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INTRODUCTION predisposing conditions such as asplenia, chronic medical con-

Human infections caused by gram-positive bacterial patho-
gens are increasingly difficult to treat, predominantly due to
the emergence of antibiotic-resistant strains not only against
penicillin and penicillin-like antibiotics but even against novel
antibiotics such as vancomycin (108). One such gram-positive
bacterial organism is Streptococcus pneumoniae, a human
pathogen that colonizes the upper respiratory tract and causes
life-threatening diseases such as pneumonia, bacteremia, and
meningitis throughout the world (104). Disease rates are par-
ticularly high in young children, the elderly, and patients with
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ditions, or immunosuppressive illnesses, particularly AIDS (57,
77, 105). Around 5 million children worldwide younger than 5
years die each year from pneumonia, with S. pneumoniae being
the main causative agent (85). In the United States alone,
more than half a million cases of pneumococcal pneumonia are
reported each year, with 5 to 7% of them being fatal (5, 27, 75,
146, 163). Most of these infections are found in the elderly. S.
pneumoniae also causes less serious but very prevalent diseases
like otitis media and sinusitis. Each year there are approxi-
mately 7 million cases of otitis media in the United States
alone, accounting for up to 12 million office visits to pediatri-
cians (146). It also causes significant morbidity and leads to
high medical costs. There are an estimated 3,000 cases of
meningitis and 50,000 cases of bacteremia per year in the
United States (5, 24, 146, 163). In adults, 60 to 87% of pneu-
mococcal bacteremia is associated with pneumonia (1, 20, 83).
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The mortality rate of 40,000 per year caused by this pathogen
in the United States is larger than the mortality rate caused by
any other bacterial pathogen (2, 46, 85). An improved treat-
ment and/or vaccine against S. pneumoniae is one of the top
vaccine priorities in the world (31).

Treatment of Pneumococcal Infections

The currently licensed 23-valent polysaccharide pneumococ-
cal vaccine is only moderately effective, and it is not prescribed
for children younger than 2 years due to poor antibody re-
sponses to the polysaccharides. The vaccine contains 23 puri-
fied capsular polysaccharide antigens of S. pneumoniae (sero-
types 1 to 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F,
18C, 19A, 19F, 20, 22F, 23F, and 33F) that represent at least 85
to 90% of the serotypes that cause invasive infections. This
vaccine, which is manufactured by Merck & Co., Inc., and
Lederle Laboratories, replaced an earlier 14-valent vaccine in
1983. The serotypes 6B, 9V, 14, 19A, 19F, and 23F cause most
drug-resistant infections in the United States (23, 24, 52, 64),
and although antimicrobial drugs such as penicillin have di-
minished the risk from pneumococcal disease, the proportion
of strains that are resistant to antibiotics in the United States
(142) and other parts of the world (7) is steadily increasing. In
some areas, 35% of pneumococcal isolates are resistant to
penicillin (3, 42, 64). Many of these isolates are also resistant to
other antimicrobial drugs, with some isolates susceptible only
to vancomycin, a last resort in many hospitals. Recently, how-
ever, vancomycin tolerance emerged in pneumococci (108).
This reinforces the need for an effective improved vaccine
and/or effective new drugs against pneumococcal infections.

Pneumococcal Virulence Factors

Certain proteins or enzymes displayed on the surface of
gram-positive organisms significantly contribute to pathogen-
esis and might be involved in the disease process caused by
these pathogens. Often, these proteins are involved in direct
interactions with host tissues or in concealing the bacterial
surface from the host defense mechanisms. S. pneumoniae is
not an exception in this regard. In the past, the polysaccharide
capsule was considered the primary virulence factor of S. pneu-
moniae because nonencapsulated bacteria are almost com-
pletely harmless compared with the same encapsulated strain.
Recent studies, however, have suggested that certain pneumo-
coccal proteins, including hyaluronate lyase (Hyl) (90), pneu-
molysin (Ply) (48), two neuraminidases (NanA and NanB)
(90), major autolysin (LytA) (90), choline binding protein A
(CbpA) (129), pneumococcal surface antigen A (PsaA) (134),
and pneumococcal surface protein A (PspA) (96), could be
used as potential vaccine candidates (Fig. 1). If antibodies to
these proteins could offer better protection to humans, they
could provide the source of a pneumococcal vaccine to be used
in conjunction with or in place of the more traditional capsular
polysaccharide vaccine or the conjugate vaccine that is under
development. Some of these proteins, such as PspA or Ply,
have already shown significant promise for use in an alternative
vaccine approach. PspA, for example, can elicit antibodies in
mice that protect against inocula more than 100 times the 50%
lethal dose (97).
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FIG. 1. Schematic diagram of the virulence factors of S. pneu-
moniae.

Pneumococcal Vaccine Development

Individual contributions of known virulence factors of S.
pneumoniae to the pathogenesis of this organism and the likely
development of a novel pneumococcal vaccine have recently
been investigated (8). The antigens that reduced the virulence
of the organism and are probably the best candidates for a
vaccine developments appear to be Ply, LytA, or PspA. The
studies of D39 pneumococci based on deleting selected genes
from the chromosome showed that in an intraperitoneal chal-
lenge experiment, nanA, hyl, and cbpA deletions did not have
a significant impact on virulence. However, when two genes
were compromised, a significant attenuation in the virulence
has been achieved for ply hyl, ply pspA, and ply cbpA double
mutants. Mutagenesis of nanA or lytA in addition to ply did not
yield additionally attenuated virulence. The analysis of these
studies suggested that the major role of LytA in pathogenesis
of pneumococci is probably the release of cytoplasmic Ply (8,
89). Individually, Ply and LytA contribute significantly to pneu-
mococcal virulence, but when Ply is not expressed in the mu-
tated cells, LytA does not provide additional protection since
there are no Ply molecules to release from the cytoplasm of
these cells.

PNEUMOCOCCAL SURFACE PROTEIN A

Antibody studies have shown that PspA is located on the cell
wall of pneumococci (98) and that it is found on every S.
pneumoniae strain discovered to date (34). PspA is a surface
protein with variable molecular size ranging from 67 to 99 kDa
(161). Based on sequence analysis, the protein has four distinct
domains: an N-terminal highly charged a-helical region (288
amino acids in strain Rx1), a proline-rich domain (83 amino
acids), a stretch of 10 highly conserved 20-amino-acid repeats,
and a tail of 17 slightly hydrophobic residues at the C terminus
(166). The N-terminal end extends from the cell wall and
possibly protrudes outside the capsule (166). Secondary-struc-



VoL. 65, 2001

a b c d e £

PNEUMOCOCCAL VIRULENCE FACTORS 189

g
1 Met Glu Glu Ser Pro Val Ala Ser Gln Ser

11 Lys Ala Glu Lys Asp
16 Tyr Asp Ala Ala Lys Lys Asp
23 Ala Lys Asn Ala Lys Lys Ala
30 vVval Glu Asp Ala Gln Lys Ala
37 Leu Asp Asp

