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ABSTRACT: Streptococcus pneumoniae is the most common cause of fatal community-acquired
pneumonia, middle ear infection, and meningitis. The prevention and treatment of this infection have
become a top priority for the medical-scientific community. The present polysaccharide-based
vaccine used to immunize susceptible hosts is only ~60% effective and is ineffective in children
younger than 2 years of age. The new conjugate vaccine, based on the engineered diphtheria toxin
coupled to polysaccharide antigens, is approved only for use in children under 2 years of age to treat
invasive disease. While penicillin is the drug of choice to treat infections secondary to S. pneumoniae,
increasing numbers of bacterial strains are resistant to penicillin as well as to broad spectrum
antibiotics such as vancomycin. Thus, there is a need to identify new strategies to prevent and treat
diseases caused by to S. pneumoniae.

In this article, we summarize the utilization of the recently available S. pneumoniae genomic
information in order to identify and characterize novel proteins likely located on the surface of this
Gram-positive pathogenic bacterium. Because only a limited number of surface proteins of
S. pneumoniae have been characterized to date, this information provides new insights into the
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pathogenesis of this organism as well as highlights possible avenues for its treatment and/or
prevention in the future. The review is divided into two sections.

First, we briefly summarize current information about known surface-exposed proteins of
S. pneumoniae. This is followed by the illustration of procedures for the identification of new
putative surface-exposed proteins. These have signal peptides required for their extra-cytoplasmic
transport and/or additional signature sequences. Some of these will be S. pneumoniae virulence
factors. The signature sequences we have chosen are those leading to protein binding to choline
present on the bacterial surface, attachment to peptidoglycan of the cell wall, or anchoring to lipids
of the cytoplasmic membrane. All these signatures are indicative of binding of proteins to the surface
of this organism.

Secondly, we illustrate the application of bioinformatics and modeling tools to these selected
proteins in order to provide information about their likely functions and preliminary three-dimen-
sional structure models. The focal point of the analysis of these proteins, their sequences, and
structures is the evaluation of their antigenic properties and possible roles in pathogenicity. The
information obtained from the genome analysis will be instrumental in the development of a more
effective prophylactic and/or therapeutic agents to prevent and to treat infections due to S. pneumoniae.
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I. INTRODUCTION

A. Surface-Exposed Bacterial Proteins

The objective of this review is to (1) summarize
the information regarding cell-surface proteins of
Streptococcus pneumoniae that has become available
from the analysis of the sequence of the pneumococ-
cal genome (Tettelin et al., 2001; Dopazo et al., 2001;
Hoskins et al., 2001), (2) evaluate and, where pos-
sible, update functional assignments of these pro-
teins, and (3) analyze and, if feasible, model their
likely three-dimensional structures. We hope that
summarizing this information will lead to a better
overall understanding of the pathogen and its interac-
tions with the human host. The results of such studies
may help in the development of new therapeutic agents
such as antibiotics and/or prophylactic agents such as
vaccines. For example, the information summarized
here may foster the development of specific inhibi-
tors for the enzymes encoded in the genome and/or
identification of important epitopes of antigenic pro-
teins for a vaccine development.

The improvement of the understanding of the
processes of protein secretion and cell wall biogen-
esis in Gram-positive bacteria has resulted in the
identification of several distinct groups of surface-
exposed proteins: (1) those covalently bound to cross-
bridges of the peptidoglycan structures of the cell
wall, (2) those electrostatically bound to the choline
moieties of (lipo)teichoic acid, and (3) those directly

anchored in the cytoplasmic membrane of the bacte-
rium. Signature sequence motifs for each of these
groups of proteins have been identified, which al-
lowed computational analysis of putative surface-
exposed proteins on the genome scale. In this review,
we discuss the bioinformatics methods used for the
identification of surface-exposed proteins and spe-
cifically demonstrate their use in the detailed analysis
of the peptidoglycan-bound proteins in pneumococci.

B. Streptococcus pneumoniae as a
Pathogen

S. pneumoniae is the most common cause of
fatal community-acquired pneumonia, middle ear
infection, and meningitis (Mufson, 1990). Disease
rates are especially high in young children, the eld-
erly, and immuno-compromised individuals with
predisposing conditions such as asplenia or AIDS
(Gray et al., 1980; Johnston, 1991; Musher, 1991).
The mortality rate in the U.S. alone is approximately
40,000 per year, higher than that caused by any
other bacterial disease (Alexander et al., 1994; Anon.,
1985; Fedson and Musher, 1994). Therefore, pre-
vention and treatment of this infection has become
a top priority for the medical-scientific community
working in this field (Cohen, 1994). One additional
reason for such a high priority is the emergence of
antibiotic resistance in S. pneumoniae (Novak et al.,

1999).
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The present polysaccharide-based vaccine used
to immunize susceptible hosts is only ~60% effective
and is ineffective in children less than 2 years of age.
This vaccine contains 23 purified capsular polysac-
charide antigens and is still produced by Merck and
Company, Inc. and Lederle Laboratories. In 1983 it
replaced an earlier 14-valent vaccine. In the year
2000 another vaccine was introduced to market that is
designed for the use in toddlers and children to pre-
vent invasive pneumococcal diseases, including bac-
teremia and meningitis. It is the first pneumococcal
vaccine approved for use in children under 2 years of
age (U.S. Food and Drug Administration, Annual
Report FY2000) and is manufactured by the Lederle
Laboratories Division of American Cyanamid Com-
pany. It is also the first pneumococcal conjugate vac-
cine made from the polysaccharides coupled to a
nontoxic, engineered form of the diphtheria toxin
protein. Its tradename is Prevnar and the toxin-conju-
gated polysaccharides consist of seven of most com-
mon capsular polysaccharide antigens, together ac-
counting for approximately 80% of the invasive
disease in infants. The U.S. Food and Drug Adminis-
tration Annual Report FY2000 clearly indicates that
‘this vaccine is not indicated for use in adults or as a
substitute for other pneumococcal polysaccharide vac-
cines approved for high-risk children over the age of 2.

While penicillin is the drug of choice to treat
infections secondary to S. pneumoniae, increasing
numbers of bacterial strains are resistant to penicillin
as well as to broad spectrum antibiotics such as van-
comycin. Thus, despite the availability of two vac-
cines and additional ones being under development,
there is still a need to identify new strategies to pre-
vent and to treat diseases due to S. pneumoniae.

C. Sequence of Streptococcus
pneumoniae Genome

The complete genome sequence of the capsular
serotype 4 isolate of S. pneumoniae (designated TIGR4)
and nonencapsulated strain R36A derived from the cap-
sular type 2 clinical isolate strain D39 (designated R6)
have been completed recently (Tettelin er al., 2001;
Hoskins et al., 2001) and are publicly available in
GenBank, for example, at the NCBI Microbial Ge-

nomes web site (www.ncbi.nih.gov/PMGifs/Genomes/

micr.html). Yet another nearly completed genomic se-

quence of strain G54 of type 19 clinical isolate is avail-
able at www.gwer.ch/pneumo (Dopazo et al., 2001).
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The genome sequence of S. pneumoniae TIGR4 strain
(available also at the TIGR web site, www.tigr.org/tigr-
scripts/CMR2/GenomePage3.spl?database=bsp) consists
of a single circular chromosome with a G+C content of
~40%. In the original analysis of the TIGR4 genome,
biological roles were assigned to 64% of the predicted
proteins, 16% of predicted proteins matched proteins of
unknown function, and 20% had no database match
(Tettelin et al., 2001). The analysis of the R6 and G54
genomic sequences afforded similar results to those of
the TIGR4 genome (Dopazo et al., 2001; Hoskins et al.,
2001).

