable microbial cells in a natural sample
often exceeds the number that can be cultured therefrom by
orders of magnitude (21–23). It is not known in general whether
such nonculturable (and often noncultured) cells are dead, are
killed by our media, or are in a dormant state from which we
could, in principle, resuscitate them with appropriate growth
factors (24). After growth to stationary phase and starvation in
spent growth medium, cells of the nonsporulating, Gram-positive
bacterium Micrococcus luteus can enter a dormant state in which
they can persist for at least 7 months. Whereas exponentially
growing cultures have a viability of '100%, as estimated by
comparing colony forming units (cfu) on agar plates with the total
cell count determined microscopically, such dormant cultures can
exhibit a viability of less than 1024 (25). The viable count of this
type of culture as measured by the Most Probable Number
(MPN) method also corresponds to the number of cfu. However,
in the presence of sterile (filtered) culture supernatant from the
late logarithmic phase of batch growth, resuscitation occurs and

the viable count by MPN increases by several orders of magnitude
to a value approaching the total count (26). These and other (27,
28) experiments showed that growing bacteria produce a phero-
monal resuscitation-promoting factor (Rpf).

We describe herein the isolation and characterization of the
Rpf, which is a '16–17 kDa protein. The gene encoding the Rpf
has been isolated, sequenced, and expressed in Escherichia coli.
Similar genes are of widespread occurrence among the high G1C
Gram-positive bacteria, including streptomycetes, corynebacte-
ria, and mycobacteria. These findings, together with our demon-
stration that the purified Rpf from M. luteus stimulates the growth
of several mycobacteria, including Mb. tuberculosis, have signifi-
cant implications for detection and treatment of, as well as
protection against, mycobacterial infections.

MATERIALS AND METHODS
Organisms and Media. M. luteus NCIMB 13267 (previously

described as ‘‘Fleming strain 2665’’) was grown aerobically at 30°C
in conical flasks in lactate minimal medium (LMM) containing
L-lactate as described (25, 28). When the culture had reached
stationary phase, agitation was continued at 30°C for up to 2
months. Cultures were then held aerobically at room temperature
without agitation for periods up to a further 3 months. The initial
viability of these cultures at this point (measured by comparing
the plate count with the microscopic count) was less than 1023.
Mycobacterium smegmatis (‘‘fast’’ strain) was obtained from All-
Russia’s State Institute for Control and Standardization of Vet-
erinary Preparations (Moscow) and was grown in either Sauton
medium (29) or nutrient broth E (LabM), which contains beef
extract (1 gyliter), yeast extract (2 gyliter), peptone (5 gyliter), and
NaCl (5 gyliter). Overnight precultures were washed several times
by centrifugation and used to inoculate cultures to an initial
density of 2.102 cellsyml. Mycobacterium tuberculosis H37Rv,
Mycobacterium bovis (BCG), Mycobacterium avium, and Myco-
bacterium kansasii were obtained from the Central Institute for
Scientific Research on Tuberculosis (Moscow), and Mb. tubercu-
losis H37Ra (avirulent strain) was obtained from the All-Russia’s
Centre for Applied Microbiology (Moscow). Cultures in Sauton
medium (29) were inoculated with cells from 4- to 6-week-old
cultures to an initial density (total count) of 106 cellsyml [2.5 3
105 cellsyml for Mb. bovis (BCG)], and incubated without shaking
at 37°C.

M. luteus Spent Medium Preparation. Supernatant was ob-
tained after the centrifugation of late logarithmic phase M. luteus
cultures (200–1,000 ml) grown in LMM or LMM in which lactate
was replaced by succinate plus 0.01% yeast extract from which
macromolecules had been removed by dialysis. The inoculum
consisted of 2% (volyvol) of cells grown in rich medium (nutrient
broth E, LabM) and then washed in LMM lacking lactate. The
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supernatants were passed through a 0.22-mm filter (Whatman)
before use.