40 Ala Lys Ala Ala Gln Lys Lys
47 Tyr Asp Glu Asp Gln Lys Lys

54 Thr Glu Glu
57 Lys Ala Ala Leu Glu Lys Ala
64 Ala Ser Glu Glu

68 Met Asp Lys Ala vVal Ala Ala
75 Val Gln Gln Ala Tyr Leu Ala
82 Tyr Gln Gln Ala Thr Asp Lys
89 Ala Ala Lys Asp Ala
94 Ala Asp Lys Met

98 1Ile Asp Glu Ala Lys Lys Arg
105 Glu Glu Glu Ala Lys Thr Lys
112 Phe Asn Thr Val Arg Ala Met
119 val

120 Val Pro Glu Pro

124 Glu Gln
126 Leu Ala Glu Thr Lys Lys Lys
133 Ser Glu Glu Ala Lys Gln Lys
140 Ala Pro Glu Leu Thr Lys Lys
147 Leu Glu Glu Ala Lys Ala Lys
154 Leu Glu Glu Ala Glu Lys Lys
161 Ala Thr Glu Ala Lys Gln Lys
168 Val Asp Ala Glu Glu

173 Val Ala Pro

176 Gln Ala Lys
179 Ile Ala Glu Leu Glu Asn Gln
186 Val His Arg Leu Glu Gln Glu
193 Leu Lys Glu

196 1Ile Asp Glu Ser Glu Ser Glu

203 Asp Tyr Ala Lys Glu
208 Gly Phe Arg Ala Pro
213 Leu Gln Ser Lys
217 Leu Asp Ala Lys

221 Lys Ala Lys Leu Ser Lys

227 Leu Glu Glu Leu Ser Asp Lys
234 TIle Asp Glu Leu Asp Ala Glu
241 1Ile Ala Lys Leu Glu Asp Gln
248 Leu Lys Ala Ala Glu Glu Asn

255 Asn Asn
257 Val Glu Asp Tyr Phe Lys Glu
264 Gly Leu Glu Lys Thr

269 Ile Ala Ala Lys Lys Ala Glu
276 Leu Glu Lys Thr Glu Ala Asp
283 Leu Lys Lys Ala Val Asn

FIG. 2. The heptad repeat pattern of the N-terminal helical part of the deduced amino acid sequence of the Rx1 PspA. The sequence of the
first 288 amino acids of the Rx1 PspA is arranged in heptad repeat blocks characteristic of coiled-coil proteins. The residues in the right part of
the figure (residues 120 to 123, 173 to 175, and 208 to 212) do not satisfy the requirements for the coiled-coil structure.

ture predictions have shown that the N-terminal domain is
highly helical and most probably a coiled-coil structure (166).

The function of PspA, a protective antigen for pneumococci,
appears to be protection against host complement system (38,
166, 167). Structural studies showed that PspA has a highly
polar electrostatic charge, which results in capsular charge
stabilization through the electropositive end of the molecule
and in prevention of complement activation through the pre-
dominant electronegative part of PspA (70). Biological evi-
dence of the anticomplementary properties of PspA has been
observed and has shown that PspA reduced the complement-
mediated clearance and phagocytosis of S. pneumoniae (19).
All protective monoclonal antibodies reactive to PspA on the
pneumococcal cell surface bind to the N-terminal half of the
molecule, suggesting that this part of the molecule is surface
exposed (94). This a-helical domain also exhibits more vari-
ability due to accumulation of mutations, reinforcing the sur-
face exposed character of PspA.

Coiled-Coil Structure

A number of other surface molecules of gram-positive or-
ganisms discovered to date have been cloned and sequenced
(51). Conformational analysis of their sequences showed that
many of these molecules have a very highly a-helical compo-
nent with repeating seven-residue blocks that are characteristic
only to proteins exhibiting a coiled-coil structure. Other known
surface molecules of bacterial organisms usually exhibit pre-
dominant B-sheet, B-turn, and random-coil structures with
only a small number of helical conformations (51).

The seven-residue repeat or the heptad pattern has been
clearly identified in the N-terminal part of the PspA molecule
(166). In this respect, the N-terminal PspA sequence is similar
to other coiled-coil a-helical proteins that show this character-
istic motif (residues at positions g, b, ¢, d, e, f, and g in a coiled
coil), with hydrophobic residues at positions @ and d and hy-
drophilic residues at positions b, ¢, ¢, f, and g (37, 99) (Fig. 2).
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FIG. 3. Structural model of PspA (A), the electrostatic potential
distribution on its surface (B), and the schematic arrangement of PspA
molecules on the surface of S. pneumoniae (C). (A) The N-terminal
part of PspA has an elongated rod-like shape built from antiparallel
coiled-coil a-helices. The drawing is based on the model of a PspA
molecule containing amino acids 1 to 288 (70). (B) The color coding of
the PspA surface corresponds to the magnitude of the electrostatic
potential: blue, electropositive; red, electronegative. The model also
depicts the highly charged and polar character of PspA. (C) The
character of the surface interactions of PspA with teichoic acids and
the capsule exposes the highly electronegative end of the molecule
outside of the bacterial cell.

This conformational analysis suggests the coiled-coil structure
of the N-terminal module of PspA. Outside of bacterial pro-
teins, the heptad repeats are found in eukaryotic coiled-coil
proteins like myosin or tropomyosin (84, 119). In addition, the
structural properties of PspA were analyzed using biophysical
methods such as circular dichroism spectroscopy and sedimen-
tation velocity and equilibrium studies, which provided evi-
dence for an elongated, rod-like, coiled-coil structure for the
molecule (Fig. 3A and B). The biophysical studies, together
with computer modeling, led to the formulation of a three-
dimensional model of the molecule and the subsequent eluci-
dation of its likely role and function in pneumococcal infection.
The molecule’s N-terminal functional part is highly charged
and polar. The C-terminal attachment module anchors PspA
to the pneumococcal surface. The proline-rich region acts as a
tether and allows for greater flexibility and movement of the
N-terminal functional module. The electropositive end of the
functional module of the molecule stabilizes the electronega-
tive capsule (capsular polysaccharides of essentially all patho-
genic organisms, especially pneumococci, are highly electro-
negative) (Fig. 3B and C). The other end of the functional
module of PspA is electronegative and points away from pneu-
mococci due to repulsive interactions with the electronegative
capsule. This electronegative part of the PspA molecule on the
pneumococcal surface probably prevents C3-mediated binding
of the host complement to pneumococci, which ultimately
would lead to the lysis of S. prneumoniae cells. Biological stud-
ies described below confirmed that PspA reduces the comple-
ment-mediated clearance and phagocytosis of S. pneumoniae
(19). As reported by Briles et al. (19), these studies involved a
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bystander complement assay with an encapsulated mutant S.
pneumoniae strain lacking PspA as well as the isogenic pneu-
mococcal strain expressing PspA. The PspA~ mutant was
found to fix more complement. The same assay with a PspA™
strain detected activated C3 but not C3 deposited on pneumo-
cocci. Similarly, infections of nonimmune mice with PspA™
type 3 capsular S. pneumoniae lead to greater early activation
serum complement (as evidenced from the increased disap-
pearance of antigenic C3 from the circulation) than do infec-
tions with the PspA™ isogenic parent (19). All these results
suggest that PspA can reduce complement consumption by
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FIG. 4. Multiple alignment of the N-terminal part of Rx1 PspA with sequences from selected microbial genomes. The sequences were aligned
using Multalin program (32) and displayed using Multiple Protein Sequence Alignment (MPSA) software (14). The sequence data represented
correspond to unfinished genome sequences obtained from www.ncbi.nlm.nih.gov/BLAST/unfinishedgenome.html: S. pyogenes, Streptococcus pyo-
genes Contigl; E.faecalis, Enterococcus faecalis gef 6217; S.aureus, Staphylococcus aureus 4433; P.falciparum, Plasmodium falciparum Contig34.
The color coding for the alignment is as follows: red, single fully conserved residue; green, fully conserved strong or weaker groups; blue, no particularity.