S. pneumoniae has a wide substrate utilization
range for sugars and substituted nitrogen compounds
and a correspondingly large number of membrane trans-
porters, including ATP-dependent ones (ABC trans-
porters). The extracellular enzymes of S. pneumoniae
include a variety of glycosidases that metabolize
polysaccharides and hexosamines, providing sources
of carbon and nitrogen for the bacterium. There is also
a group of secreted hydrolases (hyaluronidases,
neuraminidases, and endoglycosidases) that likely de-
grade the host polymers (mucins, glycolipids,
hyaluronan) and probably the organism’s own capsule
(M. J. Jedrzejas, unpublished results). The availability
of genomic sequences for the three pneumococcal
strains, encapsulated TIGR4, nonencapsulated R6, and
G54, provides an unique opportunity to compare the
sequence data among the three different strains.

The preliminary identification of the pneumo-
coccal surface antigens was initiated recently by com-
putational analysis of the genomic sequences of
S. pneumoniae (Hoskins et al., 2001; Tettelin et al.,
2001) and continued in several subsequent studies
(Wizemann et al., 2001; Glass et al., 2002). These
analyses are largely based on the functional data ob-
tained in the pregenomic era, when only a few sur-
face-exposed pneumococcal proteins were identified
and characterized in significant detail (Jedrzejas, 2001).

Il. EXPERIMENTALLY
CHARACTERIZED PNEUMOCOCCAL
SURFACE PROTEINS AND THEIR
SIGNATURE SEQUENCES

A. Surface of Streptococcus pneumoniae

In addition to the polysaccharide capsule,
S. pneumoniae displays on its surface numerous pro-
teins, the majority of which are virulence factors that
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contribute to the pathogenesis of this organism. Such
proteins participate in specific interactions with hu-
man host tissues, thereby facilitating bacterial sur-
vival, helping the organism spread within host tis-
sues, and concealing the bacterial surface from the
host’s defense mechanisms. Due to these properties,
many surface-exposed proteins are potential targets
for the design of prophylactic agents such as vaccines
and some of them, the enzymes, could serve as targets
for the design of therapeutic drugs.

The structure and function of the better understood
surface molecules of pneumococci were reviewed re-
cently (Table 1) (Jedrzejas, 2001). Surface-exposed pro-
teins that have already been identified using classic,
non-genome-based methods include hyaluronate lyase
(Hyl) (Jedrzejas, et al., 2002; Li et al., 2000; Berry et al.,
1994), pneumolysin (Ply) (Kelly and Jedrzejas, 2000a, b;
Feldman et al., 1992), two neuraminidases (NanA and
NanB) (Berry et al., 1996; Camara et al., 1994; Lock et
al., 1988), major autolysin (LytA) (Medrano et al., 1996;
Usobiaga et al., 1996), choline binding protein A (CbpA)/
pneumococcal surface protein C (PspC) (Brooks-Walter
etal., 1999; Rosenow et al., 1997; Cundell et al., 1995),
pneumococcal surface antigen A (PsaA) (Lawrence et
al., 1998; Berry and Paton, 1996; Sampson et al., 1994),
and pneumococcal surface protein A (PspA) (Jedrzejas
et al., 2001; McDaniel et al., 1991) (Plate 1a)*. These
proteins can be grouped together based on their mecha-
nism of attachment to pneumococci and their corre-
sponding sequence signatures. The groups are (1) cho-
line-binding proteins, (2) those covalently attached to
peptidoglycan, (3) proteins directly attached to lipid of
the cytoplasmic membrane, and (4) histidine triad fam-
ily macromolecules (Plate 1b) (Jedrzejas, 2001;
Wizemann et al., 2001).

B. Choline-Binding Proteins

These proteins are attached to the pneumococcal
cell via terminal choline residues of the teichoic/
lipoteichoic acids that are present on the surface of
this bacterium (Plates la,b). In pneumococci, sur-
face-exposed proteins of this group contain at their
C-termini multiple (usually around 10) copies of a
repeated segment of around 20 amino acid residues,
originally described as glucan-binding domain (Banas
et al., 1990; Wren, 1991) and now usually referred to
as choline-binding domain (Fernandez-Tornero et al.,
2001). This repeat region is typically connected to the
N-terminal part of the protein by a proline-rich flex-

* Plates appear following page 147.

ible linker. Known examples of choline-binding pro-
teins include PspA, PspC, CbpA, and several others.

In the 744 amino acid long PspA protein (SPO117,
accession number AAK74303), for example, the leader
peptide consists of 31 amino acid residues and is
followed by a 400 aa coiled-coil domain (Plate 2a),
which is most likely responsible for pneumococcal
anticomplementary properties (Jedrzejas et al., 2000).
This functional module of PspA is followed by a 80
aa proline-rich linker. Finally, the carboxy-terminal
region of PspA contains 10 copies of a 20 aa repeat
region (choline-binding domain, Plate 2b):

S25K TGWKQENGM WYFYNTDGSM***
S45ATGWLQONNGS WYYLNANGAM®®*
S6SATGWVKDGDT WYYLEASGAMK’®®
S86ASQWFKVSDK WYYVNSNGAM®?®
606 ATGWLQYNGS WYYLNANGDM®?®
626 ATGWLQYNGS WYYLNANGDM®*®
C4ATGWAKVNGS WYYLNANGAM®®®
666 ATGWAKVNGS WYYLNANGSM®®®
S8 ATGWVKDGDT WYYLEASGAMK'®
70T ASQWFKVSDK WYYVNGLGAL’%®

Although first sequence analyses and alignments of
the choline-binding domain appeared more than 10 years
ago (Banas et al., 1990; Wren, 1991), its three-dimen-
sional structure was solved only recently (Fernandez-
Tornero et al., 2001; 2002). It turned out that a stable
choline-binding unit is a boomerang-like structure, con-
sisting of two monomers, each of which is formed by six
beta-hairpins, corresponding to individual 20 aa cho-
line-binding repeats (Plate 2) (Fernandez-Tornero et al.,
2001;2002). The “putative cell wall binding repeat”
(PFO1473) entry in a recent release of the Pfam database
(www.sanger.ac.uk/Software/Pfam, Bateman et al.,
2002), a collection of protein multiple sequences align-
ments and profile hidden Markov models, contains an
alignment of 1373 sequences of the choline-binding
domains found in proteins from various low G+C Gram-
positive bacteria and their phages. Searching the cho-
line-binding protein segment against the Pfam database
is an easy and convenient way to identify potential new
choline-binding domains.