M. luteus Cell Viability by Plating. Plates consisting of 1.3%
nutrient broth E (LabM) or LMM were used. Dilutions were
made in quadruplicate with centrifuged and autoclaved spent
medium taken from starved cultures. Plates were incubated at
30°C for 3–5 days.

M. luteus Cell Viability by MPN. The MPN assay was
performed in a Bioscreen C optical growth analyzer (Lab-
systems, Finland) by using LMM supplemented with 0.5%
lactate and 0.05% of yeast extract as a resuscitation medium.
Dilutions of starved cells were made as described (27). Ten
microliters of each dilution (5–10 replicates) were added to
wells containing 200 ml of either LMM supplemented with
0.5% lactate and 0.05% yeast extract or the same medium with
the fraction being tested (2–20 ml). Growth (optical density)
was monitored using a 600-nm filter. Plates were incubated at
30°C with intensive continuous shaking. The overall measure-
ment period was 120 h, each well being measured hourly.
Fractions obtained after chromatography were dialyzed
against elution buffer 2 (see below), diluted in resuscitation
medium in various proportions (1:10, 1:100, 1:500, 1:1000,
1:5,000, and 1:10,000), and filtered through 0.22-mm Gelman
filters before testing. MPN values were calculated by using
published tables (28).

Total Cell Counts. Unstained cells were counted with a phase-
contrast microscope and an improved Neubauer counting cham-
ber (Fisons, UK) (28). In long-term experiments with mycobac-
teria, organisms were stained with Ziehl-Neelsen reagent (52)
before counting.

Chromatography. Prewetted DEAE cellulose was added to
culture supernatant (1:10 volyvol) and incubated at 4°C for 1 h
with slow stirring. The cellulose was loaded into a column and
washed with 5 volumes of buffer 1 (10 mM TriszHCl, pH 7.4y1
mM EDTAy1 mM DTTy10% (vol/vol) glycerol) containing 10
mM KCl. The column was eluted stepwise with 2–3 bed volumes
of 0.3 M KCl in buffer 1. The fraction obtained was slowly diluted
with buffer 1 on ice to give a final KCl concentration of 0.08 M.
Forty column volumes of this fraction were then loaded onto a
DEAE-Sepharose fast flow column (1 part of Sepharose pre-
equilibrated with buffer 1 containing 0.08 M KCl). The column
was washed with 5 bed volumes of buffer 1 containing 0.08 M KCl
and eluted stepwise with 3 volumes of 0.25 M KCl in buffer 1. The
fraction obtained was again slowly diluted with buffer 1 on ice to
a final KCl concentration of 0.08 M, filtered through a 0.22 mm
Gelman filter, and loaded onto a Mono Q column (model
HR5y5, prepacked, Pharmacia) equilibrated with buffer 2 (10
mM TriszHCl, pH 7.4y10% glycerol) containing 0.08 M KCl. The
Mono Q column was eluted with a linear gradient from 0.08 M
to 0.28 M KCl in buffer 2 (total volume 20 ml). The flow rate was
1 mlymin and 1 ml fractions were collected. All manipulations
except the Mono Q chromatography step were performed at 4°C.
The fractions obtained were dialyzed against buffer 2 (dialysis is
important for the retention of activity) and stored at 4°C for up
to 5 days without loss of activity. For prolonged storage at 270°C,
fractions were dialyzed in the same way and glycerol added to a
final concentration of 20–30% (wtyvol). The protein content in
purified preparations was estimated from the predicted molar
extinction coefficient of the deduced gene product (see below;
E280 nm, 1 cm 5 46,470).