pneumococci and lead to their reduced complement-mediated
clearance and phagocytosis.

Attachment to the Surface of S. pneumoniae

Pneumococci display an unusual surface molecule, phospho-
choline, on the cell wall teichoic acid and the membrane-
bound lipoteichoic acid (154). Studies have shown that PspA
attaches itself to S. pneumoniae by noncovalent binding to the
choline of both lipoteichoic and teichoic acids via its C-termi-
nal end, consisting of the repeat region, also called the choline
binding region (CBR) (Fig. 3C) (167). PspA is not the only
choline binding protein (CBP) present on the surface of this
pathogen. Examples of other pneumococcal CBPs are the ma-
jor cell wall hydrolase LytA (54) and an adhesin choline bind-
ing protein A (CbpA) (129). LytA is an amidase functioning in
the separation of daughter cells during cell division (127) and
is required for cell lysis (155), whereas CbpA appears to be the
first known protein adhesin on the pneumococcal surface
(129). The CBR motif has also been found among the surface
proteins of other bacteria (164) like Clostridium acetobutyli-
cum, Clostridium difficile, Streptococcus mutans, and Streptococ-
cus downei. All these CBRs have the characteristic feature of
the repeat sequences at the C-terminal region. This family of
such ligand binding proteins seems to have a modular struc-
ture, with the CBR being responsible for the attachment to the
pathogen and the other module being responsible for the func-
tion of the molecule. This analysis reinforces the notion that
the N-terminal part of PspA, having such modular design, is
responsible for its function.

Expression by Other Bacteria

It would be unlikely if PspA or PspA-like molecules were
expressed only by S. pneumoniae bacteria. Analysis of the
genomic sequences to identify similar proteins to the func-
tional part of PspA yielded PspC, a PspA-like molecule with
similar structure and function and the only homologous mol-
ecule which is closely related in its properties to PspA (19).
Low homology was also identified to other highly «-helical
molecules like myosin and tropomyosin (70). However, analy-
sis of yet unfinished microbial genomes resulted in multiple
homology hits, suggesting that PspA or PspA-like molecules
might be present in other bacterial organisms (Fig. 4). The
predominant coiled-coil pattern has been detected among all
of these homologous proteins (M. J. Jedrzejas and R. S.
Becker, submitted for publication). The coiled-coil pattern of
these novel proteins was seldom disrupted, as was observed in
PspA molecules examined earlier.

It is likely that other bacterial organisms utilize a PspA-like-
mediated anticomplementary defense mechanism, as does S.
pneumoniae. The sequence similarities suggest that other bac-
terial organisms in the genus Streptococcus, such as Streptococ-
cus pyogenes, as well as other bacteria, such as Plasmodium
falciparum, Enterococcus faecalis, and Staphylococcus aureus,
might use similar defense elements (Fig. 4).

HYALURONATE LYASE

Hyaluronate lyase (Hyl) is another major surface protein of
S. pneumoniae with potential antigenetically variable proper-
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TABLE 1. Concentration of hyaluronan in human
tissues and tissue fluids

. . Hyaluronan concn
Tissue or fluid Y

(mg/liter)
Umbilical cord.......coemuimiiieiieieeeceeeereeeee e 14,100
Synovial fluid .....ccceeeiiiiiiiiiiieeeeeeeeeenen 1,420-3,600
Vitreous body .. .. 140-338
Dermis.............. 200
Thoracic lymph 8.5-18
UTINC .ttt a et ss st sae s eneesenaesens 0.1-0.5
SEIUM ittt ete et eae st sesse e esestesse e enessenaeneens 0.01-0.1

ties that might be essential for full pneumococcal virulence
(15). Thus, it might represent another alternative for a pneu-
mococcal vaccine or drug target, especially when combined
with other pneumococcal virulence factors such as PspA or
pneumolysin (8).

Hyaluronate lyase is part of a broader group of enzymes
called hyaluronidases. The hyaluronidase enzyme-mediated fa-
cilitation of tissue invasion by breaking down the extracellular
matrix (ECM) components was first suggested in a report by
Duran-Reynals (43) describing bacterial “spreading factors”
(101). Increased tissue permeability caused by the action of
hyaluronidase on the ECM appears to play a role in wound
infections, pneumonia, and other sepses such as bacteremia
and meningitis. In the past few years, the first sequences of
prokaryotic and animal hyaluronidases have been determined.
There are at least three types of hyaluronidases which degrade
hyaluronan by different mechanisms (81): (i) endo-B-N-acetyl-
D-hexosaminidases degrade the high-molecular-weight sub-
strate by hydrolysis to smaller end products, mainly tetrasac-
charides, although other saccharides can also be present; (ii)
B-endoglucuronidase degrades HA, also using hydrolysis, and
produces similar-size degradation end products to those pro-
duced by the enzyme above, but they degrade the substrate at
a different place, yielding mainly tetrasaccharides but of dif-
ferent composition from those above; and (iii) bacterial hyal-
uronate lyases use B-elimination to degrade hyaluronan and
often yield disaccharides as the main end product; however,
saccharides of different size are often present. S. pneumoniae
hyaluronate lyase cleaves the 1,4-glycosidic linkage between
N-acetyl-B-p-glucosamine and D-glucuronic acid residues in
hyaluronan and catalyzes the release of unsaturated polysac-
charides, with the disaccharide unit 2-acetamido-2-deoxy-3-
O-(B-p-gluco-4-enepyranosyluronic acid)-bp-glucose being the
main end product (123) (Fig. 5).