C. Proteins Covalently Attached to
Peptidoglycan

Attachment of streptococcal proteins to the pep-
tidoglycan is catalyzed by sortase, an extracellular
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PLATE 1. Pneumococcal surface proteins. (A) Schematic diagram of selected known virulence factors. As time pro-
gresses more of these pneumococcal virulence factors are discovered. Several of these proteins, such as PspA and
PsaA, are used as antigens in novel pneumococcal vaccines that are currently the process of development. The anti-
bodies to these proteins often provide cross-strain protection to humans, including young children and the elderly. The
capsule, containing polysaccharide components used in the current vaccine(s) and in the conjugate vaccines under
development, extends outside of the cell wall and is not depicted. (B) Modes of attachment of surface proteins. Proteins
attached through utilization of direct peptidoglycan covalent linkage (in blue color), choline-binding domain (in red/blue
color), and direct lipid linkage (in brown color) are schematically illustrated. The cell wall composed of cytoplasmic
bilayer type membrane, peptidoglycan structures linked by peptide crossbridges, teichoic and lipoteichic acid struc-
tures, and the capsule are also shown.
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FIGURE 2. Domain organization of choline-binding proteins and the molecular structure of the choline-binding domain.
(A) A SMART (http:/smart.embl-heidelberg.de) diagram of the domain organization of the PspA (SP0117) protein. The
small black box on the left indicates the likely 31 aa signal peptide, predicted by SignalP program (Nielsen et al., 1997).
The rounded box indicates a 406 aa coiled coil region, recognized by the Coils2 program (Lupas, 1996); the wave-like
shape indicates aa 80 aa Pro-rich region, identified by the SEG program (Wootton and Federhen, 1996) as a segment
of low complexity. The 10 boxes on the right signify 10 20 aa choline-binding repeats. The 100 aa bar is included as
an indication of scale. (B) Consensus sequence of the choline-binding repeat drawn in the SeqlLogo format using the
WebLogo tool (http://weblogo.berkeley.edu, Crooks et al., 2003). The height of each letter indicates the degree of its
conservation, the total height of each column represents the statistical importance of the given position. (C) Structure
of the choline-binding domain from S. pneumoniae LytA (Fernandez-Tornero et al., 2001). The two subunits (left and
right) form a boomerang-shaped dimer. Each subunit contains six beta-hairpins, here colored red, magenta, green,
blue, cyan and yellow from the N- to C-termini. The choline (mainly pink) and other bound ligands (mainly cyan) are
shown in space-filling representation. These ligands occupy the choline-binding sites, four per monomer, which lie
between the beta-hairpins and stabilize the fold.
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PLATE 3. A schematic of the search for potential surface-exposed proteins encoded in the pneumococcal genome.
Automated sequence comparisons and analysis of sequence motifs are necessarily supplemented by case-by-case
analysis in order to eliminate false-positives.
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PLATE 5. Preliminary model of the N-terminal domain of hyaluronate lyase, SP0314. Mapping of sequence conser-
vation within streptococcal hyaluronidases onto a molecular surface (red conserved, blue not conserved) reveals a
potential hyaluronan-binding surface. Two completely conserved Trp residues, two completely conserved Args and a
highly conserved Tyr are putative substrate contacts. Trp and Tyr commonly bind to the hydrophobic faces of carbohy-
drates in carbohydrate-binding proteins (Quiocho and Vyas, 1999), while the Arg residues may interact electrostati-
cally with the negatively charged substrate.
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PLATE 6. Cartoon diagram of a rough model of the SP0498 molecule. The model is based on the -amylase TIM bar-
rel, with putative catalytic residues, Glu337 and Asp374, shown in a space-filling representation. These residues are
highlighted by their conservation, location at the C-terminal end of the TIM barrel and suitable spacing to act togeth-
er in glucoside hydrolysis (Nagano et al., 2001).
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protease/transpeptidase that recognizes the conserved
sequence motif LPxTG (the middle residue type, x, is
unimportant) in an extracellular protein, cleaves the
Thr-Gly bond, and covalently links the Thr residue to
a penta-glycine crossbridge in the peptidoglycan
(Mazmanian et al., 1999; Navarre and Schneewind,
1999; Ton-That et al., 2000). In addition to the
LPxTG motif, various sortases can apparently rec-
ognize VPxTG, IPxTG, YPxTG, and some other
motifs; their exact specificities have not been de-
fined (see Navarre and Schneewind, 1999; Pallen
et al., 2001). It appears, however, that additional
sequence requirements for sortase action include a
stretch of hydrophobic residues (a putative trans-
membrane segment) after the LPxTG motif, fol-
lowed by positively charged residues. It seems very
likely that these hydrophobic and positively charged
residues interact, respectively, with the hydrophobic
tails and the negatively charged head groups of the
membrane phospholipids, helping to properly orient
the substrate protein with respect to the cytoplasmic
membrane and the cell wall. Such properly posi-
tioned substrate protein makes possible its covalent
attachment to the peptidoglycan crossbridges. In ac-
cordance with the “positive inside” rule (von Heijne,
1989), the positively charged residues are more likely
to be located on the cytoplasmic side of the mem-
brane.

In most cases, the LPxTG-like motif is located
near the C-terminus of the protein and sortase cleaves
only ~30 C-terminal residues, leaving the rest of the
protein exposed to the extracellular space. An ex-
ample of such protein is hyaluronate lyase, which
degrades hyaluronan the main component of extra-
cellular matrix of the host tissues hyaluronan
(Jedrzejas, 2000, 2001, and 2002). In some cases,
however, the LPxTG-like motif is at the N-terminus,
indicating a potentially different mechanism of pep-
tidoglycan anchoring (see below). Given the rela-
tively well-defined recognition motif, a search for
potential peptidoglycan-anchored proteins is rela-
tively straightforward and can be done either by
simple text matching using Perl scripts such as GREF
(Walker and Koonin, 1997), or by more sophisti-
cated motif-searching programs such as hidden
Markov model search (HMMmer, Durbin et al.,
1998), Position-Specific Iterative BLAST (PSI-
BLAST), and Pattern-Hit Initiated BLAST (PHI-
BLAST, Altschul et al., 1997).

D. Proteins Directly Attached to the Lipid
of the Cytoplasmic Membrane

These proteins have yet another signature se-
quence at their N-terminus immediately past the sig-
nal sequence (Plates 1a,b). This motif consists of a
stretch of amino acids Lx,x,C (where X, is usually A,
S, V,Q,or T and x, is G or A) or similar sequences
(Tam and Saier, 1993). In this attachment mode the
protein forms a covalent linkage between the Cys
residue and the diacylglyceryl of the lipid bilayer.
This attachment process is followed by cleavage of
the protein’s signal peptide. After this process the
modified Cys residue is present at the N-terminus of
the surface attached protein. The high variability of
sequences in the very N-terminal region of such pro-
teins suggests somewhat flexible structural properties
of this peptide block with a range of variable three-
dimensional structures that most likely are disordered.
The flexible nature of such linker peptide likely fa-
cilitates the binding of the major part of protein to the
cytoplasmic membrane of S. pneumoniae as well as
attachment to bacterial surface (Berry and Paton,
1996). An example of such protein is pneumococcal
surface adhesin A, PsaA, that, according to some
reports, in addition to its apparent function as a com-
ponent of an ABC-type metal transporter, also takes
part in the pneumococcal adhesion to the host cells
(Lawrence et al., 1998; Dintilhac et al., 1997; Sampson
et al., 1994). The structure of PsaA is known
(Lawrence et al., 1998) and confirms the disordered,
highly flexible nature of the membrane linking pep-
tide at its N-terminus. This part of PsaA structure was
not visualized in the crystal structure but may be
inferred to protrude from the remainder of the protein
with which it likely has few interactions (Jedrzejas,
2001).

