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Safe recombinant vaccines, based on a small number of
antigenic proteins, are emerging as the most attractive,
cost-effective solution against infectious diseases. In the
present work, we confirmed previous data from our lab-
oratory showing that whole viable bacterial cell treatment
with proteases followed by the identification of released
peptides by mass spectrometry is the method of choice
for the rapid and reliable identification of vaccine candi-
dates in Gram-positive bacteria. When applied to the
Group B Streptococcus COH1 strain, 43 surface-associ-
ated proteins were identified, including all the protective
antigens described in the literature as well as a new pro-
tective antigen, the cell wall-anchored protein SAN_1485
belonging to the serine-rich repeat protein family. This
strategy overcomes the difficulties so far encountered in
the identification of novel vaccine candidates and speeds
up the entire vaccine discovery process by reducing the
number of recombinant proteins to be tested in the animal
model. Molecular & Cellular Proteomics 8:1728-1737, 2009.

Vaccination is the safest, most attractive, and cost-effective
solution to combat infectious diseases (1). Unfortunately vac-
cines against several pathogens are not yet available, and this
is largely because of the difficulties encountered in the iden-
tification of the few pathogen components capable of eliciting
protective immune responses.

Recently new genomics-based approaches have been de-
scribed and shown to be very powerful for the discovery of
vaccine candidates (2—4). However, these methods are labor-
intensive and time-consuming in that the identification of the
few protective antigens requires the screening of a large
number of recombinant proteins in biological assays, which
usually involve animal models. Therefore, the development of
new strategies capable of substantially reducing the number
of proteins to be tested would be highly desirable.
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Looking at the list of vaccines, either licensed or in ad-
vanced phase of development, that protect by eliciting anti-
body-mediated immunity, it appears that they include se-
creted toxins and/or highly expressed, surface-exposed
molecules (5, 6). Hence the development of strategies capa-
ble of singling out this relatively small group of antigens from
the plethora of pathogen components would substantially
accelerate the vaccine discovery process.

We have recently proposed a novel proteomics-based ap-
proach, which has allowed the identification of Group A Strep-
tococcus (GAS)' proteins having domains protruding out of
the bacterial surface (7). The approach is based on (i) the
proteolytic treatment of bacteria under conditions that pre-
serve cell viability and (ii) the analysis of the released peptides
by mass spectrometry. The approach proved to be rapid and
highly selective in that the large majority (>90%) of the iden-
tified proteins fell into the categories of cell wall proteins,
lipoproteins, membrane proteins, and secreted proteins. Fur-
thermore the method also allowed a semiquantitative evalu-
ation of protein exposition and level of expression because, in
general, the number of peptides identified from a given pro-
tein nicely correlates with the extent of its recognition by
specific antibodies as judged by fluorescence-activated cell
sorting analysis (7). Interestingly the list of surface-associated
proteins included most of the published GAS protective anti-
gens as well as new protective components such as the cell
envelope proteinase Spy0416 (7), a protein attracting the
interest of several laboratories for its important role in patho-
genesis (8-10).

To demonstrate that the proteomics-based approach rep-
resents a reliable and generally applicable strategy for the
identification of vaccine components in Gram-positive bacte-
ria, we have applied the same protocol to the Group B Strep-

" The abbreviations used are: GAS, Group A Streptococcus; GBS,
Group B Streptococcus; THB, Todd-Hewitt broth; NCBInr, National
Center for Biotechnology Information non-redundant; TMSR, trans-
membrane-spanning region; SIP, surface immunogenic protein; Lrr,
leucine-rich repeat; OMV, outer membrane vesicle; CRM, cross-re-
active material.
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tococcus (GBS) for which a vaccine is not yet available on the
market. GBS is a multiserotype Gram-positive opportunistic
human pathogen that can lead to life-threatening infections in
newborns and elderly adults (11-16).

Here we show that on the surface of the hypervirulent GBS
COH1 strain there are 43 major proteins belonging to the
families of cell wall proteins, lipoproteins, and membrane
proteins. As in the case of GAS (7), the proteins identified
comprise all protective antigens so far described in the liter-
ature (6, 17-26) as well as a new antigen, SAN_1485, which
appears to be highly protective in the active maternal immu-
nization mouse model. These data confirm the effectiveness
of protease digestion coupled to mass spectrometry for the
identification of surface-exposed antigens in Gram-positive
bacteria and demonstrate the power of this technology for the
rapid discovery of new vaccines.