Hyaluronan

The primary reported substrate of hyaluronan lyases in hy-
aluronan, a ubiquitous and important component of the ECM
of vertebrates. Hyaluronan is composed of repeating units of
D-glucuronic acid(1-B-3)N-acetyl-D-glucosamine(1-B-4) (124)
(Fig. 5). It is detectable in every studied tissue and fluid in
higher animals and humans (81) (Table 1). In addition to its
role as a structural component, there is growing data that
hyaluronan and the molecules with which it specifically inter-
acts have many other functions in the host defense mecha-
nisms. It has been implicated in many biological processes
including fertilization, embryonic development, cell migration
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and differentiation, wound healing, inflammation, and growth
and metastasis of tumor cells (150, 162). This polymer interacts
with receptors and binding proteins on cell surfaces like CD44
and RHAMM (4, 58, 165). The cell surface receptor molecule
for hyaluronan is CD44, which is present on many different cell
types and seems to be important in various different steps of
the normal immune response (59). CD44 receptor, a member
of a family of cell surface adhesion molecules (103), is known
to be present on the surfaces of macrophages (63), neutrophils,
T cells, B cells, and various epithelial cells. There is also
mounting evidence that cytokines are involved in S. prneumo-
niae sepsis and in hyaluronan metabolism (45). It seems that
hyaluronan levels on endothelial cells, lung fibroblasts, and
other cell surfaces are finely controlled by various cytokines,
which seem to regulate the rates of hyaluronan biosynthesis
and degradation (52, 92, 135). Additionally, it has been recently
discovered that the secondary substrate for hyaluronate lyases are
chondroitin sulfates. Chondroitin sulfate proteoglycans bind
significant amounts of water, which allows protection and cush-
ioning of surrounding structures, and limit the freedom of dif-
fusion of other macromolecules. Chondroitin sulfate is cleaved
by hyaluronate lyase only at regions with certain sulfation pat-
terns (78, 93, 123). Sulfation patterns of glycosaminoglycans
(GAGS) appear to be critical for their biological function.

Production by S. pneumoniae

Most strains of S. pneumoniae, as well as other gram-positive
bacterial pathogens, produce hyaluronate lyase (11, 65-66,
122). The pneumococcal hyaluronate lyase enzyme, by break-
ing down hyaluronan, a ubiquitous and important constituent
of connective tissues, is directly involved in host invasion by
S. pneumoniae. The exact mechanism of how the enzyme fa-
cilitates bacterial penetration of the physical defenses of the
host and the subsequent spread to its tissues was poorly un-
derstood (16, 22, 77) until recent structural studies were re-
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COOH g5 GCH2OH 14
/ (0] (0]
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Disaccharide Degradation Product

FIG. 5. Structure of hyaluronan. Alternating units of glucuronic
acid (GIcUA) and N-acetylglucosamine (GlcNAc) are the building
blocks of the hyaluronan polymer. The main digestive product of the
action of bacterial hyaluronate lyase on hyaluronan is the disaccharide
unit. The glycosidic linkages are also marked.
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ported (see below) (88, 121). In S. pneumoniae cultures, the
enzyme is found in both the culture and the cell-associated
fractions. This may suggest that at least part of the enzyme is
released by the pathogen to surrounding host tissues during
infection to facilitate the bacterial invasion (11).

Mechanism of Attachment to Pneumococci

The full-length Hyl has a molecular mass of 107 kDa when
expressed in E. coli (11). The carboxy terminus of the mature
enzyme contains a hydrophobic tail preceded by a signature
sequence from Leu-919 to Gly-923 of LPQTG and a group of
charged residues found in enzymes binding covalently to pep-
tidoglycan structures to form a cell wall anchor (137). The
general mechanism of such attachment comprises a group of
signature sequence properties. It requires a sorting signal lo-
cated at the carboxy terminus of proteins, which consists of an
LPXTGX (X represents any amino acid) motif followed by a
carboxy-terminal hydrophobic domain and preceded by a tail
of mostly positively charged residues (50, 137).

Structure and Mechanism of Action

The truncated but functional form of the Hyl enzyme con-
taining amino acids Ala-168 to Glu-891 was recently crystal-
lized (72, 73), and the three-dimensional structure was deter-
mined based on X-ray diffraction (88). This form of the enzyme
has molecular mass of 89 kDa and lacks the first 167 N-termi-
nal residues as well as the anchoring part to pneumococcal
peptidoglycan (137). The enzyme structure contains two do-
mains, with the catalytic domain built largely from helices
resembling a horseshoe with an as/as-barrel structure (Fig.
6A). The C-terminal domain consists almost entirely of
B-sheets arranged in a four-layered sandwich. The helical do-
main comprises a large, deep, and elongated cleft located at
the wider opening of the barrel structure, which is responsible
for substrate binding and degradation (88, 121). The central
part of such cleft contains three catalytic residues, Asn-349,
His-399, and Tyr-408, which degrade the substrate through a
proton acceptance and donation mechanism (Fig. 6B to D)
(69, 88). In addition to these three catalytic residues, the cen-
tral part of the cleft has a patch of aromatic residues, Trp-291,
Trp-292, and Phe-343, that were implicated in the selection
process of the final product of hyaluronan degradation (Fig.
6C). The aromatic patch interacts exactly with two disaccha-
ride units of HA, positioning the disaccharides precisely for
catalysis, which results in disaccharides being the smallest deg-
radation product of HA. The structure of the enzyme complex
with the product of degradation, the disaccharide unit of HA,
revealed that the enzyme degrades the substrate from the
reducing end. Also, the degradation process is endolytic (pro-
gressive); once the enzyme binds the substrate and degrades it,
it progressively moves towards the nonreducing end until the
enzyme finishes degrading the HA chain (69, 110).

The proton acceptance and donation HA degradation mech-
anism was proposed with the help of the structural and muta-
tion analysis and involves five steps: (i) substrate binding in the
catalytic cleft; (ii) Asn-349 neutralization of the carboxyl group
of glucuronic moiety of HA on the C-5 carbon atom; (iii)
His-399 extraction of the C-5 proton to form a double bond
between carbon atoms C-4 and C-5; (iv) Tyr-408 donation of a
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proton to the glycosidic bond, causing breakage of the 31,4
glycosidic bond; and (v) cleavage of the disaccharide substrate,
leaving the active site and catalytic residues His-399 and Tyr-
408 to balance their protons via exchange with water, making
the enzyme ready for the next round of the catalytic process
(Fig. 6B to D).

The role of the B-sheet domain is probably only supportive
in maintaining the structure of the catalytic cleft as well as
modulating access to the cleft. These two goals might be ac-
complished through a Ca®*-based influence on the structure of
the loops at the edge of the cleft, where Ca®* is thought to
bind. It has been shown that Ca®" ions are activators of the
enzyme and are necessary for its activity (72). However, the
precise role of the B-sheet domain and the calcium ions is still
largely unknown (for more details, see references 69 and 121).

Hyaluronate Lyases in Other Bacteria

Another member of the Streptococcus genus, S. agalactiae
(group B streptococcus), also produces hyaluronate lyase
(121). S. agalactiae, although less lethal than to the pneumo-
cocci, can cause serious disease, especially in neonates (6, 28,
138). The amino acid sequences for the two streptococcal hy-
aluronate lyase enzymes from S. pneumoniae and S. agalactiae
are 68% homologous, suggesting possible structural similari-
ties (71). Also, recently reported sequences for hyaluronate
lyase from Staphylococcus aureus (67, 144) and Propionibacte-
rium acnes (144) (GenBank accession no. U27583) show high
amino acid similarity to the pneumococcal and GBS enzymes,
implying their structural similarity (Fig. 7).

