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Proteins secreted by Mycobacterium tuberculosis are usually targets of immune responses in the infected host.
Here we describe a search for secreted proteins that combined the use of bioinformatics and phoA* fusion
technology. The 3,924 proteins deduced from the M. tuberculosis genome were analyzed with several computer
programs. We identified 52 proteins carrying an NH2-terminal secretory signal peptide but lacking additional
membrane-anchoring moieties. Of these 52 proteins—the TM1 subgroup—only 7 had been previously reported
to be secreted proteins. Our predictions were confirmed in 9 of 10 TM1 genes that were fused to Escherichia
coli phoA*, a marker of subcellular localization. These findings demonstrate that the systematic computer
search described in this work identified secreted proteins of M. tuberculosis with high efficiency and 90%
accuracy.

Proteins released by Mycobacterium tuberculosis to the ex-
tracellular environment have been the focus of much of the
research directed at identifying antigens that induce protective
immunity or those that elicit immune responses of diagnostic
value (reviewed in references 2, 11, and 37). Two different
experimental approaches have been used. One is analysis of
the protein composition of M. tuberculosis culture filtrates. The
M. tuberculosis culture filtrate, which contains as many as 200
proteins (29), has been investigated by means of protein puri-
fication, by immunological methods, and by screening of ex-
pression libraries of M. tuberculosis DNA with anti-culture
filtrate sera (for examples, see references 1, 4, 5, 19, 25, 33, and
34). A second, genetic approach involves the screening of li-
braries of fusions of M. tuberculosis genes to reporter genes
encoding enzymes that become active upon translocation
across the cell membrane (7, 18). As a result of the combined
efforts of several laboratories, more than 30 secreted proteins
of M. tuberculosis have been characterized (examples are pro-
vided in references 3, 6, 9, 10, 12, 15, 17, 18, 20, 22, 26, 30, 32,
and 34). Nevertheless, much of the immunological activity of
the culture filtrate of M. tuberculosis remains unaccounted for.

Analysis of the NH2-terminal sequences of proteins purified
from the culture filtrate vis-à-vis corresponding deduced amino
acid sequences (34, 37) indicates that many proteins of M.
tuberculosis are secreted via the general export pathway
(GEP). The GEP mediates protein translocation across the
cytoplasmic membrane by means of an NH2-terminal secretory
signal peptide (24, 28). Following translocation, cleavage of the
signal peptide by a signal peptidase releases the mature pro-
tein, providing that there are no additional membrane-span-
ning segments or membrane-anchoring moieties (Fig. 1). The
conserved features of signal peptides (length and amino acid
composition plus the signal peptidase cleavage site [31]) make
them amenable to identification by sequence analysis. Thus, we

set out to identify proteins of M. tuberculosis secreted via the
GEP by using a bioinformatic approach that takes advantage
of the recently released nucleotide sequence of the M. tuber-
culosis genome (8).
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FIG. 1. Fates of proteins having an NH2-terminal signal peptide. The NH2-
terminal signal peptide directs translocation of a protein across the cell mem-
brane (top left panel). Processing of the preprotein by a type I signal peptidase
releases the mature protein (A), providing that there are no additional trans-
membrane domains (B). Translocation of LPPs across the membrane is followed
by modification with glycerol and fatty acids of the prolipoprotein and processing
by a type II signal peptidase. The lipid moiety anchors the LPP to the membrane
(C). Mb, cell membrane; Cy, cytoplasm; N, NH2-terminal end; C, COOH-
terminal end.
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Prediction of secreted proteins of M. tuberculosis. The com-
puter strategy used to identify proteins having secretory signal
peptides but lacking additional membrane attachment do-
mains is presented in Fig. 2. The amino acid sequences of 3,924
proteins deduced from the nucleotide sequence of the M. tu-
berculosis genome were downloaded from the Sanger Center
database (http://www.sanger.ac.uk/Projects/M_tuberculosis).
Segments containing the NH2-terminal 70 amino acid residues
of each polypeptide were analyzed for secretory signal peptides
with two computer programs, SignalP (http://www.cbs.dtu.dk/
services/SignalP) and SPScan (13). The two programs assigned
scores to potential signal peptides for all of the proteins except
two (Rv1572c and Rv3599c) that were too short for SPScan
analysis. Scores ranged from 0.039 to 0.888 for SignalP predic-
tions and from 23.8 to 114.8 for SPScan predictions (Fig. 3).
Cutoff values for the computer predictions were chosen on the
basis of scores assigned to nine known secreted proteins of
M. tuberculosis that contain a signal peptide (Ag85A, Ag85B,
Ag85C, MPT32, MPT51, MPT53, MPT63, MPT64, and
MPB70) (34). For these proteins, SignalP scores ranged from
0.425 to 0.758 and SPScan scores ranged from 8 to 11.2. We
chose score cutoffs of 0.4 for SignalP and 8.0 for SPScan. Both
values are more restrictive than the default cutoff values (0.34
for SignalP and 3.5 for SPScan). Two hundred eight proteins
(5% of the proteome) scored above the cutoff with both pro-
grams (boxed inset in Fig. 3). This set of proteins is henceforth
referred to as the Top208 group.