FIG. 1. Purification and assay of Rpf (A) Elution profile of the
resuscitation activity. Fractions eluted from the DEAE-Sepharose
column (see Materials and Methods) with 0.25 M KCl were applied to
a Mono Q column that was developed with a 20 ml linear gradient from
0.08 to 0.28 M KCl in 10 mM TriszHCl buffer containing 10% glycerol,
pH 7.4. The A280 of the eluate was monitored continuously. (B)
Resuscitation activity. 10 ml of a diluted suspension of starved cells
(cfu 3 3 106 cellsyml, total count of unstained cells 5 3 109 cellsyml)
was added to 200 ml of LMM supplemented with 0.5% wtyvol lactate
and 0.05% yeast extract containing 2 ml of each fraction in 5–10
replicates in the Bioscreen instrument. For details see Materials and
Methods. (C) Reduction of the apparent lag phase of viable cells. 10
ml of a diluted suspension of viable, stationary phase cells (viable count
20 cells) was added to 200 ml of LMM supplemented with 0.5% wtyvol
L-lactate and containing 2 ml of each fraction (from a different
experiment to that shown in A and B) in 5–10 replicates in the
Bioscreen instrument. The apparent lag phase was estimated by

extrapolating the exponential growth line to the abscissa. The detec-
tion limit of the instrument is approx. 107 cellsyml. (D) SDSyPAGE
profile of fractions after DEAE-cellulose and Mono Q chromatogra-
phy. The molecular mass (kDa) markers (Pharmacia) were phosphor-
ylase B (94), BSA (67), ovalbumin (43), carbonic anhydrase (30), soya
bean trypsin inhibitor (20.1), and lactalbumin (14.4). Lanes: 1, mark-
ers; 2, fraction from DEAE-cellulose column; 3, purifed preparation
(fraction number 8 from the Mono Q column).
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Trypsin Treatment. Trypsin was added to the active, dialyzed
fraction obtained from the Mono Q column and diluted with
LMM supplemented with 0.5% wtyvol lactate and 0.05% yeast
extract (1:100) to final concentration of 50 mgyml). The mixture
was incubated for 30 min at 37°C and then the reaction was
stopped by adding trypsin inhibitor (100 mgyml). In control
experiments trypsin inhibitor was added to the mixture before
incubation.

SDSyPAGE. SDSyPAGE was performed according to Lae-
mmli (30). Chromatographic fractions were dialyzed against 10
mM TriszHCl, (pH 7.4) for 4–5 h, vacuum-dried (Speedvac, 1.5 h),
dissolved in sample buffer (Sigma, S-3401), loaded onto a 15%
(wtyvol) acrylamide gel, and run at a constant voltage of 200 V.
The gel was stained with colloidal Coomassie G (Sigma).

Chemicals. Nutrient broth E, yeast extract and agar were
obtained from Lab M, whilst L-lactate (Li salt), succinate, trypsin,
soya bean trypsin inhibitor and DEAE-Sepharose fast flow were
obtained from Sigma. DEAE cellulose DE52 was obtained from
Whatman, and Mono Q from Pharmacia. Other chemicals were
of analytical grade and were obtained from Sigma or BDH
Chemicals (Poole, U.K.).

DNA Manipulations. Protein microsequence data from the N
terminus (ATVDTWDRLAEexSNGTxD) and an internal pep-
tide (VGGEGYPHQASK) obtained from the purified Rpf was
used to design two oligonucleotides, A1 (59-GCSACSGTSGA-
CACSTGGGACCGSCTSGCSGAG-39) and A2 (59-GCYTGR-
TGIGGRTAICCYTCICC-39) (underlined residues were em-
ployed in primer design). Taq polymerase was employed under
standard conditions to amplify (4 min at 94°C followed by 30

cycles of: 30 s at 94°C, 30 s at 60°C, 90 s at 72°C) a 147-bp PCR
product from M. luteus DNA with these primers. The PCR
product was labeled with digoxygenin and used as a probe for
Southern hybridizations. A strongly hybridizing 1.4 kbp SmaI
fragment was detected, cloned in pMTL20 (31) and established
in E. coli strain XL-2 blue (Stratagene). Recombinant plasmids
carrying the fragment in both possible orientations were detected
by hybridization, confirmed by PCR by using primers A1 and A2,
and 1,135 bp of the insert in one of them was manually sequenced
on both strands by using the dideoxy chain termination method.
The DNA sequence was confirmed by cycle sequencing with
fluorescent dye terminators (Applied Biosystems PRISM).