The three-dimensional structure of the S. agalactiae hyaluro-
nate lyase has recently been elucidated by X-ray crystallogra-
phy (Fig. 6E) (69, 71). This structure is very similar to that of
the pneumococcal enzyme. Similarly, the S. agalactiae struc-
ture also represents a truncated enzyme but contains an addi-
tional part of the N-terminal domain, comprising 74 amino
acids, that was not present in the truncated form of the pneu-
mococcal enzyme (Fig. 6E). The additional domain probably
plays a similar role to the C-terminal B-sheet domain, and its
function is based on the modulation of substrate access to the
catalytic cleft. Furthermore, the structure of S. agalactiae Hyl
suggests that the enzymes might be a novel group of allosteric
enzymes with the substrate modulating the shape of the cata-
lytic cleft. All domains are connected by single flexible linkers
that might easily accommodate some substrate-modulated in-
terdomain movements. However, more studies are needed to
elucidate fully this property of bacterial hyaluronate lyase en-
zymes.

PNEUMOLYSIN

Pneumolysin (Ply) is yet another virulence factor of pneu-
mococci that penetrates the physical defenses of the host.
Pneumolysin is a 53-kDa protein produced by all clinical iso-
lates of the pathogen (115-117). Unlike other pneumococcal
antigens, this molecule is not surface exposed. It is a cytoplas-
mic enzyme that is released due to the action of surface pneu-
mococcal autolysin (described below). The virulence proper-
ties of Ply are therefore directly dependent on the action of
autolysin. Ply has several distinct functions, especially in the
early pathogenesis of pneumococcal infection. The enzyme is
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FIG. 6. (A) Overall structure of S. pneumoniae hyaluronate lyase (pdb: legu). (B) Structure of the modeled hexasaccharide substrate in the
binding/catalytic cleft. (C) Catalytic residues of the enzyme. (D) Proposed mechanism of catalysis. (E) Alignment with the structure of S. agalactiae
hyaluronate lyase (pdb: 1fls). (A) The enzyme is built from an a-helical catalytic domain and a supportive 3-sheet domain. The two domains are
connected by one flexible peptide linker. Two perpendicular views of the enzyme are shown. (B) The cleft present at one end of the a-domain is
where the substrate binds and is being degraded. (C) The residues directly involved in catalysis are Asn-349, His-399, and Tyr-408. (D) These
residues degrade hyaluronan through a five-step proton acceptance and donation mechanism. (E) The S. agalactiae enzyme structure shows the
presence of an additional supportive B-sheet domain at its N terminus.
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FIG. 8. Sequence alignment of CDCs of known three-dimensional structures. The origin of the proteins is as follows: Ply, S. pneumoniae; Pfo,
Clostridium perfringens; Aro, Aeromonas hydrophilia; Hem, Staphylococcus aureus. Overall, the molecules have sequences that are only 14%
homologous, but the three-dimensional structures have a similar fold and similar general structural arrangement. The sequence data were from
GenBank. The method used to construct this figure and the color coding used are the same as in Fig. 4.

cytotoxic to ciliated bronchial epithelial cells, slows ciliary beat-
ing in organ culture, and disrupts tight junctions and the in-
tegrity of the bronchial epithelial monolayer (125, 145). Due to
Ply function, the ability of ciliated bronchial cells to clear
mucus from the lower respiratory tract is reduced, which facil-
itates the spread of pneumococcal infection. In addition, Ply
interactions with alveolar epithelial cells and pulmonary endo-
thelial cells probably cause alveolar edema and hemorrhage
during pneumococcal pneumonia. Ply action during pneumo-
coccal infection disrupts the alveolar-capillary boundary, which
produces an alveolar flooding providing nutrients for bacterial
growth and facilitates penetration through the epithelium into
the pulmonary interstitium and ultimately into the blood-
stream (132). The cytotoxic effects of pneumolysin can directly
inhibit phagocyte and immune cell function, which leads to
suppression of the host inflammatory and immune responses.
Low concentrations of Ply are able to inhibit human neutrophil
and monocyte respiratory bursts, chemotaxis, bactericidal ac-
tivity, and production of lymphokines and immunoglobulins
(132). The virulence and multiple function of pneumolysin,
especially in early stages of infection by pneumococci, are
crucial to the pneumococcal colonization of a host.

Cholesterol-Dependent Cytolysins

Pneumolysin is part of a larger group of proteins of patho-
genic gram-positive bacteria known as cholesterol-dependent
cytolysins (CDCs) (Fig. 8). All of them are virulence factors for
their organisms. Their mode of action is based on binding to
the host cell cytoplasmic membrane cholesterol, a process that
is followed by insertion into the targeted membranes and for-
mation of relatively large pores. Once the pores are formed,
the targeted cell undergoes lysis. The exception to this is found
in the Listeria monocytogenes CDC, listerolysin O, which lyses
phagosomal membranes but not the cell membrane due to its
low pH activity optimum at around pH 5.5 (55). All these
proteins have some similarities in their primary structures as
well as in their modes of action. Their structural properties
seem to vary depending on their environment. CDCs have a
water-soluble form, a cholesterol-bound form, and a cholester-
ol- and membrane-bound form. The forms differ in structure to
various degrees. The water-soluble CDCs usually exist in aque-
ous solution as monomers and dimers, probably becoming
dimers after association with cholesterol (80), and then form
large oligomers while embedded in the lipid bilayer of a target
cell membrane. For pneumolysin, its membrane pore assembly
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consists of 30 to 50 monomeric Ply molecules with the assem-
bly diameter of 35 to 45 nm (132). The presence of cholesterol
in the target membrane is absolutely necessary for the cyto-
toxicity of CDCs, and Ply is no exception.

Surprisingly, Ply is not actively secreted during bacterial
growth due to the lack of the N-terminal secretion signal se-
quence. However, its function is necessarily coupled to being
released from the cell. This release of Ply from the cytoplasm
is dependent on another S. pneumoniae enzyme, autolysin
(LytA). Autolysin naturally degrades the bacterial cell wall
during cell division, but under certain conditions such as in the
stationary phase of growth in vitro or on antibiotic or detergent
treatment it induces cell lysis (132). The details of the process
of autolysis during infection are still under investigation and
are not totally clear.