Of the proteins in the Top208 group, 47 had been previously
annotated as members of the PE and PPE families (8). Pro-
teins in these families contain multiple copies of motifs rich in
small-side-chain amino acid residues, such as alanine and gly-
cine. Since a biased amino acid composition and a repetitive
primary sequence could lead to unreliable results in sequence
analyses, the 47 PE and PPE proteins in the Top208 group
were not further analyzed.

Proteins that cross the membrane via the GEP are released
to the external environment after cleavage of the signal peptide
only if they lack membrane-anchoring sequences (Fig. 1). To
eliminate from our study those proteins that contain mem-
brane-spanning segments, the remaining 161 proteins in the
Top208 group were analyzed with the program TMpred (http:
//www.ch.embnet.org/software/TMPRED_form.html) (Fig. 2).
The presence of an NH2-terminal transmembrane segment
(i.e., the putative signal peptide) was confirmed by TMpred
only for 142 proteins. Of these, 49 were putative integral mem-
brane proteins, for they contained transmembrane segments
within the mature protein that scored .1,000 (the default cut-
off score for TMpred is 500) (Fig. 2). The remaining 93 pro-
teins were analyzed for membrane lipoprotein (LPP) lipid at-
tachment sites with the program PrositeScan (http://www.isrec
.isb-sib.ch/software/PSTSCAN_form.html) (LPP motif, PRO-
SITE database entry PS00013). We defined three subgroups
based on TMpred and PrositeScan predictions (Fig. 2). The
first subgroup, Top208-TM1, comprised 52 proteins that were

FIG. 2. Schematic representation of the strategy utilized to predict M. tuber-
culosis secreted proteins. TM, transmembrane; SP, signal peptide; PE/PPE, fam-
ilies of M. tuberculosis proteins containing multiple copies of sequences rich in
small-side-chain amino acid residues (8).

FIG. 3. Correlation between SignalP and SPScan scores. Each circle repre-
sents one of the 3,924 deduced proteins of M. tuberculosis. The position of the
circle indicates the scores assigned by SignalP and SPScan to the signal peptide.
For this study, the two computer programs were set in the mode for gram-
positive bacteria. SPScan was used in the adjusted mode, which penalizes signal
peptides longer than 45 amino acid residues (i.e., the maximal length for gram-
positive bacteria). The boxed area contains the Top208 group of proteins that
scored $0.4 with SignalP and $8 with SPScan. The solid circles within the boxed
area represent nine known secreted proteins (Ag85A, Ag85B, Ag85C, MPT32,
MPT51, MPT53, MPT63, MPT64, and MPB70) (34) that were used to set cutoff
values for SignalP and SPScan scores. The solid circles outside of the boxed area
represent four known proteins (MPT46, GroES, GroEL2, and DnaK) containing
no signal peptide (34). Also outside of the boxed area is located the 38-kDa
antigen, a secreted protein which exhibits an LPP type of signal peptide (14).
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TABLE 1. Top208-Tm1 proteinsa