EXPERIMENTAL PROCEDURES

Bacterial Surface Digestion— Streptococcus agalactiae serotype Il
COH1 strain was plated overnight in blood agar (Trypticase™ Soy
Agar Il with 5% sheep blood, BD Biosciences). Bacteria colonies were
then grown at 37 °C in 200 ml of Todd-Hewitt broth (THB) in the
presence of 5% CO, until an Agy, of 0.3 was reached. Bacteria were
harvested by centrifugation at 3,500 X g for 10 min at 4 °C and
washed twice with PBS. Cells were resuspended in 800 ul of PBS
containing 40% sucrose (pH 7.4 for trypsin digestion and pH 6.0 for
proteinase K digestion). Digestions were carried out with 10 pg of
trypsin (Promega, Madison, WI) or 5 ng of proteinase K (Sigma) for 30
min at 37 °C. Bacterial cells were then spun down at 3,500 X g for 10
min at 4 °C, and the supernatants were filtered through 0.22-um pore
size filters (Millex, Millipore, Bedford, MA). Protease reactions were
stopped with formic acid at 0.1% final concentration. Before analysis,
PBS and sucrose were removed by an off-line desalting procedure
using OASIS cartridges (Waters, Milford, MA) following the manufac-
turer’s protocol. Desalted peptides were concentrated with a Cen-
trivap Concentrator (Labconco, Kansas City, KS) and kept at —20 °C
until further analysis.

Bacterial Surface Double Digestion—S. agalactiae serotype |l
COH1 strain was cultured and surface-digested as described above.
Digestion supernatants were then denatured and reduced with
Rapigest® (Waters) and 5 mm DTT at 100 °C, respectively, for 10 min.
The pH was then adjusted to 8.0 using NH,HCO;, and an additional
overnight proteolytic step with 2 ug of trypsin (Promega) at 37 °C was
performed. The second digestion reaction was stopped with formic
acid at 0.1% final concentration. The peptide mixtures were then
desalted and concentrated as described above and stored at —20 °C
until further analysis.

Protein Identification by Nano-LC/MS/MS—Peptides were sepa-
rated by nano-LC on a NanoAcquity UPLC system (Waters) con-
nected to a Q-ToF Premier ESI mass spectrometer equipped with a
nanospray source (Waters). Samples were loaded onto a Nano-
Acquity 1.7-um BEH130 C,g column (75 um X 25 mm; Waters)
through a NanoAcquity 5-um Symmetry® C, 4 trap column (180 um X
20 mm; Waters). Peptides were eluted with a 120-min gradient of
2-40% 98% acetonitrile, 0.1% formic acid solution at a flow rate of
250 nl/min. The eluted peptides were subjected to an automated
data-dependent acquisition using the MassLynx software, version 4.1
(Waters) where an MS survey scan was used to automatically select
multicharged peptides over the m/z ratio range of 300-2,000 for
further MS/MS fragmentation. Up to eight different peptides were
individually subjected to MS/MS fragmentation following each MS

survey scan. For all samples, a second nano-LC/MS/MS analysis was
carried out for the selective fragmentation of singly charged peptides.
After data acquisition, individual MS/MS spectra were combined,
smoothed, and centroided using ProteinLynx, version 3.5 (Waters) to
obtain the peak list file. The Mascot Daemon application (Matrix
Science Ltd., London, UK) was used for the automatic submission of
data files to in-house licensed Mascot, version 2.2.1, running on a
local server. Protein identification was achieved by searching in a
locally curated database containing 52,399 sequences and
14,622,587 residues and obtained by combining protein sequence
data derived from the eight completely sequenced GBS strains down-
loaded from the J. Craig Venter Institute and the S. agalactiae section
of the NCBInr database. The Mascot search parameters were set to
() 2 as the number of allowed missed cleavages (only for trypsin
digestion), (i) methionine oxidation and glutamine and asparagine
deamidation as variable modifications, (i) 0.3 Da as the peptide
tolerance, and (iv) 0.3 Da as the MS/MS tolerance. Only significant
hits were considered as defined by the Mascot scoring and proba-
bility system. The score thresholds for acceptance of peptide identi-
fication were =18 for trypsin digestion and =36 for proteinase K
digestion.

Computational Analysis of Identified Proteins—A computational
analysis of each identified protein sequence was performed with the
PSORTDb v.2.0 package (27) to predict the subcellular localization. For
the detection of lipoprotein signal sequences and cleavage sites,
LipPred (28) software was used.

Cloning, Expression, and Purification of GBS Protein SAN_1485—
COH1 strain was used as the source of DNA for amplification of the
identified surface antigen. The following PCR primers were de-
signed to amplify the gene without predicted signal peptide coding
sequences: 5'-GGAATTCCATATGGTCAAAAGTGTTATGACA-3’
(forward) and 5'-CTCTCTCAAGCTTTTCGGAGTTAGATACCG-3’
(reverse).