Homology-Based Structural Properties

Although the structure of Ply is not known, it is expected to
be similar to the structures of CDC molecules from other
bacterial organisms that have already been elucidated struc-
turally by X-ray crystallography. Of these CDC molecules, the
structure of perfringolysin (Pfo) from Clostridium perfringens
probably is the most similar to that of Ply, based on the high
sequence similarity of 60% (47, 130). Other CDC molecules
studied by structural X-ray crystallographic methods include
aerolysin from Aeromonas hydrophilia (111), a-hemolysin from
Staphylococcus aureus (141), and protective antigen from Ba-
cillus anthracis (118) (Fig. 8). All of these proteins have a
similar three-dimensional fold with a characteristic domain-
based structure, elongated shape, and high percentage of
B-sheet structure (Fig. 8 and 9). Detailed comparison of these
macromolecules shows significant differences, mainly based on
different arrangements of the domains. Based on the compar-
ison of Ply to Pfo and modeling studies, a structural model of
Ply has been proposed (131). The modeling studies were fol-
lowed by mutation analysis, and together these studies pro-
vided some insight into the structural and functional properties
of Ply. Pfo-based modeling shows that the Ply molecule is
composed of four domains (1 through 4), with domain 4 being
involved in cholesterol binding on membranes of target cells.
In general, the Ply model is very similar to the crystal structure
of Pfo (root mean square difference of 0.6 A for Ca carbon
atoms). The only sequence insertion in Ply that is not found in
Pfo is in domain 1 and is located in a surface-exposed loop.
The most conserved region at the sequence and structural
levels seems to be the Trp-rich segment in domain 4, which is
thought to be responsible for cholesterol binding (82, 131).
Only detailed structural information obtained from X-ray crys-
tallography or nuclear magnetic resonance spectroscopy will
facilitate the elucidation of the differences and similarities be-
tween Ply and Pfo in significant detail.

Model of Cell Membrane Insertion

The region of domain 4 of Ply that is directly implicated in
cholesterol binding is a Trp-rich loop (Fig. 9). This loop is the
most highly conserved region of the CDC family of enzymes
and contains an 11-amino-acid segment (61). In pneumolysin,
this region contains the only cysteine residue in the whole
molecule, in addition to three tryptophan residues all of which

MICROBIOL. MOL. BiOL. REV.

are implicated in the mechanism of membrane binding, com-
plement activation, and pore formation (131, 133). The muta-
tions of this Cys residue that most probably do not change the
conformation of the Trp-rich loop do not have any detectable
effect on the hemolytic activity and on pneumococcal viru-
lence. However, mutations changing the loop conformation
result in decreased hemolytic activity, but the mutants still
could be inhibited by cholesterol binding. Recent studies have
shown that certain regions of the Ply monomer change their
structural conformation, first decreasing the a-helical confor-
mation along with a decrease in B-sheets upon binding to
cholesterol (82, 107, 112, 130), leading to a shift in the Trp-rich
loop of Ply and an increase in the B-sheet content, probably in
domain 3, during the membrane insertion associated with the
transition to the oligomeric form of the toxin (56, 80, 139, 140).

The conformational change associated with cholesterol
binding exposes a hydrophobic part, probably on domain 4,
that can then undergo the insertion process into the host cell
membrane. As the protein shifts, Ply molecules aggregate into
large ring structures and form pores. Such pores within the
target cell membrane upset the delicate osmotic balance be-
tween the cell and its environment, allowing material to leak in
and out freely, quickly leading to lysis of the target cells.

AUTOLYSIN

Autolysins are members of a widely distributed group of
enzymes that degrade the peptidoglycan backbone of bacterial
organisms. The action of these cell wall-degrading enzymes
ultimately leads to cell lysis (126). These enzymes are located
in the cell envelope and are also postulated to play roles in a
variety of physiological cell functions associated with cell wall
growth, its turnover, and cell separation in microorganisms
(152). The major function of this group of enzymes, cell wall
degradation, has significant physiological consequences, such
as cell lysis which leads directly to cell death (152, 156). An
example of one such enzyme is the S. pneumoniae N-acetylmu-
ramoyl-L-alanine amidase, also known as LytA amidase (91,
127). It probably is the best characterized autolysin of this
group of enzymes, and it has been implicated in the pathoge-
nicity of pneumococci. One of the direct implications is the
release of the components of cell wall shown to be highly
inflammatory in some animals (158). The indirect implication
involves the release of cytoplasmic bacterial proteins including
bacterial virulence factors such as pneumolysin (76, 102). The
precise role of LytA in virulence is still under debate (151).
The mutations of lytA gene in the S. pneumoniae chromosome
lead to significantly decreased virulence of this organism com-
pared to wild-type strain in mouse intraperitoneal challenge
(8). Such behavior clearly indicates that the lyz4 gene is im-
portant to pneumococcal pathogenesis. Other studies of LytA
also have shown that this amidase induces a protective re-
sponse in mice to streptococci when inoculated in the lungs
(11, 12, 26). This protective property of LytA that contributed
to a significantly longer survival for mice challenged intrana-
sally with autolysin makes it a potential component of novel
antipneumococcal vaccines (13, 89). The degrees of protection
in mice immunized with autolysin and pneumolysin were
shown to be similar, and no additional protection was observed
in animals immunized with both proteins. In addition, no in-
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FIG. 9. Structure of perfringolysin, a model structure for pneumo-
lysin. All domains are labeled from 1 to 4, along with the Trp-rich loop
in domain 4 (pdb: 1pfo). Domains 3 and 4 were implicated in mem-
brane insertion accompanied by conformational changes leading to an
a-helix—to—B-strand secondary structure shift.

crease in survival time was observed in mice challenged with a
pneumolysin-negative strain. These data are consistent with
the idea that, at least in a mouse model, the antiautolysin
antibodies exert their effects primarily by preventing the re-
lease of pneumolysin. On the other hand, autolysin played a
major effect in middle ear infection in a chinchilla otitis media
model, where the role of Ply was more limited (136). Yet other
reports show a lack of influence of autolysin on the virulence of
pneumococci (151). There clearly is still some controversy re-
garding the role of autolysin in pathogenesis.

The contribution of LytA and other virulence factors ap-
pears to vary among different disease states and different an-
imal models (114). The gene for pneumococcal LytA amidase,
lytA, has been cloned, and the protein was produced from
Escherichia coli, allowing its characterization (53, 54). Pneu-
mococcal LytA amidase has a molecular mass of ~36 kDa and
has a modular organization; it is composed of two distinct
domains. One domain is composed of six 20 to 21-amino-acid
repeats located at the C-terminal part (similar to that of the
PspA repeat domain or CBR) and is responsible for the at-
tachment to teichoic or lipoteichoic acid residues on the sur-
face of pneumococci. The other domain, located at the N
terminus, is probably directly responsible for the lytic activity
against pneumococcal peptidoglycan structures. Attachment of
the enzyme to the choline of the S. pneumoniae cell wall tei-
choic acid is essential for the lytic activity of the enzyme (155).
The carboxy-terminal attachment module probably influences
the activity of the enzyme by stabilizing or inducing its active
conformation (17). Also, it recently became clear that all bac-
terial cell lytic enzymes appear to have a two-domain architec-
ture.
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Structural Properties of LytA