Standard procedures were employed to isolate DNA from M.
luteus and Mb. smegmatis. Streptomyces rimosus DNA was kindly
supplied by D. Hranueli (Pliva Research Institute, Zagreb).
Southern hybridizations with Mb. smegmatis and S. rimosus DNA
were initially carried out under nonstringent conditions (0.5 SSC,
37°C). Stringent conditions (0.1 SSC, 65°C) were subsequently
employed for screening an ordered cosmid library (32) of Strep-
tomyces coelicolor A3(2) DNA.

Expression of Rpf in E. coli. Two primers (59-GTCAGAAT-
TCATATGGCCACCGTGGACACCTGGG-39) and (59-
TGACGGATCCTATTAGGCCTGCGGCAGGACGAG-39)
(EcoRI, NdeI, and BamHI restriction sites underlined) were
employed to amplify (5 cycles of 30 s at 94°C, 30 s at 60°C, 30 s

FIG. 2. Effect of purified Rpf on M. luteus. (A) Resuscitation of
dormant cells with different concentrations of Rpf. 10 ml of a diluted
suspension of starved cells (cfu 3 3 106 cellsyml, total count 5 3 109

cellsyml) was added to 200 ml of LMM supplemented with 0.5% wtyvol
L-lactate and 0.05% yeast extract and Rpf at the concentrations shown
in 5–10 replicates in the Bioscreen instrument. For details see Materials
and Methods. (B) Growth of washed cells. Stationary phase cells of M.
luteus grown in LMM were washed 5 times by suspension and
centrifugation in LMM from which lactate had been omitted. Bacteria
were finally suspended in the same medium by repeatedly passing them
through a syringe, diluted, and inoculated into a 20 ml flask with LMM
or LMM in the presence of Rpf (31 pmolyl). The initial cell density was
ca. 102 viable cells per ml and incubation was at 30°C with intensive
shaking. Growth was monitored by plating 0.1 ml samples on plates
containing nutrient broth E solidified with agar.

FIG. 3. Mb. tuberculosis and Mb. leprae contain genes whose
products are similar to Rpf. Multiple sequence alignment of M. luteus
Rpf (Z96935) with predicted gene products from Mb. tuberculosis
g2052146 (MTCI237.26), g2791490 (MTV008.06c), g1655671
(MTCY253.32), g2225976 (MTCY180.34), e1254009 (MTV043.60c),
and Mb. leprae g2440090 (MLCB57.05c), MSGB38COS (L01095,
nucleotides 12,292–12,759). Conserved blocks are in uppercase, resi-
dues conserved or conservatively substituted in five or more sequences
are in boldface and predicted signal sequences (35) are underlined.
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at 72°C, followed by 15 cycles of 30 s at 94°C, 60 s at 72°C) the Rpf
coding sequence (i.e., lacking the signal sequence) from the
cloned 1.4-kbp SmaI fragment of genomic DNA. It was first
established in E. coli DH5a as a 567-bp EcoRI–BamHI fragment
in pMTL20 (31) and then excised as a 562-bp NdeI–BamHI
fragment, inserted into pET19b (Novagen) and re-established in
E. coli DH5a. The sequence of the PCR product and vector-insert
junction in this plasmid, denoted pRPF1, was verified. Rpf was
expressed from pRPF1 after transforming it into E. coli
HSM174(DE3). The protein, containing a His10-tag at the N
terminus, was isolated by sonicating bacteria (previously grown to
an OD600 nm 5 0.9 and induced with 0.4 mM isopropyl-b-D-
thiogalactoside for 4 h) in binding buffer (5 mM imidazole, pH
7.9y0.5 M NaCly20 mM TriszHCly8 M urea). After low speed
centrifugation, a Ni21-chelation column (Ni21-coordinated imi-
nodiacetic acid immobilized on Sepharose 6B), was loaded with
the supernatant, washed with 20 vol binding buffer, 20 vol binding
buffer containing 100 mM imidazole, and then eluted with 10 vol
binding buffer containing 0.5 M imidazole. Additional purifica-
tion was achieved by Mono Q column chromatography (see
above, save that the salt gradient was from 0.1–1 M NaCl).
Monoclonal anti-(polyHis) antibodies (Sigma, clone His-1) were
employed for immunoblot analysis of fractions subjected to
SDSyPAGE and electroblotted using standard methods. Frac-
tions were dialyzed against buffer 2 and assayed for biological
activity as indicated above.