A PCR fragment from position 82 to 1739 downstream from the
ATG codon of SAN_1485 was obtained. After digestion with Ndel and
Hindlll, the PCR product was introduced into the plasmid expression
vector to generate His-tagged recombinant protein. His-tagged pro-
tein was obtained by cloning in pET21b+ vector (Novagen, Madison,
WI), and Escherichia coli BL21DE3 cells (Novagen) were used as
recipient. Procedures for protein expression and purification were as
described previously (29).

Active Maternal Immunization— A maternal immunization/neonatal
pup challenge model of GBS infection was used to verify the protec-
tive efficacy of SAN_1485 as described previously (6, 30). In brief,
CD-1 female mice (6—-8 weeks old) were immunized before breeding
on days 1, 21, and 35. The mice received either PBS or 20 ug of
protein/dose. Mice were bred 2-7 days after the last immunization.
Within 48 h of birth, pups were injected intraperitoneally with 50 ul of
GBS COH1 culture corresponding to LDg,. Challenge inocula were
prepared starting from frozen cultures diluted to the appropriate
concentration with THB. Survival of pups was monitored for 2 days
after challenge. Data were evaluated for statistical significance by
Fisher’s exact test (6).

RESULTS

Surface Proteome Analysis of GBS COH1 Revealed the
Presence of 43 Surface-exposed Proteins—Fig. 1 illustrates
the experimental approach used to identify the surface-ex-
posed proteins of Group B Streptococcus COH1 strain. The
method is an optimization of what has already been described
for Group A Streptococcus (7). Whole bacteria were treated
either with trypsin or proteinase K (bacterial “shaving” proc-
ess), and the exposed protein domains and peptides released
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containing protein sequence data de-
rived from the eight completely se-
quenced GBS strains and from the S.
agalactiae section of the NCBInr data-
base for protein identification.

Protein
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from the bacterial surface were collected by centrifugation
and analyzed by MS/MS either directly or after a second
protease treatment carried out under denaturing and reducing
conditions. The second proteolytic digestion was added to
the original protocol to allow the identification of those protein
domains that, being particularly resistant to proteolysis, would
otherwise remain undetected by LC/MS/MS. Protein identifi-
cation was based on peptide matching between experimental
MS/MS spectra and the theoretical spectra that were elabo-
rated from a database containing the genome sequences of
eight GBS strains and from the NCBInr database (S. agalac-
tiae section; see “Experimental Procedures” for more details).

A total of 43 proteins were identified (Table | and supple-
mental Table 1S), 30 on the basis of two or more peptide
matches and 13 with one peptide match only (peptide se-
quence details and Mascot scores are provided in supple-
mental Table 1S). Five of the 43 proteins identified were
detected only after the second protease treatment.

When the 43 proteins were subjected to computational
analysis to establish their cellular compartmentalization as
predicted by the PSORTb v2.0 (27) package in combination
with the LipPred software (28) (see “Experimental Proce-
dures” for details), eight proteins were classified as cell wall
proteins (LPXTG motif-carrying proteins), nine were assigned

/Recovery and analysis of

.;.-.JI....-'.: |.l_|| ||l

peptides by LC/MS/MS

to the transmembrane protein family carrying at least one
transmembrane-spanning region, nine were lipoproteins, and
eight were classified as secreted proteins (Table I). Of the
remaining eight proteins, three had an unknown cellular com-
partmentalization, whereas the other five proteins were clas-
sified as cytoplasmic. However, these proteins have been
found associated with the surface of many other bacterial
species (31-35), and one of them, the adherence and viru-
lence protein A, named SAN_1319, carries a fibronectin bind-
ing domain (the FbpA domain, PF05833) typically found in
surface-exposed proteins (Table | and supplemental Table
1S). In conclusion, the proteins found associated with the
GBS COH1 surface are fully consistent with their expected
cellular location.

Also remarkably consistent are the positions of identified
peptides with respect to the predicted topological organiza-
tion of the proteins. Because proteases only have access to
the protein regions protruding out of the cells, the peptides
generated by proteolytic treatment are expected to reside
within these regions. Indeed as shown in Fig. 2, all peptides
but one belong to domains that PSORTDb predicts to be facing
the external side of the bacterial membrane.

Similarly to what has been observed for Group A Strepto-
coccus (7), the surface-exposed proteins experimentally
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TABLE |
Proteins identified on the surface of GBS COH1 strain

The surface proteome of GBS COH1 strain is shown. Proteins are grouped according to their predicted subcellular localization. For each
protein the following information is reported: NCBI gene ID, protein annotation and total number of identified peptides generated by either
single or double digestion. See supplemental Tables 1S and 2S and supplemental material for details. ABC, ATP-binding cassette; RND,
resistance-nodulation-cell division; MFP, membrane fusion proteins; CAMP, Christie, Atkins Munch-Peterson.