E. Other Surface Proteins, Including the
Histidine Triad Family

The three signature sequences described above
are certainly not the only motifs to recognize surface
proteins on S. pneumoniae or other Gram-positive
bacteria (Munoa et al., 1991; Inouye et al., 1982). For
example, recently four pneumococcal surface-exposed
proteins containing putative hydrophobic leader se-
quences (Pht family) were identified in the genome,
described, and characterized immunologically in mice
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(Adamou et al., 2001). Each of these Pht family
members, termed PhtA, PhtB, PhtD, and PhtE, had
four or five copies of a novel signature motif, HxxHxH,
called “the histidine triad”. Such hydrophobic leader
sequences are characteristic of proteins exported across
the cytoplasmic membrane (Munoa et al., 1991;
Inouye et al., 1982). Although the biological func-
tions of these (apparently metal-binding) proteins are
still unknown, they proved to be immunogenic and
elicited protection against pneumococcal infection in
mice, specifically protective against sepsis and death
(Adamou et al., 2001). In addition, the identification
of proteins with sequence motifs associated with trans-
port such as signal peptidase I or I1, or type IV prepilin
signal sequences is needed. Furthermore, other pneu-
mococcal surface proteins could be identified by ho-
mology-based sequence or structure searches to known
virulence factors and surface proteins in other bacte-
ria. As time progresses, additional proteins perhaps
with new signature sequences will likely be identified
and described. However, for the purpose of this re-
view we focus on the first three groups of proteins
that constitute the majority of pneumococcal surface
proteins: choline-binding proteins, proteins covalently
attached to peptidoglycan, and lipid-anchored pro-
teins as described above.

lll. RELEVANT BIOINFORMATICS
TOOLS

The bioinformatics analysis of the putative sur-
face-exposed proteins includes their identification in
pneumococcal genome, sequence-motif based analy-
sis of their mode of attachment, followed by the
elucidation of their structural properties, prediction
of their functions, and finally obtaining their three-
dimensional model structures. The details of such
bioinformatics analyses are described in more detail
below.

A. Identification of Putative Surface-Exposed
Proteins

Although the above-listed signature sequences
for choline binding and peptidoglycan attachment are
fairly specific, they could potentially be found also in
cytoplasmic proteins. For example, S. pneumoniae
protein SP0439 is peptide chain release factor 3, a
GTPase that participates in translation, but contains a
32 PRTG??* sequence that is followed by some hy-
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drophobic and positively charged residues. Neverthe-
less, it is a typical cytoplasmic protein that is not
exported to the cell surface. The lipid-binding signa-
ture Lx[GA]C is even more common, being present
in 85 pneumococcal proteins, many of which are
cytoplasmic. For example, SP0280, a 16S rRNA
pseudouridylate synthase (RsuA), contains the pat-
tern "LVAC!9 on its N-terminus, whereas SP0933, a
pyrroline-5-carboxylate reductase (ProC), contains the
pattern '*LAGC'"" in the middle of its sequence.
Both these proteins are close homologs of well-char-
acterized cytoplasmic enzymes and show no indica-
tion of being surface exposed. To avoid such false-
positive hits, one has to combine search for signature
sequences with searches for potential signal peptides
and transmembrane segments and predictions of globu-
lar and nonglobular regions (Plate 3).

This process can be visualized as a series of
filtration steps. Initially, possible signal peptides in
pneumococcal proteins are sought using the SignalP
program (Nielsen et al., 1997), preferably trained on
sequences from Gram-positive bacteria. With signal
peptides identified and duly masked, one can search
for the potential transmembrane segments using, for
example, the PhDhtm program (Rost et al., 1995). It
is also useful to check for the presence of specialized
signal sequences, such as those recognized by the
twin-arginine (Tat) and prepilin secretion systems
(Berks et al., 2000; Tjalsma et al., 2000; van Dijl et
al., 2002). Those proteins that lack any type of the
signal peptide and have no predicted transmembrane
segments are most likely to be cytoplasmic and can
be safely removed from further consideration.

Another important filter is the search for the
presence of low-complexity regions using the SEG
program (Wootton, 1994; Wootton and Federhen,
1996). Low-complexity regions, found in many sur-
face-exposed proteins, may adopt nonglobular struc-
tures, but usually form no stable structure at all. On
the sequence level, such regions are identified based
on statistically nonrandom (i.e., biased) distribu-
tion of certain amino acid residues. Using the SEG
program with various sets of parameters allows
one to delineate various low-complexity segments,
from those almost certain to form nonglobular frag-
ments to those that display just moderately biased
composition. However, one should be aware that
due to the biased sequences of most all- domains
(the prevalence of hydrophobic residues in the
B-strands and of Gly, Ser, Ala, and Pro residues in
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the turn regions), such domains are often recog-
nized by SEG as low-complexity segments; this
does not mean they have disordered structures
(Koonin and Galperin, 2002). One common type of
low-complexity fragments is the coiled-coil that
can be identified using COILS2 program (Lupas,
1996).

Although the first approach to sequence analysis
of the putative surface-exposed proteins includes run-
ning the above-mentioned programs in batch with
minimal human intervention, the results of these
searches have to be carefully manually inspected on
a case-by-case basis. We have already mentioned
false-positive hits that can arise in the search for
signature sequences. On the opposite side, the failure
of SignalP to recognize a signal peptide would cause
false-negative hits, leading one to overlook perfectly
legitimate surface-exposed proteins. The only way to
ensure low levels of both false-positives and false-
negatives is manual examination of all the proteins
that have been identified in either type of screens
shown in Plate 3. A useful tool for such manual
examination of extracellular localization is the PSORT
set of programs (Nakai and Horton, 1999; Nakai,
2001).

B. Sequence Analysis and Structural
Predictions

Clearly, the deeper the understanding of structure
and function of a protein that can be obtained, the
more precisely future experiments can be guided. For
example, structural genomics has as key criteria for
ranking of targets novel structure and novel function,
which run alongside considerations of pathogenic
importance.

The most direct route to understanding structure
and function of a particular protein is through demon-
stration of its homology — its sharing of a common
evolutionary ancestor — with another protein already
characterized. This assures that the two proteins have
a similar overall fold, although differences propor-
tional to the time elapsed since their evolutionary
divergence are to be expected (Chung and Subbiah,
1996). The inference of functional similarity is more
complicated (Wilson et al., 2000; Devos and Valencia,
2000; Todd et al., 2000), with serious consequences
for genome annotation (Devos and Valencia, 2001).
At high levels of sequence identity, two proteins can
be assumed to share the same function. However, in

the twilight zone of 25% sequence identity and be-
low, the proteins’ functions frequently turn out to be
substantially different than those of the known ho-
mologs. The consideration of protein structure, in-
cluding comparative molecular modeling, provides a
route to function verification and prediction in these
more difficult cases (Aloy et al., 2001).