RESULTS
Characterization of Rpf from Culture Supernatants. The

proteinaceous nature of Rpf in M. luteus culture supernatants was
inferred from the results of preliminary resuscitation experiments
with dormant bacteria in which it was established that the activity
was heat-labile, nondialyzable, and trypsin-sensitive. It was puri-
fied to homogeneity in several steps (see Materials and Methods),
the final stage of which is shown in Fig. 1A. The peak of
resuscitation and apparent lag phase-reducing activity (Fig. 1 B
and C) corresponded to a protein with an apparent molecular
mass of 16–17 kDa, as estimated electrophoretically (Fig. 1D),
and 16–19 kDa, as estimated by Sephacryl gel filtration (not
shown).

The purified protein lost biological activity after boiling or
treatment with trypsin and activity was retained by a 12-kDa
cutoff filter (not shown). Rpf was active in the picomolar range
in increasing the number of culturable M. luteus cells from
dormant populations by three orders of magnitude (Fig. 2A) and
in stimulating the growth of washed cells of this organism in batch
culture (Fig. 2B). Whereas unwashed cells proliferate normally in
liquid LMM (25, 28) the proliferation of washed cells in this
medium appeared to depend absolutely on added Rpf over the
160 h duration of the experiment (the prolonged lag phase in this
experiment results from the use of a small inoculum of intensively
washed cells and a minimal medium). In view of the low con-
centrations necessary for activity, a trivial nutritional role for
(proteolytic degradation products of) Rpf may be discounted.
Moreover, in resuscitation experiments Rpf is active in the
presence of yeast extract. Rpf is not visible as a distinct band in
crude culture supernatants, nor after partial purification using a
DEAE cellulose column (Fig. 1D), in which the major species is
a ca. 27 kDa protein that may be equivalent to the major 30–32
kDa species found in supernatants of Mb. tuberculosis (33, 34).

Characterization of the Gene Encoding Rpf from M. luteus. By
using primers A1 and A2, designed from protein microsequence
data (see Materials and Methods), a 147-bp fragment was PCR-
amplified from M. luteus DNA. This fragment was cloned and
sequenced and when used as a hybridization probe, it detected a
'1.4-kbp SmaI genomic restriction fragment as well as two larger,
more weakly hybridizing bands (see Fig. 4A, lane 4). The 1.4 kbp
fragment was cloned and sequencing revealed that the original
PCR product was derived from a gene, denoted rpf, capable of
encoding a 220-residue product. The predicted gene product (Fig.
3) commences with a typical 38-residue Gram-positive bacterial
signal sequence (35), and the protein sequence immediately after
the consensus AQA2 AT signal peptidase cleavage site corre-
sponds to that of the 25 N-terminal residues of Rpf purified from
culture supernatants. After removal of the signal sequence, the
predicted gene product has a molecular mass of 19,148.5 Da,
which is larger than the measured size of Rpf (see above). Codon
usage is similar to that of other M. luteus genes sequenced to date,
with a very strong preference for codons ending in G or C
throughout.