Although the three-dimensional structure of LytA is un-
known, the enzyme was characterized to a significant degree
using other biophysical methods such as analytical sedimen-
tation and spectroscopy. The LytA enzyme forms dimers in
solution, with an equilibrium constant between dimers and
monomers of ~10° M™'. The monomer-dimer equilibrium
shifts toward more dimer formation on an increase in choline,
with an equilibrium constant of ~10® M~'. No higher-order
aggregates were reported (159). Even in the absence of cho-
line, as much as 80% of the enzyme is in the dimeric popula-
tion. The shape of the molecule based on sedimentation ve-
locity analysis is an elongated, rod-like molecule with a length/
width ratio of ~15/1 and dimensions of 190 by 13 A for the
LytA functional dimeric form. The catalytic sites are probably
located at both ends of the elongated ellipsoidal molecule. The
elongated shape might facilitate the diffusion of the enzyme in
the cross-linked peptidoglycan structures, allowing greater ac-
cess to peptidoglycan substrates that are hydrolyzed. The sec-
ondary structure of this autolysin consists of 47% B-sheets,
19% a-helices, and 23% turns, as well as 11% irregular struc-
tures (100). The secondary structure of the C-terminal module
is very similar to that of the whole LytA molecule, with a
characteristic high B-sheet content. The composition of the
N-terminal part, therefore, was concluded to also have similar
secondary structure to the whole LytA molecule or its C-
terminal module. The binding of LytA to choline residues does
not cause any significant change in the secondary-structure
composition, which is indicative of the lack of major structural
changes for the molecule during this event (100). The second-
ary structure is essentially unaffected by the increased amounts
of choline present. However, two modes of choline binding to
the C-terminal module have been detected; one is low affinity
and another is high affinity. Saturation of choline binding to
the high-affinity sites induces dimerization and subsequent in-
crease of the affinity for the substrate (100, 159). The dimer-
ization involves primarily the C-terminal part of the molecule,
with preferential binding of two choline molecules to the
dimer. On the other hand, saturation of the low-affinity sites
requires a choline concentration similar to those necessary for
inhibition of this amidase in in vivo assays (100). The presence
of these two choline binding sites, together with inducible di-
merization, might play an essential role in LytA cellular tar-
geting by causing a preferential location of the enzyme at the
sites of its action on the cell wall. It is common knowledge that
other bacterial organisms have similar lytic enzymes with the
ability to degrade their peptidoglycans. LytA is therefore a
member of a large group of bacterial lytic enzymes.

PNEUMOCOCCAL SURFACE ANTIGEN A

Pneumococcal surface antigen A (PsaA) is yet another vir-
ulence factor of pneumococci; it has a molecular weight of
34,539 and is composed of 309 residues. It elicits protective
properties in mice against S. pneumoniae (148), and the PsaA™
mutants of pneumococci were also avirulent in a mouse model
(9). The likely function of PsaA is the transport of Mn** and
Zn** into the cytoplasm of the bacteria (41). The protein is
thought to be anchored to S. pneumoniae via the bacterial cell
membrane and a lipid component that is covalently attached to
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FIG. 10. Three-dimensional structure of PsaA based on the X-ray diffraction data (pdb: 1psz). The metal bound in its binding site is labeled.

Two perpendicular views of the protein are shown.

the protein. Such attachment has a characteristic signature in
the C-terminal part of the protein signal sequence, i.e.,
LX,X,C, where X, usually is A, S, V, Q, or T and X, is G or
A (149). In this attachment mechanism the protein forms a
covalent linkage with diacylglyceryl to the Cys residue followed
by proteolytic cleavage of the signal sequence. This way, the
modified Cys is present at the amino-terminal part of the
protein. Such a signature sequence for covalent attachment of
lipid is present in the PsaA sequence, and this mechanism
probably keeps this protein attached to the bacterium.

Structure

The three-dimensional structure of PsaA has recently been
elucidated by X-ray crystallographic techniques (87). The
structure includes 290 amino acids, Ala-19 to Lys-309, out of
309 amino acids of the full-length mature protein. A few ad-
ditional residues were added to implement an N-terminal
fusion with a polyhistidine tag, which is convenient for purifi-
cation (120). The structure of PsaA consists of two twofold-
pseudosymmetrical (B/a), sandwich domains and amino- and
carboxy-terminal domains (Fig. 10). The B-strands of each
domain form parallel B-sheets (87). The N-terminal part of
the structure, including the LX,X,C (X, and X, are defined
above) signature sequence, is not visible in the structure. How-
ever, the whole N-terminal part of the amino-terminal domain
structure protrudes somewhat outside the PsaA molecule and
does not form any significant contacts outside of the expected
crystal-packing interactions. It is likely that these residues of
the N-terminal part of PsaA are somewhat flexible, accommo-
dating protein binding to lipids of the S. prneumoniae cytoplas-
mic lipid bilayer and facilitating the attachment to bacteria. A
sequence comparison of different strains of PsaA shows that
this region of the molecule is the least highly conserved and
therefore is likely to assume a variety of structures, including
highly flexible and/or disordered structures, accommodating
the flexible attachment to the lipid bilayer (9). In gram-nega-
tive bacteria these proteins lack a membrane anchor and are
found free in the periplasm.

Metal Binding and Function

The metal binding site is present at the interface between
the amino- and carboxy-terminal domains. The metal-coordi-
nating ligands include His-67, His-139, Glu-205, and Asp-280
in a tetrahedral geometry. The atoms coordinating to metal are

NE2 from both histidines, OE1 from Glu-205, and OD2 from
Asp-280 (87). Crystallographic refinements suggest the pres-
ence of Zn?" in the metal binding site, which is consistent with
the tetrahedral coordination geometry of this metal. In nature,
zinc usually has a tetrahedral or distorted tetrahedral coordi-
nation of its ligands when bound to proteins (29). It is also less
discriminating in the type of its ligands than is Mn**, for
example. The coordination geometry of Mn** bound to pro-
teins is usually square pyramidal, trigonal bipyramidal, or oc-
tahedral (30). The coordination sphere for Mn*" is usually
filled with the carboxyl groups of Glu and Asp, the carboxy-
amide of Asn or Gln, or a nitrogen atom of His. The sizes of
the two metals are similar: 0.80 A for Mn>* and 0.74 A for
Zn>* (33). Therefore, the coordination geometry suggests that
PsaA interacts with Zn?*, but the type of the metal ligands
could easily accommodate Mn?*. The tetrahedral geometry is
similar to the square pyramidal geometry typical of how Mn**
binds to proteins. The absolute determination of PsaA speci-
ficity for Mn** and/or Zn?* still remains to be done. However,
the growth requirements of PsaA™ mutants suggest that PsaA
plays an essential role in the transport of Mn?* into the cyto-
plasm of pneumococci (41).

The investigations of PsaA clearly suggest that this molecule
is not an adhesin, as was initially thought (9, 134). The lipid-
linked PsaA protein, with dimensions of 40 by 40 by 70 A, is
probably present beneath the peptidoglycan and capsule struc-
tures of pneumococci. The total thickness of the pneumococcal
cell wall is approximately ~0.36 pm (153). PsaA therefore has
no possibility of protruding outside the cell wall. The initial
adhesin features of PsaA deduced based on analysis of PsaA™
pneumococcal cells may have been due to a secondary effect
causing the absence of another adhesin molecule like choline
binding protein A (CbpA) modulated by the presence or ab-
sence (in PsaA~ mutant pneumococci) of Mn** or Zn*".