Single Double Total no.
Gene ID Annotation . ) . . of identified
digestion digestion .
peptides
Cell wall-anchored proteins
SAN_0509 Reticulocyte-binding protein J/ J/ 2
SAN_0698 Cell wall surface anchor family protein J/ 1
SAN_1174 Fibrinogen-binding protein J 1
SAN_1369 Cba peptidase precursor J/ J/ 6
SAN_1485 Cell wall surface anchor family protein J/ J/ 26
SAN_1518 Cell wall surface anchor family protein, putative J/ 1
SAN_1577 Cell wall surface anchor family protein J/ 1
SAN_1578 Amidase family protein J/ 1
SAN_2207 Pathogenicity protein, putative J v 25
Membrane proteins
SAN_0172 Conserved hypothetical protein J/ 3
SAN_0480 Serine protease (HtrA) J 2
SAN_0545 Unknown N4 J/ 6
SAN_0785 Conserved hypothetical protein J/ 5
SAN_1035 Amino acid ABC transporter, binding protein J 1
SAN_1460 Efflux transporter, RND family, MFP subunit subfamily J/ 2
SAN_1470 Conserved hypothetical protein J/ 3
SAN_1666 Conserved hypothetical protein J 1
Lipoproteins
SAN_0273 Protein of unknown function/lipoprotein, putative J/ 2
SAN_0710 Lipoprotein, putative J 2
SAN_0850 Protein of unknown function/lipoprotein, putative J/ J/ 6
SAN_1534 Lipoprotein, putative J/ 6
SAN_1636 Peptidyl-prolyl cis-trans isomerase, cyclophilin-type J J 2
SAN_1898 5-Nucleotidase, lipoprotein e(P4) family J/ 1
SAN_2137 Lipoprotein, putative J/ 1
SAN_2224 Protein of unknown function/lipoprotein, putative J J 2
Extracellular proteins
SAN_0024 PcsB protein J/ J/ 4
SAN_0040 Gro J J 16
SAN_0118 N-Acetylmuramoyl-L-alanine amidase, family 4 protein J/ 3
SAN_0317 ABC transporter, substrate-binding protein J/ J/ 18
SAN_0872 YaeC family protein N4 N4 4
SAN_0970 DNA entry nuclease J/ 1
SAN_1132 Iron compound ABC transporter, binding protein J/ J/ 2
SAN_1449 Choline-binding protein D v J 14
SAN_1808 N-Acetylmuramoyl-L-alanine amidase, family 4 J/ J/ 9
SAN_2140 CAMP factor (CAMP-2) v 1
Cytoplasmic proteins
SAN_0083 Ribosomal protein L2 (RpIB) J/ 5
SAN_0575 Cell division protein DivIVA J/ 2
SAN_0854 Translation elongation factor Tu (Tuf) J/ J/ 3
SAN_1319 Adherence and virulence protein A J/ 1
SAN_1390 Ribosomal protein L10 J/ J/ 1
Proteins with unpredictable
subcellular localization
SAN_1012 Protein of unknown function/lipoprotein, putative J/ 1
SAN_1360 Protein of unknown function J/ 1
SAN_2424 Protein of unknown function J/ 4

found in COH1 strain represent only a fraction of the total 3). In particular, whereas the identified cell wall proteins and
number of membrane- and/or surface-associated proteins the lipoproteins constitute 40 and 20% of all predicted pro-
predicted from a computational analysis of the genome (Fig. teins, respectively, membrane proteins carrying one or more
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Fic. 2. Schematic topological representation of each protein identified on the surface of COH1 GBS strain. Topological organization
of the identified proteins was predicted using PSORTb information. The orange line represents the membrane, and the red line represents the
cell wall. For lipoproteins, the lipoyl anchor is represented as a black segment embedded within the membrane, whereas for the cell
wall-anchored proteins, the last C-terminal blue residues are the LPXTG signature anchored to the cell wall. The identified peptides are marked

in red.
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Fic. 3. COH1 GBS strain surface proteome. The 43 proteins
belonging to the COH1 surface proteome were grouped into families
based on their predicted cellular location. Red areas of each pie
indicate the number of PSORTb-predicted proteins that were not
found in the surface proteome, whereas the yellow areas represent
the number of identified proteins belonging to each protein family.

transmembrane-spanning regions (TMSRs) represent less
than 2% of what PSORTb would predict.