Genes Similar to Rpf Have Been Found in Mycobacteria.
Database searches revealed that the N-terminal region of the
secreted form of the M. luteus rpf gene product is substantially
similar to the predicted products of seven other genes, five from
Mb. tuberculosis and two from Mb. leprae (Fig. 3). One of the
predicted gene products in Mb. tuberculosis (g2052146) has a
prokaryotic membrane lipoprotein lipid attachment site and all of

FIG. 4. Detection of genes similar to rpf in M. luteus, Mb. smegmatis,
and S. rimosus. The 147-bp PCR product obtained with oligonucleotides
A1 and A2 was used as hybridization probe. (A) Lane1, lPstI; lanes 2–8,
M. luteus DNA digested with XhoI, StuI, SmaI, PvuII, PstI, KpnI, and
BamHI, respectively, lane 9, lPvuII. (B) Lane 1, lPstI, lanes 2–7, S.
rimosus DNA digested with XhoI, StuI, SmaI, PvuII, PstI, and BamHI;
lanes 8–13, Mb. smegmatis DNA digested with XhoI, StuI, SmaI, PvuII,
PstI, and BamHI; lane 14, lPvuII.

Table 1. Purified M. luteus Rpf stimulates growth of mycobacteria

Organism

Bacterial growth*

Rpf omitted Rpf added

Mb. tuberculosis
H37Ra 1.3 6 1.9 (5) 110 6 32 (5)

Mb. tuberculosis
H37Rv 1.5 6 2 (4) 45 6 28 (4)

Mb. avium 0 (3) .300 (3)
Mb. bovis (BCG) 0 (5) 54 6 38 (5)
Mb. smegmatis† 0 (8) 225 6 44 (8)
Mb. kansasii 2.5 6 2.5 (3) 90 6 77 (3)

*Growth was estimated microscopically (magnification, 3600) after 14
days of incubation; ca. 50 ml of each culture was fixed, stained using
Ziehl-Neelsen reagent and counted. Values in the body of the table are
average numbers of cells in a microscope field (10–20 fields counted)
6SD with the number of independent determinations in parentheses.
Rpf (after elution from the Mono Q column and dialysis) was used at
a concentration of ca. 40 pmolyliter; activity was lost after trypsin
treatment, heating (autoclaving), or filtration through a 12-kDa cutoff
membrane.

†Washed cells of Mb. smegmatis were used for this experiment.
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the others appear to have secretory signal sequences (35), sug-
gesting that they may perform a similar biological function to that
of the secreted M. luteus protein. However, these hypothetical
mycobacterial proteins have been uncovered solely by DNA
sequencing. Their biological functions are currently unknown.

Genes Similar to Rpf Are Found in Other Groups of High
G1C Gram-Positive Bacteria. Genes similar to rpf appear to be
widely distributed among those Gram-positive bacteria whose
DNA has a high G1C content. Southern hybridization andyor
PCR experiments with primers A1 and A2 (not shown) revealed
that a second similar gene is present in M. luteus (Fig. 4A) and that
similar genes are also detectable in Mb. smegmatis, Mb. bovis
(BCG), Corynebacterium glutamicum, and several species of
Streptomyces (Fig. 4B and unpublished data). The number of
similar genes detected, as deduced from the number of hybrid-
izing bands, varies from one (possibly more) in S. rimosus to four
in Mb. smegmatis. Two cosmids from the ordered library of S.
coelicolor A3(2) DNA (32) contain genes that hybridize under
stringent conditions with the 147-bp PCR product and they are
being characterized currently. Genes encoding products compa-
rably similar to Rpf are not present in any of the other organisms
whose genomes have been completely or almost completely
sequenced to date (Aquifex aeolicus, Archaeoglobus fulvidus,
Bacillus subtilis, Borrelia burgdorferi, E. coli, Haemophilus influ-
enzae, Helicobacter pylori, Methanococcus jannaschii, Methano-
coccus thermoautotrophicum, Mycoplasma genitalium, Myco-
plasma pneumoniae, Saccharomyces cerevisiae, Staphylococcus
aureus, Streptococcus pneumoniae, Synechocystis PCC6803).