For inference of homology, a range of sequence
comparison methods are available, from the rapid but
less sensitive BLAST (Altschul et al., 1997) to the
slower but more sensitive Hidden Markov Models
(Karplus et al., 1998) and PSI-BLAST (Altschul et
al., 1997). An alternative approach to demonstrating
directly an evolutionary relationship between pro-
teins A and B is to demonstrate independently rela-
tionships between proteins A and C and between
proteins B and C. In principle, any number of inter-
mediate proteins can be used to form a chain of
inferences. This approach is the basis of the Interme-
diate Sequence Search (Li et al., 2000) and the FASTA
walk (Holm and Sander, 1997) methods. In the most
difficult cases, an analysis of inferred characteristics,
such as predicted secondary structure and solvent
exposure, can help match a sequence to an existing
fold. This finding is the basis of fold recognition or
threading techniques that can match sequences to
folds even in the absence of significant sequence
similarity between the protein analyzed and the known
structure. A comparison of these methods shows there
to be no individual method that performs best in all
cases (Fischer et al., 2001). This prompted the devel-
opment of consensus fold recognition methods that
reanalyze the results of several individual methods,
giving high scores to folds that appear independently
in the results of several different methods (Lundstrom
et al., 2001). An ongoing web comparison of fold
recognition methods confirms that these consensus
methods outperform the individual algorithms
(Bujnicki et al., 2001a). For fold recognition, the
MetaServer (Bujnicki et al., 2001b) is a particularly
powerful resource, conveniently providing access to
many of the best performing fold recognition meth-
ods (Fischer et al., 2001). In most of these cases, the
shared fold indicates an evolutionary relationship,
but the possibility of convergent global evolution
(structural analogy) also exists.

Fold recognition methods work best on single-
domain sequences that have neither additional nor
missing amino acids (e.g., Rigden, 2002). Probably
the most generally applicable domain identification
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tool is PASS (Prediction of Autonomously folding
units base on Sequence Similarities; Kuroda et al.,
2000), which post-processes BLAST results. Interest
in the area has resulted in the appearance of several
other methods, but each suffers drawbacks; current
applicability to two-domain proteins alone (Rigden,
2002), large computational demands (George and
Herenga, 2002), or an inability to favor one domain
definition above several others of similar ranking
(Wheelan et al., 2000).

For the prediction of nonglobular, low-complex-
ity, and transmembrane regions, the PEDANT server
(Protein Extraction, Description and Analysis Tool;
Frishman et al., 2001) is the most convenient re-
source, providing access to precomputed predictions
for all S. pneumoniae open reading frames. RADAR
(Rapid Automatic Detection and Alignment of Re-
peats; Heger and Holm, 2000) can be utilized for the
analysis of protein repeats.

The most commonly used program for model
construction is MODELLER (Sali and Blundell,
1993). In cases of low sequence identity between
target (the protein to be modeled) and the template(s)
(the existing protein structure(s)), it is important that
a rigorous methodology be adopted involving the
construction of different sets of models based on
variant alignments (e.g., Rigden and Carneiro, 1999;
Rigden et al., 2000, 2001a, 2001b, 2002). Statistics-
based protein structure quality measurements (Sippl,
1993) can then be used to determine the most prob-
able of the alignments. An iterative cycle of align-
ment improvements then follows until the final, best
available alignment is obtained. When the optimal
alignment has been reached, analysis of stereochemi-
cal quality with PROCHECK (Laskowski et al., 1993)
and, in particular, the quality of the Ramachandran
plot help to pinpoint probable local errors.

C. Inference of Function from Structure

A developing set of methodologies for the infer-
ence of function from structure is available (Norin
and Sundstrom, 2002). This set is applicable to crys-
tal structures of proteins of unknown function, as well
as to proteins that could be modeled on the basis of
existing crystal structures, but whose function was
not clear.

First, structures may be scanned against the
PROCAT database of potential catalytic sites (Wallace
et al., 1997). These are three-dimensional arrange-
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ments of particular sets of residues conferring a cer-
tain catalytic activity that may evolve independently
several times, for example, the hydrolase (protease/
lipase) catalytic triad. Second, the surface of the struc-
ture may be scanned for the largest pockets with, for
example, PASS (Putative Active Sites with Spheres;
Brady and Stouten, 2000). These correspond to bind-
ing sites with surprising frequency (Laskowski et al.,
1996; Brady and Stouten, 2000). Third, the electro-
static characteristics of the model can be analyzed
and visualized with GRASP (Graphical Representa-
tion and Analysis of Structural Properties; Nicholls et
al., 1991). Strongly positive electrostatic potential
associated with helical motifs, for example, is sug-
gestive of DNA binding ability (e.g., Rigden and
Carneiro, 1999; Rigden et al., 2002). Significant po-
larization near predicted binding sites also gives clues
as to the nature of possible substrates (e.g., Rigden et
al., 1998). Fourth, when the structure has a signifi-
cant number of sequence homologues, spatial analy-
sis of sequence conservation is a powerful tool. Thus
the sequences may be aligned T-COFFEE (Notredame
et al., 2000), for example, and ESPRIPT (Easy Se-
quencing in Postscript; Gouet et al., 1999) used for
mapping sequence conservation onto structures. In
the ESPRIPT result, the degree of conservation is
output in the B-factor column of the PDB file, en-
abling its ready color-coded visualization in molecu-
lar modeling programs such as PYMOL (Delano,
2002). Additional case-specific information may be
available. For example, tryptophan residues are very
commonly found at carbohydrate-binding sites
(Quiocho and Vyas, 1999), an observation with use-
ful predictive value (Rigden and Jedrzejas, 2003).
When catalytic activity is suspected, consideration of
the residues most commonly found in catalytic sites
will often be useful (Bartlett et al., 2002). Frequently,
a particular site will be highlighted by several differ-
ent indicators, for example, high sequence conserva-
tion in combination with significant electrostatic po-
tential. The greater the number of independent analyses
pointing to a given site, the greater the confidence in
its annotation as functionally significant. Analyses
have also shown statistically different residue com-
positions for various types of protein-protein inter-
face (permanent vs. transitory, heterooligomer vs.
homooligomer, etc.) (Ofran and Rost, 2003). Such
information can be used for predictions of surfaces
involved in protein-protein binding (Zhou and Shan,
2001).
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Further information can be extracted when the
new structure is similar to another already deter-
mined. This will be most often the case for modeled
structures, which will be compared to their corre-
sponding templates. The models can be analyzed in
order to determine if active sites, localized by previ-
ous work for example, remain conserved and that
access for substrate or other interacting molecule,
remains unimpeded by changes elsewhere in the pro-
tein. A survey of the structural differences respon-
sible for absence of catalytic activity in families largely
composed of enzymes has been published recently
(Todd et al., 2002). In some cases, the catalytic ma-
chinery will be conserved, but other changes in bind-
ing sites may lead to significantly different catalyzed
reactions (e.g., Rigden et al., 2001b). An automated
method for this purpose, analyzing the spatial posi-
tioning of conserved hydrophilic residues, is avail-
able (Aloy et al., 2001). Model analysis, even in the
absence of closely homologous sequences, can also
reveal key conserved positions and interactions that
suggest evolutionary relationships (e.g., Rigden et
al., 2001a).