Known Protective Antigens Are Part of the Surface Pro-
teome—As already pointed out, vaccines known to elicit pro-
tective antibody responses are either secreted proteins or
highly expressed, surface-exposed molecules. Therefore, we
first asked whether the list of 43 proteins found on the surface
of COH1 included the protective antigens so far described for

GBS. Seven protective antigens have been reported so far
(Table Il): the C5a peptidase (SAN_1369) (17, 18), the Gro/
surface immunogenic protein SIP (SAN_0040) (19, 20), the
reticulocyte-binding protein/leucine-rich repeat protein (LrrG)
(SAN_0509) (21), the protein Rib (22-24), and the three pilus
variants PI-1, PI-2a, and PI-2b (6, 25, 26). The genes encoding
these protective antigens are all present in the COH1 genome
with the exception of the PI-2a pilus island; therefore six of the
seven protective antigens were expected to be found on the
surface of COH1. As shown in Table Il, five of the six proteins,
Cba peptidase, SIP, LrrG, and the backbone subunits of both
PI-1 and PI-2a, were experimentally detected on the bacterial
surface. The only missing protein was Rib, and this negative
result was somehow unexpected because the protein is re-
ported as being a conserved protective antigen (24). However,
there is evidence that not all serotype lll strains express Rib
on their surface (22, 24), and this variability in surface expres-
sion might explain the absence of Rib in the COH1 surface
proteome. To support this hypothesis, we measured Rib
mRNA levels by RT-PCR in COH1 and in 2603V/R. The latter
strain, belonging to serotype V, was chosen because the
analysis of its surface proteins had revealed the presence of
six peptides unequivocally belonging to the Rib protein.?

2 E. Altindis, personal communication.
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TABLE Il

Existing protective antigens for GBS

The list shows reported Group B Streptococcus protective antigens. The presence or not on the COH1 genome and its identification on the
surface proteome is reported for each antigen.

Predicted Presence of Presence of the
Protein annotation (gene locus?) protein the gene in protein in COH1

localization? COH1 genome surface proteome
Cba peptidase (SAN_1369) (17, 18) Cell wall Yes Yes
SIP (SAN_0040) (19, 20) Extracellular Yes Yes
LrrG (SAN_0509) (21) Cell wall Yes Yes
Pl-1 subunits (SAN_0698; SAN_0702) (5, 25, 26) Cell wall Yes Yes (SAN_0698)
PI-2a subunits (5, 25, 26) Cell wall No No
PI-2b subunits (SAN_1518; SAN_1519) (5, 25, 26) Cell wall Yes Yes (SAN_1518)
Rib protein® (22-24) Cell wall Yes No

2 Gene locus names according to NCBI and The Institute for Genomic Research.
b Protein localization as predicted by PSORTb v2.0.
¢ The COH1 genome is an unfinished sequence in “assembly” phase: 10 sequences are annotated as Rib proteins or surface protein Rib
(SAN_0524, SAN_0528, SAN_2343, SAN_2398, SAN_2418, SAN_2435, SAN_2436, SAN_2437, SAN_2438, and SAN_2439). No peptide was

identified from any of these sequences.

RKSGKHWVKS

' MLKKQFGNFG EKSRKVRVKM VMTQIGYVIL SRFSGKEKSS KVQTTSEDLS

' RTKTSASILT AVAALGAVVG GTTDTTSVSA EETPTATELT GNEKTLATAE TVVVAPEVKT

1 yNSDSSSHST SESQSMSTST LQSTSASLSA SESLMDSTSA SLSESSSLSE YSSLSLSSSE

' SVSASESVQS SEAATTARVQ PRAMRVVSSA SDMETLPAAL ISGEGDVTTV QGQDVTDKLQ

Fic. 4. Amino acid sequence of the 2;: NLDIKLSGGV QAKAGVINMD KSESMHMSLK FTIDSVNRGD TFEIKLSDNI DTNGASNYSI
novel protective antigen SAN_1485. = VEPIKSPTGE VYATGIYDSQ KKSIVYSFTD FAASKNNING ILDIPLWPDD TTVQNTEKEDV
The portions of the protein that were LFSVKIKDQE ATIKETVKYD PPVRIDFAGG VSVDSRITNI DDVGKKMTYI SQINVDGKSL
identified by surface digestion and "' YNYNGLYTRI YNYSKESTAD LKNSTIKIYK TTSDNIVESM VODYSSMEDV TSKFANSYPE
mass spectrometry are marked in red. o KGWYDIYWGQ FIASNETYVI VVETPFTNAV TI.NTTLSDYN: ENNGVEHNHT YSSESGYSDV
The gray background defines the region . NAQERKILSE LVSSSESVSS SESVSNSESI STSESVSNSE SISSSESVSS SESISTSESV
of the protein that was cloned and used " STSESISSSE SVSSSESVSS SESISSSESV SNSESISSSE SVSNSESISS SESVSSSESI
for immunization. The LPXTG cell wall- " SNSESISSSE SVSTSESISS SESVSNSESI SSSESVSSSE SVSTSESISS SESVSNSESI
anchoring motif is highlighted in the . STSESVSTSE SISSSESVSS SESISSSESV SNSESISNSE SVSSSESVSN SESISSSESV
yellow box. o SNSESISTSE SVSTSESISS SESVSNSESI SSSESVSNSE SISSSESVSN SESISSSESV
SNSESISSSE SVSSSESVSS SESISTSESV SNSESISSSE SVSNSESISS SESVSNSESI