Rpf from M. luteus Stimulates the Growth of Mycobacteria. In
addition to (i) promoting resuscitation of dormant cells, (ii)
stimulating growth of washed viable cells and (iii) shortening the
apparent lag phase of M. luteus cells in batch culture, purified Rpf
also stimulated the growth of both rapidly growing and slow-
growing mycobacteria. When added to intensively washed cells of
Mb. smegmatis, growth occurred in Sauton medium after 20–24
h, whereas the control lacking Rpf showed no growth after 6 days
(Table 1). Moreover, trypsinized Rpf had no such activity (data
not shown). With unwashed Mb. smegmatis cells growing in
nutrient broth E, the maximum optical density attained was
doubled in the presence of Rpf (not shown). Experiments with
slow-growing mycobacteria showed that Rpf stimulates the
growth of Mb. tuberculosis, Mb. avium, Mb. bovis (BCG), and Mb.
kansasii (summarized in Table 1).

Analysis of Recombinant Rpf. The coding sequence corre-
sponding to the secreted form of Rpf, starting at residue A39, was
inserted into pET19b to generate plasmid pRPF1 (see Materials
and Methods). Extracts of isopropyl-b-D-thiogalactoside-induced
E. coli strain HSM174(DE3) containing pRPF1 were challenged
with a poly-His antibody. A strong signal was associated with a
protein (apparent size, 29 kDa; predicted size, 22 kDa) that was
eluted from the affinity column by 0.5 M imidazole followed by
Mono Q purification (Fig. 5A). The histidine-tagged protein from
HSM174(DE3) reduced the apparent lag phase of viable cells of
M. luteus at picomolar concentrations, whereas the control (ma-
terial eluted from the same column under the same conditions
when an extract from cells containing plasmid vector only was
applied) showed no activity (Fig. 5B). Finally, purified recombi-
nant-Rpf strongly stimulated the growth of washed cells of M.
luteus (Fig. 5C). The association of biological activity with the
recombinant protein, produced in E. coli containing pRPF, and
the absence of biological activity in the isogenic control contain-
ing pET19b, demonstrates unequivocally that the active molecule
is indeed a product of the rpf gene.

DISCUSSION
A variety of different autocrine chemical compounds (phero-
mones, ref. 36) produced as secondary metabolites are respon-
sible for eliciting and coordinating the differentiation of pro-
karyotes during processes such as sporulation, conjugation and
the expression of virulence (for reviews see refs. 9, 10, and 15).

FIG. 5. Purification and activity of recombinant Rpf. (A) Purification
of his-tagged Rpf. Rpf was expressed in E. coli HSM174(DE3) and
purified as described in Materials and Methods. SDSyPAGE profile of
fractions after Ni21-chelation chromatography. The molecular mass
(kDa) markers (Sigma) were BSA (67), ovalbumin (43), glyceraldehyde
3-phosphate dehydrogenase (36), carbonic anhydrase (30), soya bean
trypsin inhibitor (20.1), and lactalbumin (14.4). Lanes: 1, markers; 2,
crude extract from E. coli containing pET19b vector; 3, crude extract from
E. coli containing pRPF1; 4, purifed recombinant Rpf. (B) Reduction of
the apparent lag phase of viable cells of M. luteus by purifed recombinant
Rpf. For experimental details see the legend for Fig. 1C. A dilution factor
of 100 corresponds to 33 mg Rpfyml. (C) Stimulation of the growth of
washed cells. Stationary phase cells of M. luteus grown in LMM were
washed 5 times by suspension and centrifugation in LMM from which
lactate had been omitted. Bacteria were finally suspended in the same
medium by repeatedly passing them through a syringe, diluted, and
inoculated into a 20 ml flask with LMM or LMM in the presence of Rpf
(230 pmolyliter). The initial cell density was ca. 102 viable cells per ml and
incubation was at 30°C with intensive shaking. Growth was monitored by
plating 0.1-ml samples on plates containing nutrient broth E solidified
with agar.
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The important properties of such molecules in this context, which
discriminates them from nutrients, are that (i) they are produced
by the organisms themselves, (ii) they are active at very low
concentrations, and (iii) unless they are generated from prohor-
mones their metabolism is not necessary for activity (although
they may be degraded subsequently). The chemical nature of
these pheromonal compounds varies widely: those exploited by
Gram-negative organisms tend to be of low molecular weight,
particularly N-acyl homoserine lactone derivatives (7–11), whilst
a number of Gram-positive organisms use proteins and polypep-
tides (9, 10, 12–16, 37, 38).