Gene
name Set SPScan

score
SignalP
score SPScan-predicted signal peptide sequence Relevant notes regarding

function or identity

rv0315* A 14.8 0.667 MLMPEMDRRRMMMMAGFGALAAALPAPTAWAˆ DP Glucanase (SCDB)
rv3668c* A 13.8 0.787 LQTAHRRFAAAFAAVLLAVVCLPANTAAAˆ DD Possible protease (SCDB)
rv0477 B 13.7 0.888 MKALVAVSAVAVVALLGVSSAQAˆ DP
rv0398c A 12.6 0.71 MGVIARVVGVAACGLSLAVLAAAPTAGAˆ EP
rv3096 A 12.4 0.621 VHRRTALKLPLLLAAGTVLGQAPRAAAˆ EE Glycosylhydrolase family 5

signature (PS00659)
rv3354* A 12.4 0.672 MNLRRHQTLTLRLLAASAGILSAAAFAAPAQAˆ NP
rv1291c B 12 0.663 MFTRRFAASMVGTTLTAATLGLAALGFAGTASAˆ SS
rv0559c B 11.9 0.873 MKGTKLAVVVGMTVAAVSLAAPAQAˆ DD
rv1891 A 11.7 0.53 MIRELVTTAAITGAAIGGAPVAGÂDP
rv3333c A 11.5 0.538 MFTGIASHAGALGAALVVLIGAAILHDGPAAAˆ DP
rv0040c C 11.4 0.7 MIQIARTWRVFAGGMATGFIGVVLVTAGKASAˆ DP MTC28 (19)
rv1269c* A 11.4 0.73 MTTMITLRRRFAVAVAGVATAAATTVTLAPAPANAˆ AD
rv2253 B 11.3 0.824 MSGHRKKAMLALAAASLAATLAPNAVAAˆ AE
rv1860 C 11.2 0.627 MHQVDPNLTRRKGRLAALAIAAMASASLVTVAVPATANAˆ DP MPT32 (17)
rv0455c B 11 0.661 MSRLSSILRAGAAFLVLGIAAATFPQSAAAˆ DS
rv1268c* A 10.9 0.779 MTTSKIATAFKTATFALAAGAVALGLASPADAˆ AA Cys proteases histidine

active site (PS00639)
rv1174c C 10.6 0.579 MRLSLTALSAGVGAVAMSLTVGAGVASAˆ DP Mtb8.4SA-5K (9, 12)
rv2376c C 10.5 0.438 MAGGPVVYQMQPVVFGAPLPLDPASAˆ PD MTB12 (32)
rv2450c* B 10.5 0.697 LKNARTTLIAAAIAGTLVTTSPAGIANÂDD Putative pheromone (23)
rv1271c A 10.2 0.592 MLSPLSPRIIAAFTTAVGAAAIGLAVATAGTAGAˆ NT
rv1980c C 10.2 0.83 VRIKIFMLVTAVVLLCCSGVATÂAP MPT64 (36)
rv0617 A 10 0.458 VTVLLDANVLIALVVAEHVHĤDA
rv0674 A 10 0.635 MPAMTARSVVLSVLLGAHPAWAˆ TA
rv1906c* A 10 0.753 MRLKPAPSPAAAFAVAGLILAGWAGSVGLAGAˆ DP
rv1006 A 9.9 0.432 MVLRSRKSTLGVVVCLALVLGGPLNGCSSSAˆ SH
rv2389c A 9.5 0.842 MFVALLGLSTISSKÂ DD Putative pheromone (23)
rv2878c C 9.4 0.581 MSLRLVSPIKAFADGIVAVAIAVVLMFGLANTPRAVAˆ AD MPT53, DsbE (34)
rv3036c B 9.4 0.598 MRYLIATAVLVAVVLVGWPAAGAˆ PP Similar to MPT64 (SCDB)
rv1566c* B 9.2 0.55 MKRSMKSGSFAIGLAMMLAPMVAAPGLAAAˆ DP Similar to Listeria invasion-

associated p60 (SCDB)
rv1974 A 9.2 0.557 VQRQSLMPQQTLAAGVFVGALLCGVVTAˆ AV
rv1419 A 9.1 0.695 MGELRLVGGVLRVLVVVGAVFDVAVLNAGAASAˆ DG
rv3106 A 9.1 0.494 MRPYYIAIVGSGPSAFFÂAA FprA, NADPH ferredoxin