" SSSESVSNSE SISSSESVSS SESISSSESV SSSESVSNSE SISSSESVSN SESISSSESV

" SSSESISSSE SVSNSESILS SESVSSSESI SSSESISSSE SVSMSTTESL SESEVSGDSE

"' ISSSTESSSQ SESMNHTEIK SDSESQHEVK HQVLPETGDN SASALGLLGA GLLLGATKSR

o8t

KEKKD

mRNA analysis demonstrated that Rib is differentially ex-
pressed in the two strains; the expression level was 10-fold
higher in the 2603V/R strain with respect to COH1 (data not
shown). This suggested that the inability to find Rib on the
surface of COH1 is because of its poor expression in this
strain.

Surface Protein Analysis Revealed a Novel Protective Anti-
gen—In addition to the protective antigens described above,
the list of COH1 surface proteins includes a number of pro-
teins that appeared to be abundantly expressed. For this
reason, it was of interest to investigate whether some of these
proteins might confer protection in the active maternal immu-
nization model. In this context, one of these proteins,
SAN_1485, appears to be particularly attractive. It is a 1085-
amino acid-long protein with a cell wall-anchoring LPXTG
motif and with a serine-rich repeat domain on its C-terminal
part (Fig. 4). The protein was identified with as many as 25
peptide matches, indicating that it is highly expressed and
exposed on the surface. All peptides fall in the N-terminal part

of the molecule, the region that, in line with the topology of all
cell wall-anchored proteins, is expected to be protruding out
of the cell. No peptides belonging to the C-terminal serine-
rich repeat domain were detected. On the basis of these data,
SAN_1485 was expressed in E. coli as a C-terminal His tag
fusion fragment starting from Val-28 up to Glu-580, and the
purified protein was used for protection studies using the
maternal immunization-neonatal pup challenge mouse model
(see “Experimental Procedures” for details). As shown in Ta-
ble lll, over 80% of the offspring generated by immunized
adult female mice survived an LDy, challenge dose of the two
hypervirulent strains, COH1 and M781. Altogether these data
confirm the power of surface proteome analysis in elucidating
surface protein composition in Gram-positive bacteria and in
identifying vaccine candidates.

DISCUSSION

The main challenge for subunit-based vaccines is the iden-
tification of the microbial components capable of eliciting
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TasLE Il

Protective activity of the cell wall anchor family protein SAN_1485 compared with PBS as negative

control and type Ill polysaccharide

conjugated to CRM protein as positive control

NT, not treated.

Challenge strains

Antigen COHA1 M781
No. of No. of mice . No. of No. of mice .
immunized mice that survived Survival immunized mice that survived Survival
% %
SAN_1485 40 35 87 49 40 82
CRM type llI NT NT NT 45 43 95
Adjuvant alone 69 4 6 40 3 7

protective immune responses. Historically protective antigen
identification has been carried out by fractionating microbial
total extracts or culture supernatants using classical bio-
chemical procedures and identifying those fractions contain-
ing specific components that cross-react with sera from con-
valescent patients. These components are then tested in
appropriate in vitro/in vivo protection models to select the
ones that finally reach human trials. This strategy for vaccine
candidate selection has often proved to be laborious and
time-consuming and relies on the assumption (not always
true) that protective antigens are the ones that elicit immune
responses during natural infections.

The advent of genomics and postgenomics, together with
the development of high throughput technologies for gene
cloning and expression and protein purification, have al-
lowed researchers to take a brute force approach according
to which libraries of recombinant proteins representing a
large fraction of the entire proteome of any given pathogen
can be produced and screened in appropriate surrogate of
protection assays. This approach, first attempted by Ling
Lissolo and co-workers (36), proved to be very effective for
vaccine development against a number of bacterial patho-
gens, including Meningococcus B (5, 37), Group B Strepto-
coccus (6), and Staphylococcus aureus (38), but also
showed a few severe drawbacks. In particular, several hun-
dred proteins for each pathogen have to be expressed,
purified, and tested in appropriate animal models; this latter
step was the real bottleneck of the entire process.