The results described herein document the existence of a
protein, denoted Rpf, which is secreted by M. luteus and which
stimulates growth and cell division when added in picomolar
concentrations to minimal media. Although a number of mam-
malian hormones act as growth factors for unicellular organisms
such as ciliates (4, 5), and can be potent stimulators of bacterial
growth (18, 20), to our knowledge this is the first characterization
of an autocrine or paracrine factor that stimulates the resuscita-
tion of truly dormant bacteria. The protein has the properties of
a cytokine, because it also stimulates the growth of viable cells,
and is likely to be involved in the normal control of cell multi-
plication. The extent to which the observed cross-reactivity may
permit the resuscitation of other organisms, and thus the question
of inter-species specificity, remains to be evaluated. Given that
the number of observable microbial cells in a natural sample often
exceeds the number that can be cultured therefrom by orders of
magnitude (21–23, 39), the current findings are consistent with
the view (20) that to permit their regrowth many of these may in
fact merely require the addition of such a cytokine, whose
potency, and potential susceptibility to degradation in the envi-
ronment, has delayed their earlier recognition.

By analogy with other protein signaling systems found in
bacteria such as S. aureus (9), B. subtilis (14), and S. pneumoniae
(40, 41), as well as higher organisms (many prohormones in
animals, systemin (42, 43) in plants), it is possible that the
proximate signaling molecule is derived from the secreted form
of the rpf gene product by proteolytic cleavage. Significantly, the
secreted form of the predicted gene product appears to be larger
than Rpf purified from culture supernatants. Because the N-
terminal amino acid sequence of Rpf was identical to that of the
predicted gene product, Rpf is presumably generated by C-
terminal processing. The recombinant protein expressed in E. coli
also has growth-promoting activity, but it remains to be estab-
lished whether Rpf is further modified to generate the proximate
signaling molecule.

Mb. tuberculosis is a very significant re-emerging pathogen
(44–46) that shows latency (i.e., dormancy) in vivo (47–50). It is
tempting to speculate that resuscitation and growth of this
organism (and possibly also Mb. leprae) may be controlled, in part
at least, by members of a family of secreted Rpf-like proteins,
which function as autocrine andyor paracrine growth factors.
Four of them are secreted, whereas the fifth appears to be a
membrane-anchored protein. This protein family may show func-
tional redundancy. Alternatively, as in many animal cell systems
(51), the different signaling molecules may be produced under
different conditions or for different specific purposes. For exam-
ple, the membrane-anchored protein (g2052146) may be respon-
sible for juxtacrine signaling andyor signal perception, whereas
the protein with the alanine1proline-rich C-terminal extension,
comprising a complex family of repeating units (e1254009), may
play a role in autocrine signaling by binding to a specific molecule
located at the cell surface, and the smallest protein lacking any
additional domain (g1655671) may function as a paracrine sig-
naling molecule. Further experimental work will be required to
explore these hypotheses, which may lead, in the short term, to
substantially improved laboratory methods for the detection and
cultivation of these organisms and, in the longer term, to thera-
peutic strategies and vaccines for preventing their growth in vivo.

Note Added in Proof. The Rpf homologues detected in Mb. tuberculosis
H37Rv and described in Fig. 3 have now been given the following gene
designations following the publication of the finished genome sequence
of this organism: Rv1884c 5 g2225976 (MTCY180.34), Rv0867c 5
e1254009 (MTV043.60c), Rv1009 5 g2052146 (MTC1237.26), Rv2389c
5 g1655671 (MTCY253.32), and Rv2450c 5 g2791490 (MTV008.06c)
(53). Further details are available via the Sanger Centre’s Website at
http:yywww.sanger.ac.ukyProjectsyMotuberculosisy.
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