reductase? (SCDB)
rv1813c A 8.9 0.584 MITNLRRRTAMAAAGLGAALGLGILLVPTVDAHLˆ AN
rv3013 A 8.9 0.543 VRSYLLRIELADRPGSLGSLAVALGSVGAˆ DI
rv0199 A 8.8 0.537 MFSTYGIASTLLGVLSVAAVVLGAMIWSAHRˆ DD
rv0867c B 8.8 0.616 MSGRHRKPTTSNVSVAKIAFTGAVLGGGGIAMAˆ AQ Putative pheromone (23)
rv2576c A 8.8 0.669 MTSVRTVPSAVALVTFAGAALSGVIPAIARAˆ DP
rv3170 A 8.8 0.444 VTNPPWTVDVVVVGAGFAGLAAAˆ RE Probable monoamine

oxidase (SCDB)
rv3572 A 8.7 0.578 MTRLIPGCTLVGLMLTLLPAPTSAAˆ GS
rv0592 B 8.6 0.413 MSTIFDIRSLRLPKLSAKVVVVGGLVVVLAVVAAAˆ AG Part of mce-2 operon

(SCDB)
rv1352 A 8.6 0.592 MARTLALRASAGLVAGMAMAAITLAPGARAˆ ET
rv1242 A 8.5 0.555 VIIPDINLLLYAVITGFPQHRRAHÂ WW
rv0309 A 8.4 0.537 MSRLLALLCAAVCTGCVAVVLAPVSLAVVNPWFAˆ NS Heavy-metal-associated

domain (PS01047)
rv0360c A 8.4 0.412 VTKRTITPMTSMGDLLGPEPILLPGDSDAEAELLANESPSIVAAˆ AH
rv1804c A 8.4 0.631 MRVVSTLLSIPLMIGLAVPAHÂGP
rv2223c* B 8.4 0.679 MAAMWRRRPLSSALLSFGLLLGGLPLAAPPLAGAˆ TE Lipase, serine active site

(SCDB)
rv1488 A 8.3 0.721 VQGAVAGLVFLAVLVIFAIIVVAKSVALIPQAEÂAV Hemopexin domain

signature (PS00024)
rv2290* B 8.3 0.424 LTDPRHTVRIAVGATALGVSALGATLPACSAHSˆ GP LppO, similar to 19-kDa

antigen (SCDB)
rv3207c A 8.3 0.469 VSTYGWRAYALPVLMVLTTVVVYQTVTGTSTPRPAAAˆ QT Zn protease (SCDB)
rv0203 B 8.2 0.485 MKTGTATTRRRLLAVLIALALPGAAVALLAEPSATGˆ AS
rv0603 A 8.2 0.466 MNRIVQFGVSAVAAAAIGIGAGSGIAAAˆ FD
rv1926c* C 8 0.57 MKLTTMIKTAVAVVAMAAIATFAAPVALAˆ AY MPT63 (20)

a The 52 proteins of M. tuberculosis in the Top208-TM1 subgroup are sorted by decreasing SPScan scores. Genes analyzed by phoA9 fusion technology are marked
with asterisks. Set A includes 32 proteins that had no annotations in the Sanger Center database (SCDB) referring to protein topology or subcellular localization, set
B includes 13 proteins that were annotated as “probably secreted, or exported, or having a putative signal sequence, or a hydrophobic amino acid stretch at the
NH2-terminus,” and set C includes seven proteins known to be secreted by a signal peptide-dependent mechanism (see text). The position of the predicted cleavage
site is indicated by a caret. Relevant notes regarding function or identity are based on previously published reports, Sanger Center database annotations, or Blast and
PrositeScan searches.
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classified as “most likely secreted.” These proteins contained
one transmembrane domain corresponding to the signal pep-
tide, no additional membrane-spanning segments having
TMpred scores above 500, and no LPP motifs. The second
subgroup, Top208-TM2, consisted of 25 proteins that were
classified as “possibly secreted” because the mature proteins
contained segments having TMpred scores between 500 and
1,000. The remaining 16 proteins (the Top208-LPP subgroup)
were predicted to be LPPs, for they contained a properly po-
sitioned LPP motif.

The 52 proteins comprising the Top208-TM1 subgroup are
listed in Table 1. Thirty-two of the TM1 proteins were previ-
ously unrecognized as secreted proteins (set A in Table 1,
column 2), while 13 TM1 proteins had annotations in the
Sanger Center database that suggest the presence of NH2-
terminal signal peptides (set B in Table 1, column 2). Only
seven TM1 proteins were previously known as secreted pro-
teins (Mtb8.4, MTB12, MTC28, MPT32, MPT53, MPT63, and
MPT64) (9, 12, 17, 19, 20, 32, 34, 36) (set C in Table 1, column
2). Sixteen of the 52 TM1 proteins were assigned a probable
function on the basis of the presence of functional motifs or
similarities to proteins with known functions (Table 1, column
6).