Because all subunit-based vaccines eliciting protective an-
tibody responses fall in the category of secreted proteins and
highly expressed, surface-exposed proteins (5, 6), a reliable
experimental method capable of selectively identifying these
two categories of antigens would substantially reduce the
number of candidates to be tested in protection assays and
ultimately speed up the whole vaccine discovery process. We
have recently proposed a novel proteomics-based approach
for the characterization of surface-exposed proteins in GAS
that is based on the treatment of whole bacteria with pro-
teases to selectively digest protein domains sticking out of the
cell surface. The proteins identified in that study were all
surface-associated and included most of the protective anti-

gens described previously as well as a new potential vaccine
candidate (7).

With the aim at demonstrating that this strategy can be
effectively applied to other pathogens and become a general
strategy for vaccine discovery in Gram-positive bacteria, we
analyzed the surface proteome of the wild-type, hypervirulent,
and highly encapsulated type Ill GBS strain COH1. The anal-
ysis led to the identification of 43 proteins, the large majority
of which belong to the category of surface-associated and/or
secreted proteins.

It is interesting to note that, for this analysis, we slightly
modified the protocol previously described (7) for Group A
Streptococcus to favor the generation of a sufficient amount
of small peptides from highly stable surface proteins. The new
protocol, which allowed the identification of five additional
proteins, involves the addition of a reducing/denaturing step
after protease treatment of the bacterial cells to further digest
the large domains released after proteolysis that would oth-
erwise be particularly recalcitrant to enzymatic hydrolysis. It is
in fact known that surface proteins are by nature often struc-
tured to be resistant to harsh environmental conditions. This
is, for example, the case of pilus proteins whose robustness
and capacity to resist trypsin action was first observed more
than 60 years ago by Lancefield and Dole (39). The mecha-
nism that makes pilus subunits so stable has recently been
elegantly elucidated by Baker and co-workers (40) who
showed that these proteins form intramolecular isopeptidic
bonds generated through an autocatalytic reaction. The au-
thors have also proposed the formation of isopeptidic bonds
as a general mechanism of stabilization of Gram-positive
bacterial surface proteins in place of the disulfide bonds
found in the Gram-negative counterparts.

Among the five proteins identified by double digestion only,
SAN_0698 and SAN_1518 are known to be part of this highly
organized, protease-resistant, pili structure (25, 26). This sug-
gests that the other two proteins, ie. SAN_1174 and
SAN_1577, may also be highly structured proteins equally
difficult to be cleaved in vivo. Remarkably the fifth protein
identified by double digestion only is an in silico predicted
cytoplasmic protein, the adherence and virulence protein A
(SAN_1319). As reported above, this protein is probably in-
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volved in adhesion processes at the cell surface, and our data
suggest a possible organization of this protein in a compact,
protease-resistant folded structure.

As previously observed for Group A Streptococcus, the
surface-exposed proteins experimentally identified in this
study represent a minor fraction of what is expected to be
associated with the membrane and cell wall. This is particu-
larly true for proteins carrying one or more TMSRs: according
to PSORTD, this family includes 440 proteins, but our exper-
imental data indicate that only eight of them are surface-
exposed under the growth conditions we used. At present,
this apparent discrepancy between predictive analysis and
experimental data is difficult to explain and requires further
investigation. It is expected that a few of these proteins are
not correctly assigned to the membrane compartment, par-
ticularly those carrying only one TMSR. Furthermore a non-
negligible fraction of these proteins might not have been
identified because of their poor expression and/or because
their relatively small size does not allow them to cross the cell
wall and the polysaccharidic capsule. However, poor expres-
sion and small size of external domains do not appear to be
the only explanations for failing to find the proteins on the
bacterial surface. In fact, we have recently accumulated data
on the global transcription profile of GBS grown in THB or
isolated from the blood of infected mice. Under both condi-
tions, over 50% of the genes encoding predicted membrane
proteins were either sufficiently well expressed (above the
median value) or highly expressed.® Furthermore the shortest
of the eight experimentally identified membrane proteins is
188 amino acids long, indicating that proteins with extracel-
lular domains above this size should be potentially capable of
crossing both the cell wall and the capsule. A computational
analysis indicates that more than half of the membrane pro-
teins have domains longer than 200 amino acids, suggesting
that structural constraints, in addition to protein size, deter-
mine the extent of protein exposition. We hypothesize that
membrane proteins in Gram-positive bacteria are specifically
designed to remain hidden under the thick coat of cell wall
and capsule.