IV. SURFACE-EXPOSED PROTEINS
IDENTIFIED FROM THE
STREPTOCOCCUS PNEUMONIAE
GENOME SEQUENCE

The initial analysis of the TIGR4 genomic se-
quence of S. pneumoniae, reported by Tettelin et al.
(2001), identified 69 genes coding for proteins that
were likely to be exposed on the surface of the pneu-
mococcal cell. This protein set included 19 predicted
proteins with the cell wall surface anchor family se-
quence motif LPXTG (or similar; likely substrates of
sortases), 15 predicted proteins with putative choline-
binding motifs, 36 proteins with putative lipid attach-
ment motif (predicted lipoproteins), and in addition
60 proteins with predicted N-terminal signal peptides
(Tettelin et al., 2001). In 62 cases out of the total of
69, there were two or more independent indications
of the surface localization of the predicted protein.
This set of 62 proteins comprises the most obvious
surface-exposed proteins. Among other putative sur-
face proteins, Tettelin et al. identified a putative sortase
(SP0468, GenBank accession no. AAK74628), the
enzyme that covalently attaches extracellular pro-
teins to the peptidoglycan (Mazmanian et al., 1999;
Ton-That et al., 2000). The nuclear magnetic

resonance (NMR) structure of sortase from Staphylo-
coccus aureus has been solved recently, revealing an
unusual B-barrel structure (Ilangovan et al., 2001).
Remarkably, S. pneumoniae strain TIGR4 encodes
four sortase-like proteins (Pallen et al., 2001, and our
own observations), the closest of which shares only
32% identity with the S. aureus sortase. Other attrac-
tive surface protein targets from this list include cho-
line-binding proteins, including choline-binding pro-
tein A (CbpA), C (CbpC), D (CbpD), E (CbpE),
F (CbpF), G (CbpG), I (Cbpl), and J (CbpJ), which
belong to the vast family of PspA-like pneumococcal
surface proteins with choline attachment motif; pre-
dicted proteases SP0071, SP0641, SP0664, and
SP1154; autolysis-related proteins SP0965, SP1573,
and SP1937; and number of uncharacterized (puta-
tive) lipoproteins.

In a recent pneumococcal genome-based study,
out of 130 identified ORFs with secretion motifs or
homology to other predicted virulence factors, 108
were tested as vaccine candidates in mice (Wizemann
et al.,2001). It was shown that choline-binding pro-
teins LytB (SP0965) and LytC, histidine triad family
protein SP1175, and peptidoglycan-anchored serine
proteinase PrtA (SP0641) all afforded reasonable
protection in mice in the lethal sepsis model, provid-
ing convincing proof of the concept that computa-
tional predictions are a valuable resource for the de-
velopment of new vaccines and for vaccine research
in general. Remarkably, the number of predicted cell
wall-anchored proteins in that study, 34 proteins, was
substantially higher than the figure reported by Tettelin
et al. (2001), which identified only 19 such macro-
molecules. There were additional discrepancies, which
prompted us to take a careful look at these numbers.

Our own analysis of the putative surface proteins
of S. pneumoniae, using the SignalP program trained
on proteins from Gram-positive bacteria, identified
124 candidate secreted and membrane proteins, al-
most twice the number reported by Tettelin et al.
(2001). Similarly, we identified several additional
proteins with peptidoglycan-anchoring motifs, includ-
ing the relatively well-characterized sialidase—
neuraminidase A (NanA) (see Camara et al., 1994),
which contains the LPeTG motif. In addition, we
searched for proteins with transmembrane segments
as some of them are likely to have substantial
extracytoplasmic domains. In this group, 567 pre-
dicted proteins were found to contain from 3 to 12
transmembrane segments. Twenty more proteins with
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two predicted transmembrane segments were also
likely to be membrane anchored. A case-by-case analy-
sis of these proteins revealed the extent of their sur-
face exposure.

The following section illustrates selected results
of the genome analysis of the pneumococcal surface-
exposed proteins that has been performed using the
methodology and the programs listed above. This
analysis was followed by manual inspection and analy-
sis of each of the identified proteins. For several
selected cases of higher interest, we offer a more
detailed description and, where possible, three-di-
mensional molecular models. Such analysis lead to
often striking and important conclusions about the
functional properties of analyzed proteins and about
the extent of their likely involvement in processes
directly related to pneumococcal pathogenesis.

V. Bioinformatics Analysis of
Peptidoglycan-Attached Surface
Proteins

A. General Overview of Properties of
Identified Surface Proteins

Summary information regarding the three sets of
putative surface proteins is presented in Table 2. After
due consideration of motifs specifying surface loca-
tion and the presence or absence of the various kinds
of signal peptide, we place 124 proteins on the sur-
face of S. pneumoniae. This corresponds to ~6% of
the total number of genome predicted ORFs in
S. pneumoniae.

Two striking conclusions are immediately evi-
dent from the analysis of data in Table 2. First, even
among the proteins whose likely significant medical
importance has stimulated intensive study, many
proteins have no useful functional and structural
annotation. They are either annotated only as hypo-
thetical proteins, or their annotation simply reflects
their predicted cellular location, for example, cell
wall surface anchor family protein. Secondly, all
surface protein classes contain many large proteins
with mean sizes in each class ranging from 345 to
1495 amino acid residues. An analysis has shown
that protein domains, the building blocks of protein
structure, are most commonly around 100 to 120
residues long, with the largest single domain yet
observed having around 550 residues (Wheelan et
al., 2000). Thus, most of the proteins analyzed here
will likely consist of more than one domain. This
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simple conclusion has significant consequences for
their analysis, both by bioinformatics methods, and
experimentally by X-ray crystallography or NMR,
especially due to the limited performance of current
domain identification methods (see above). The sen-
sitive fold recognition methods that are required for
reliable identification of cases of distant homology
are well known for working most effectively on
individual domain sequences — extraneous or miss-
ing sequence will readily hamper the identification
of homologous structures (e.g., Rigden, 2002). Simi-
lar considerations apply to the experimental deter-
mination of their three-dimensional structures. The
size limitations of the NMR technique require that
large proteins be addressed through cleavage into
domains. X-ray crystallography is capable of deal-
ing with large proteins, but multidomain proteins
remain problematical since the frequent flexibility
of inter-domain linkers leads to conformational het-
erogeneity, thereby complicating crystallization.

As the first step toward the systematic model-
ing and structure determination of S. pneumoniae
proteins, detailed analysis has been carried out on
the peptidoglycan-attached protein set, as sum-
marized in Table 3. An intriguing mixture of cases
is apparent, ranging from the single protein, the
majority of whose structure has been determined
experimentally (Li et al., 2000), to 7 ORFs anno-
tated simply as “cell wall surface anchor family
protein”. In two other cases experimental valida-
tion of annotated activity is available — SP0057
is a B-N-acetylhexosaminidase (Clarke et al., 1995)
and SP0648 is a P-galactosidase (Zahner and
Hakenbeck, 2000). However, it is notable that not
a single protein could be said to be completely
understood — the hyaluronate lyase was crystal-
lized, for practical reasons, without N- and
C-terminal domains, while the identity of the cata-
lytic TIM barrel(s) in the 3-N-acetylhexosaminidase
that, unusually, contains two of these domains, is
not known. In the case of the P-galactosidase,
mysteries remain to be solved regarding the
function(s) of the 1600 residues following the
clear catalytic TIM barrel.

Just as these cases represent a spectrum from
well- to poorly understood proteins, the application
of bioinformatics yields insights of varying degrees.
In some cases, clear structural assignments predicting
activity can be made. In others, extensive analysis
reveals nothing more than a secondary structure pre-
diction and allocation of protein fold class, not even
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providing reliable domain boundaries to facilitate
future structural determination. The examples given
below illustrate some of the useful conclusions that
can be drawn and the ways in which they guide
further experiments.