Analysis of TM1 proteins by phoA* fusion technology. A
method to study protein topology with respect to the cell mem-
brane is to analyze the enzymatic activity of a hybrid consisting
of the test protein and the reporter Escherichia coli PhoA
protein devoid of its original signal peptide (21). To test the
prediction that the proteins in the TM1 subgroup contained a
single transmembrane domain, the signal peptide (Fig. 1), fu-
sions were constructed between phoA9 and full-length M. tu-
berculosis TM1 coding sequences. To introduce a minimum of
bias in these experiments, we chose 10 proteins at random
from the TM1 subgroup. These 10 proteins (marked with as-
terisks in Table 1, column 1) represented a broad range of
SPScan scores (8.3 to 14.8) and SignalP scores (0.469 to 0.787)
and were equally divided between those having (set B) and
those not having (set A) database annotations with reference
to topology or localization.

Recombinant plasmids bearing fusions of phoA9 with M.

tuberculosis TM1 genes were constructed in E. coli. Clones
carrying the fusions were evaluated for alkaline phosphatase
activity by plating on Luria-Bertani agar containing the chro-
mogenic substrate 5-bromo-4-chloro-3-indolylphosphate (BCIP).
On indicator plates, alkaline phosphatase activity is seen as
blue-green colonies. The colony color phenotype of one rep-
resentative clone for each fusion is shown in Fig. 4. Nine of 10
fusions exhibited alkaline phosphatase activity. The only phoA9
fusion that yielded a weak, albeit detectable, blue-green colony
color was that with Rv3354 (clone 12 in Fig. 4). All of the
hybrid proteins, except that encoded by the Rv3354::phoA9
fusion, were detected by Western blot analysis of whole-cell
lysates with anti-PhoA antibodies (data not shown). These
results suggest that the hybrid protein encoded by the Rv3354::
phoA9 fusion is either synthesized at low levels or rapidly de-
graded. The finding that 9 of 10 mycobacterial protein hybrids
directed export of the PhoA moiety provides strong evidence
that proteins in the Top208-TM1 subgroup are bona fide se-
creted proteins.

In summary, 52 proteins (the Top208-TM1 subgroup) were
identified by computer-based analyses as most likely secreted.
The computer predictions were confirmed in 90% of the TM1
proteins tested by E. coli phoA9 gene fusion methods. Only 7 of
the 52 TM1 proteins had been previously reported to be se-
creted proteins. Thus, the bioinformatic method used in the
present paper is highly efficient and accurate. The high accu-
racy is explained by the use of stringent selection criteria (i.e.,
high cutoff scores for SignalP, SPScan, and TMpred).

The computer-based approach that we have used to identify
secreted proteins differs in several important ways from genetic
screening methods employing random fusions to phoA9 or bla,
markers of extracellular localization. First, methods that em-
ploy random fusions do not allow distinction between secretory
signal peptides and transmembrane domains of membrane-
bound proteins (reference 35 and references therein). Second,
expression of alkaline phosphatase activity by clones generated
by random insertion of phoA-coupled transposons critically
depends on the strength of promoters located upstream of
the transposition site (21). The same limitation applies to the
screening of random fusion libraries in promoterless plasmids.
Third, gene fusion library screening methods often yield mul-
tiple hits in the same genes, thus making the process of gene
identification labor intensive (7). A disadvantage of the com-
puter-based approach is that it is limited to only those proteins
secreted via the GEP. While many secreted antigens of M. tu-
berculosis fall into this category, the presence in culture
filtrates of proteins lacking secretory signal peptides (e.g.,
ESAT-6, SodA, GlnA, and KatG [15, 29, 30, 38]) suggests the
existence of other, still undefined, mechanisms of protein se-
cretion that operate in M. tuberculosis.

The identification of novel secreted proteins of M. tubercu-
losis opens the way to studies on their subcellular localization
in M. tuberculosis and to the immunological characterization of
these proteins to define their potential for immunological di-
agnosis of tuberculosis or vaccine design.
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