The list of identified proteins includes most of the protective
antigens already described for GBS; the only protective anti-
gen not present in the list is Rib. The explanation resides in the
fact that although COH1 carries the rib gene (41) the gene is
poorly expressed in this strain as demonstrated by RT-PCR.
This is consistent with a previous report showing that Rib
expression is variable among GBS strains belonging to sero-
type lll. These data, in addition to explaining the reasons for
not finding Rib on the COH1 surface, demonstrate the power
of the surface protein analysis proposed here in providing a
semiquantitative indication of the level of expression and sur-
face exposition of each protein. This is particularly important
for vaccine purposes because, as already pointed out, good

vaccine candidates fall in the category of highly expressed
and exposed proteins.

To the best of our knowledge, a number of proteins in-
cluded in our list of surface-exposed antigens have never
been tested in protection studies. It was therefore of interest
to verify whether some of them could elicit protective immu-
nity in the active maternal mouse model (6, 30). We focused
our attention on one specific antigen, SAN_1485, which ap-
peared particularly attractive because the presence of its
gene has been recently associated with the hypervirulent
genetic lineage restriction digest pattern 11I-3/ST-17 (42). This
hypervirulent lineage is strongly associated with invasive in-
fections in neonates (43, 44) and therefore of potential interest
from a vaccine standpoint. Because the SAN_1485 is a 1085-
amino acid protein with a molecular mass of 113 kDa, we
decided to test the protective activity of only a fragment of the
protein, the selection of which was guided by the result of the
mass spectrometry analysis. The protein was in fact identified
by the matching of 25 different peptides, all localized in the
N-terminal portion of the protein. We therefore expressed a
550-amino acid-long fragment spanning the molecule from
amino acid 28 to amino acid 580. The fragment turned out to
protect over 80% of the pups challenged with either COH1 or
M781; this is a protection level comparable to that obtained
with the type Il polysaccharide conjugated to CRM197 (Table
Il). Therefore, as was the case for Group A Streptococcus, the
surface proteome analysis led to a rapid detection of a new,
promising protective antigen against Group B Streptococcus
infections.

Our method exploits the robustness of the Gram-positive
bacterial cells provided by the thickness of the peptidoglycan
layer. Therefore, although of general use for defining the com-
position of surface-exposed proteins in Gram-positive bacte-
ria, the protocol might not be ideal for studying surface pro-
teins in Gram-negative bacteria. Indeed cells lysis was
observed when we treated Neisseria meningitidis and patho-
genic E. coli strains with proteases under different experimen-
tal conditions.* For the identification of outer membrane pro-
teins in Gram-negative bacteria, we have recently proposed a
new strategy that appears to be highly specific (45, 46). The
strategy is based on the selection of mutants that spontane-
ously release to the growth medium high amounts of outer
membrane vesicles (OMVs). The OMV production appears to
be the result of membrane budding, and therefore OMVs are
a bona fide representation of the protein composition of the
bacterial membrane and periplasmic compartment that is em-
bedded during the vesicle formation (47, 48). The proteomics
characterization of OMVs produced by a N. meningitidis
Agna33 mutant strain and by a meningitis-associated E. coli
IHE3034 AtolR strain revealed that all the identified proteins
belong to the outer membrane and the periplasmic compart-
ments (45, 46). Furthermore the most protective N. meningi-

3 |. Margarit, personal communication.

4 N. Norais, personal communication.
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tidis antigens identified using a reverse vaccinology approach
(5) and now in clinical trials (37) were also found to be part of
the OMV proteomics analysis (45), highlighting the usefulness
of OMV protein characterization as an effective and rapid
approach to vaccine candidate discovery.

The advantage of using the proteomics-based strategy pro-
posed here over genomics approaches such as “reverse vac-
cinology” (2, 49, 50) or “immunomics” (51, 52) for vaccine
discovery deserves our last comment. The time required to
complete the surface protein analysis of a single strain usually
takes a very short time. Therefore, several strains can be
processed so that a list of a few tens of surface-exposed
proteins can be generated in a limited time frame. The iden-
tified proteins can also be ranked on the basis of their level of
expression and conservation among the panel of strains an-
alyzed, and therefore the most abundant and conserved pro-
teins can be singled out and tested in protection studies in the
appropriate in vitro/in vivo model. In practical terms, this
implies that, in general, less than 30 proteins have to be
cloned, expressed, and tested in vaccination experiments to
select the best candidates to bring to development. If one
takes into consideration that when reverse vaccinology was
used to identify the protective antigens in N. meningitidis and
Group B Streptococcus, 350 and 589 proteins, respectively,
were screened using laborious and time-consuming assays
(5, 6), the superiority of the surface proteome analysis over
genomics approaches appears to be overwhelming.
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