B. Structural and Functional Description
of Selected Peptidoglycan-Anchored
Proteins

1. SP0082 — A Fourfold Domain
repeat with Probable Novel Fold

One of the simplest ways in which a domain
boundary can be reliably determined is through the
presence of repeats. A good example was found in
SP0082, which contains four near perfect repeats of
around 150 residues (Plate 4). With the structural
domain well defined, the lack of any strong fold
recognition results is a good indicator of a substan-
tially novel fold, given the strong performance of
modern fold recognition methods (Sippl et al., 2001).
In this case the structural domain appears to be mixed
o/B-type. Despite a lack of strong fold recognition
results, the presence of EtxxK motifs toward the start
of three of the four repeats is suggestive of a possible
role in binding to an extracellular matrix protein. The
motif has been implicated in integrin binding in sev-
eral other proteins (Deivanayagam et al., 2000).

2. SP0314 — Completing the Fold
Description for Hyaluronidase

S. pneumoniae hyaluronidase (hyaluronate lyase)
has been studied extensively crystallographically,
yielding a detailed picture of the catalytic process.
However, these studies were carried out, for reasons
of instability of the complete protein, with a truncated
form of the enzyme, lacking segments of around 285
and 70 amino acid residues at the N- and C-termini,
respectively. This raised the possibility of further,
uncharacterized domains being present in the com-
plete native form of the enzyme, particularly in the
region N-terminal to that crystallized. The structure
of a homologous enzyme from another member of
Streptococcus species, Streptococcus agalactiae, hy-
aluronidase revealed the presence of an additional
small, 74 residue domain to the N-terminus of the
S. pneumoniae hyaluronidase crystal structure, but
still around 200 residues past the identified signal
peptide remained to be structurally accounted for.
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BLAST and PSI-BLAST searches did not reveal ho-
mologous sequences outside streptococcal hyalu-
ronidases, but fold recognition methods were
remarkably unanimous in suggesting a structural cor-
respondence with cellulose binding domains of known
NMR structure previously observed in the B-1,4-
glucanase from Cellumonas fimi (PDB codes lcx1,
lulo and lulp; Johnson et al., 1996; Brun et al.,
2000). These structures were top scoring by all the
specialized fold recognition methods implemented at
the MetaServer (Bujnicki et al., 2001a), leading to
consensus scores (Lundstrom et al., 2001) well in
excess of the best scoring false-positives (Bujnicki et
al., 2001b). This structural correspondence was fur-
ther strongly supported by the sharing of a carbohy-
drate-modifying activity between hyaluronate lyases,
the modular structure of carbohydrate active enzymes
(Coutinho and Henrissat, 1999a, b), and the various
specificities exhibited by single families of carbohy-
drate binding domain (Coutinho and Henrissat, 1999c).
Even the simple coloring of a surface of the prelimi-
nary model of this domain by sequence conservation
reveals a potential carbohydrate-binding surface with
completely conserved aromatic and positively charged
residues suitable for interacting with the hydrophobic
sugar faces and negative side chains, respectively, of
the substrate hyaluronan (Plate 5) (Rigden and
Jedrzejas, 2003).

3. SP0498 — Location of a Catalytic TIM
Barrel and Probable Catalytic Residues

S. pneumoniae appears to have two peptidogly-
can-attached [-N-acetylhexosaminidase enzymes
(Table 3). These are of potential pathogenic impor-
tance since several host cell-surface molecules con-
tain GIcNAcP1-linked residues. One of these, SP0057,
has been studied experimentally (Clarke et al., 1995)
and exhibits two large repeated domains, each with
clear homology to Streptomyces plicatus B-N-
acetylhexosaminidase whose X-ray structure is known
(Mark et al., 2001). In contrast, SP0498, grouped in
the CAZY database (Coutinho and Henrissat, 1999c¢)
into glycosyl hydrolase family 85, is relatively ill-
understood. The application of the best-performing
fold recognition methods (Fischer et al., 2001), ac-
cessed via the MetaServer (Bujnicki et al., 2001a), to
four diverse members of the family enabled the clear
identification of a TIM barrel domain in the N-termi-
nal portion of SP0498. The predicted location of the
TIM barrel coincided perfectly with the size of the
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smallest, human homologue. Secondary structure
predictions clearly showed the alternating o- and
B-structure elements expected of a TIM barrel. Most
interestingly, however, strongly significant fold rec-
ognition matches were obtained to three of the four
structurally differentiated families of Nagano et al.
(2001). The failure of fold recognition to favor one
or other of the known categories of TIM barrel leads
to the conclusion that SP0498, and the CAZY gly-
coside hydrolase family 85 in general, contain a
novel variant of the TIM barrel architecture. Never-
theless, two facts enabled the identification of likely
catalytic residues: the knowledge that TIM barrel
catalytic activity is invariably located at the C-ter-
minal ends of the PB-strands forming the barrel
(Wierenga, 2001), and the independent information
that, with very few exceptions, glycoside hydrolysis
involves two or three conserved acidic residues
(Nagano et al., 2001). Glu337 and Asp374, perhaps
along with Asp441, were highlighted by this analy-
sis. Their positions on an approximate amylase TIM
barrel-based model are shown in Plate 6.

4. SP1492 — A Mucin-Binding Protein

A recent study of mucin-binding properties of
the bacterium Lactobacillus reuteri (Roos and
Jonsson, 2002) found that this activity was con-
ferred by a high-molecular-weight surface pro-
tein, anchored to the cell wall by a typical LPqTG
motif. The authors identified in this protein two
types of repeats, 183-197 and 184 amino acids
residues long, respectively, both of which pro-
moted adhesion the mucus. An analysis of the
SP1492 sequence showed that it consists of a single
copy of mucus-binding domain, closely related to
both types of repeats in the L. reuteri protein
(Plate 7), also followed by the peptidoglycan-
anchoring signature. Although strict SEG filter-
ing suggested that this protein is completely
nonglobular, secondary structure analysis confi-
dently predicts SP1492 to be an all-B protein.
Remarkably, the same mucin-binding domain is
found in human and cow protein hr44 (function
unknown), indicating that SP1492 may promote
adhesion of S. pneumoniae to mucosal cells with-
out causing any immune response. Thus, despite
its likely importance for adhesion, SP1492 is prob-
ably a poor vaccine candidate.

160

5. SP1833 — A Right-Handed [-Helical
Protein, A Probable Polysaccharide
Modifying Enzyme

This protein clearly has homologous sequences
in Streptomyces coelicolor and Staphylococcus aureus.
Beyond these, BLAST does not recognize any other
significant sequence relationships so that SP1833 is
currently annotated simply as a “cell wall surface
anchor family protein”. Nevertheless, the comparison
of the SP1833 against the Pfam using its HMMer
search tool or against the NCBI’s Conserved Domain
Database using RPS-BLAST (Marchler-Bauer et al.,
2002) suggest that the central part of this protein
corresponds to the Amb-all (PF00544) domain, found
previously in pectate lyase (PDB entry 1qcx), which
has a right-handed B-helix structure. While the
E values reported by RPS-BLAST in the CDD search
were fairly convincing (1e-06 and 2e-04), they were
calculated using only a part of the domain alignment.
In contrast, the HMM search of Pfam database re-
turned a much longer alignment of SP1833 with
pectate lyase, but with an unreliable E value of 0.056.

We carried out fold recognition experiments, again
making use of the MetaServer (Bujnicki et al., 2001a).
Strongly significant results were obtained by several
methods, indicating a structural correspondence be-
tween SP1833 and right-handed o-helical proteins.
Although unequivocally establishing this relationship,
the top scoring protein structures were not the same
in each case, suggesting that SP1833 may be a mem-
ber of a new family of such proteins. Indeed, for the
fold recognition alignments, no conservation of cata-
lytic residues between SP1883 and the highlighted
enzymes was observed. Nevertheless, the structural
limits of the o-helical domain could be clearly estab-
lished using a variety of sources of information. These
included the size of the significantly smaller S. aureus
protein, the clearly amphiphilic predicted o-helix that
commonly caps the N-terminal end of the o-helix
(Jenkins et al., 1998) and the nature and cross-method
reliability of the secondary structure predictions.
Additional help in threading the SP1883 sequence
onto the o-helical architecture could be obtained
through the identification of putative Asn-ladders
(Jenkins et al., 1998) — conserved Asn residues in
adjacent turns of the a-helix whose stacking provides
for favorable hydrogen bonding interactions. Unusu-
ally, the simple identification of fold, in this case,
provides a strong hint as to function because most of
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the known enzymes containing right-handed o-heli-
ces act on polysaccharides (Jenkins et al., 1998),
possessing hydrolase, lyase, or methylesterase activ-
ity. There seems to be a correlation between the pres-
ence of Asn ladders and lyase activity so that our
predicted function for SP1883 is polysaccharide lyase.
Although a function in formation or remolding of
S. pneumoniae’s own polysaccharide coat cannot be
ruled out, perhaps SP1883 most likely functions in
the degradation of the host’s extracellular polysac-
charide matrix, thereby facilitating bacterial penetra-
tion into tissues. In this way it would be functionally
analogous to Flavobacterium heparinum chondroitinase
B, which also has the right-handed o-helical architec-
ture.

VI. CONCLUSIONS

A. Bioinformatics Studies of
Pneumococci

The five examples above are representative of
the results that can be obtained by extensive
bioinformatics analysis of S. pneumoniae proteins.
They have in common the prediction of domain lim-
its, through sequence repeats (SP0082), fold recogni-
tion (SP0314, SP0498, SP1833), size of homologues
(SP0498, SP1492, SP1833) or secondary structure
prediction (SP0498, SP1883). Such prediction is not
only integral to the bioinformatics analysis, but es-
sential for the structure determination by X-ray crys-
tallography, a process that is now underway. Differ-
ent conclusions were drawn in the four cases, ranging
from the prediction of novel fold (SP0082), through
the prediction of overall structural architecture
(SP0498, SP1492, SP1833) to a clear identification of
a specific related fold (SP0314). The simple identifi-
cation of fold is enough in the case of SP1833 to
predict functional category, while the determination
of probable catalytic residues for SP0498 will un-
doubtedly help guide structure-function studies in
glycoside hydrolase family 85. Thus, our ongoing
bioinformatics analysis of S. pneumoniae surface pro-
teins is providing numerous insights at various levels
of protein structure and function, while guiding bio-
physical and biochemical experiments.

The goal of the study of S. pneumoniae surface
proteins is to understand on the molecular level the
role of these proteins in the mechanism of invasion of
host tissues and the penetration of host defenses by

pneumococci and other bacteria. Consequently, the
results of such analyses followed by more studies
shed new light on pathogen-host interactions and likely
on bacterial pathogenesis in general. Such genome-
derived results will likely induce further biochemical,
functional, and pathogenesis studies to determine the
importance of these molecules in pneumococcal patho-
genesis.

B. Development of a Better Cure

The functions of all the above analyzed putative
surface proteins facilitate significant aspects of pneu-
mococcal colonization and/or invasion. Therefore,
it follows that hindering their function will likely
lead to compromised pathogenicity of S. pneumoniae
(e.g., Berry and Paton, 2000). If investigation of the
expression of these proteins by S. pneumoniae, con-
firmation of their surface-exposed character, and
analysis of their immunogenic properties together
confirm their pathogenic importance, these proteins
can serve as targets for the development of novel
cures against pneumococcal disease. Such further
investigations should not be limited to one set of
growth conditions but should include studies of vari-
ous environments of S. pneumoniae such as those
that can be modeled by (1) low iron, (2) high osmo-
larity, (3) growth on blood agar, (4) exposure to an
atmosphere containing carbon dioxide, and (5) static
temperature shift (Marra et al., 2002, Adamou et al.,
2001; Weizmann et al., 2001). Some of the proteins
discussed here might be utilized by the pathogen
only during very specific conditions, while remain-
ing crucial for the survival of S. pneumoniae. Two
approaches may be envisaged. First, if the antibod-
ies obtained against a given surface antigen are pro-
tective, then that protein becomes a candidate for
incorporation into new vaccines. For example, PspA
and PsaA are already being used to develop a novel
vaccine and initial results are very promising (e.g.,
Jedrzejas, 2001; Nabors et al., 2000). The individual
contributions of selected known virulence factors of
S. pneumoniae to the pathogenesis of this organism,
and hence their potential for the development of
novel pneumococcal vaccines have been investi-
gated recently (Berry and Paton, 2000). Secondly,
some of these proteins could have their function
compromised or totally abolished by small mol-
ecules binding most likely in their active sites. There-
fore, these proteins are possible targets for the de-
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velopment of potent new drugs (e.g., Jedrzejas, 2001;
Galperin and Koonin, 1999).

The availability of reliable functional annotation
and modeled or experimental (X-ray or NMR) three-
dimensional structural information (as shown in Tables
1 and 3) for pneumococcal proteins will certainly
facilitate the elucidation of their detailed function and
mechanism. Such knowledge will aid in the develop-
ment of treatment strategies for pneumococcal dis-
ease as well as further scientific understanding in
general. However, structural information needs to be
accompanied by an increased understanding of the
expression, surface character, and the role of such
proteins during various stages of pathogenesis in ani-
mals, and ultimately in humans.

Polyvalent vaccines based on purified capsular
polysaccharides, like the available pneumococcal vac-
cine, are limited in their potency because of their poor
immunogenicity, especially in susceptible groups of
patients like young children and the elderly (Stansfield,
1987). The poor immunogenicity of polysaccharide
vaccines is primarily due to a poor antibody response
elicited by these vaccines and because the T-cell inde-
pendence of the response fails to induce memory. In
addition, the available pneumococcal vaccines com-
prise only a limited number of serotypes out of over 90
known. The development of conjugated vaccines by
coupling the polysaccharides with protein carriers in-
creases the potency of the vaccine, as it is the case for
Prenvar, but also limits the serotypes that can be in-
cluded in such conjugate mixtures (only seven types of
conjugated polysaccharides are included in Prenvar).
The combination of polysaccharides with a protein has
been shown to significantly increase immunogenicity
and immunological memory to polysaccharide anti-
gens. The protein carrier(s) of conjugated vaccines
induce additional antibodies, thereby improving the
degree of protection offered. Such additional protec-
tion might also be independent of serotype as it is the
case for several pneumococcal surface immunogenic
proteins. Therefore, the development of a two-compo-
nent vaccine comprising a polysaccharide and a
nonpolysaccharide part, such as the proteins discussed
above, is a promising approach (Alexander et al., 1994;
Nabors et al., 2000; Paton, 1998; Tuomanen, 1999).
More studies are, however, needed to assess the useful-
ness of various antigens or their mixtures in various
modes of pneumococcal challenge. The bioinformatics-
based mining of genomes for identifying and charac-
terizing possible candidate proteins for further studies
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shows excellent potential for the acceleration of the
development of better treatments for pneumococcal
and other diseases.
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