Sequence Analysis

Genomic sequence analysis shows that PsaA belongs to an
ATP binding cassette (ABC)-type transport system (9) and
constitutes the extracellular component responsible for solute
(metal) binding. The ABC-type transport system is character-
istic of prokaryotic and eukaryotic cells (60) and has up to
three components, an extracytoplasmic protein responsible for
solute binding (such as PsaA), an integral membrane part
responsible for transport of the solute through the cell mem-
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brane, and a cytoplasmic protein binding ATP. ATP hydrolysis
is coupled with solute transport since it provides energy nec-
essary for transport. In S. pneumoniae and other gram-positive
bacteria, the solute binding proteins have only an extracellular
component and are anchored to bacteria by a lipid attached to
the protein. These proteins also have a characteristic sequence
motif, LX,X,C, which is found in PsaA and was described
above, which is responsible for lipid attachment. ABC-type
proteins are often grouped into clusters based on sequence and
ligand identity. Another member of the ABC-type proteins in
S. pneumoniae is AdcA, which, together with PsaA, belongs to
cluster 9 of metal transporters (41).

CHOLINE BINDING PROTEIN A

Pneumococci have a series of surface-exposed proteins that
attach to bacteria through a specific choline binding motif. Two
antigens already mentioned, PspA and LytA, are examples of
such proteins. These proteins, called CBPs, have modular
structures consisting of a C-terminal choline binding module
that is usually followed by a flexible linker peptide built from a
proline-rich segment and finally by a functional N-terminal
module. The choline binding module consists of several (usu-
ally around 10) repeat regions of usually ~20 amino acids. This
module has been identified to bind to terminal choline residues
of teichoic or lipoteichoic acid structures present on the sur-
face of S. pneumoniae and serves as an anchoring device to
pneumococci for these proteins. The CBP motif has also been
found among the surface proteins of other bacteria like Clos-
tridium acetobutylicum, Clostridium difficile, Streptococcus mu-
tans, and Streptococcus downei (164).

Structural Properties

Choline binding protein A (CbpA) was specifically identified
and characterized as a major CBP. It is a predominant protein
in the mixtures of CBPs isolated from pneumococci (129). It is
surface exposed and has a strong ability to react with both
human convalescent-phase antibody and the mouse protective
anti-CBP serum. The cloning of this protein allowed the de-
termination of its sequence. It consists of 663 amino acids and
has a molecular mass of 75 kDa. However, it apparently mi-
grates in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis at a higher mass (approximately 112 kDa). Like other
CBPs, CbpA has an N-terminal repeat region from residues
404 to 663 responsible for attachment to teichoic acid choline
residues, a proline linker from amino acids 374 to 403, and the
functional N-terminal module consisting of amino acids 1 to
373 (129). The repeat region consists of 10 20-amino-acid
repeats. However, the primary sequence of the N-terminal
module of CbpA is clearly different from that of the PspA N-
terminal domain. Sequence analysis of this N-terminal CbpA
region has shown the existence of common structural features
with PspA. CbpA comprises structural motifs such as a large
a-helical region (six a-helices) and a coiled-coil region (five
coiled-coils). Such secondary structure is consistent with a
fibrous molecule, which suggests a high structural similarly
of highly elongated, fibrous PspA (70). The structural features
of PspA have been investigated in greater detail than those of
CbpA, and, at least for the present, the structural model of PspA
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can serve as a general structural model for CbpA, even though
many structural details of these two proteins are different.

Function

The function of CbpA in adherence to host tissues and in
colonization was confirmed by studies of CbpA™ mutant pneu-
mococcal cells. The cbpA-deficient mutant cells have lost the
ability to interact with cytokine-activated host cells, with im-
mobilized 6'-siallylactose-human serum albumin (HSA)
(6'SL), and with lacto-N-neotetraose-HSA (LnNT). There-
fore, CbpA seems to be the first known protein adhesin iden-
tified on the pneumococcal surface. The molecule appears to
act as a bridging element between the choline of teichoic acid
or lipoteichoic acid and human cell glycoconjugates by utilizing
the repeat region binding to choline and the N-terminal region
binding to cells, respectively. This interaction is, however, re-
stricted to cytokine-activated human cells. This process might
be involved in advancing the pneumococcal disease from col-
onization to invasion.

It has been suggested that CbpA as well as other CBPs might
simply block the cell wall choline residues from interacting
with the host cells. It is likely that cytokine-activated human
cells express platelet-activating factor (PAF) receptor, which
has the ability to bind phosphocholine of the pneumococcal
cell wall (39). In this case, the role of CbpA and other CBPs
would only be to block such attachment. Both of these possi-
bilities, pneumococcal adhesion and pneumococcal surface
blocking, are likely.

NEURAMINIDASE

Neuraminidase is yet another virulence factor of S. pneu-
moniae that is present on all strains of pneumococci examined
(10, 79, 109). The enzyme cleaves terminal sialic acid from cell
surface glycans such as mucin, glycolypids, and glycoproteins,
which probably causes significant damage to host cell glycans
as well as to the host. This action changes the glycosylation
patterns of the host and probably exposes more of the host cell
surface, which may reveal surface receptors for possible inter-
action with pneumococci, contributing to increased adhesion
and other processes (82). The precise role of S. pneumoniae
neuraminidase in pathogenesis has not been clearly estab-
lished, but it probably enhances colonization due to its action
on glycans (128).

Types of Neuraminidases in Pneumococci

There appear to be at least two forms of the pneumococcal
neuraminidase enzymes, NanA and NanB, with NanA having a
molecular mass of ~108 kDa (25) and NanB having a mass of
~75 kDa (10). The structural genes for NanA and NanB have
been cloned and sequenced (Fig. 11) (10, 25). Their sequences
exhibit negligible homology. Both enzymes seem to have a
propensity for degradation to smaller fragments during in vitro
growth and protein purification, and some of these fragments
preserve neuraminidase activity. For NanA, active fragments
as small as 85 kDa were isolated (90). NanA has been located
on the surface of pneumococci through antibody studies (25).
The activity of NanB is approximately 100 times lower than
that of NanA (10, 90). NanA but not NanB contains a C-ter-
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FIG. 12. Three-dimensional structure of Salmonella enterica serovar Typhimurium LT2 neuraminidase with 2-deoxy-2,3-dehydro-N-acetyl-
neuraminic acid (DANA) bound in its active site (pdb: 3sim). Two perpendicular views of the enzyme are shown.

minal signature sequence containing an LPXTGX motif (dis-
cussed above for hyaluronate lyase), which probably reflects
the covalent binding of NanA to peptidoglycan structures of
S. pneumoniae (Fig. 11) (25, 49, 137).

It is peculiar that an organism would have two different
neuraminidases. It is still uncertain why S. pneumoniae pro-
duces at least two of them. It is likely that they specialize to be
most efficient in different environments for pneumococci that
are important during infection or invasion of the host. Such a
possibility is supported by their different molecular sizes as well
as by different activities of both enzymes at different pHs.
NanA has maximum activity at ~pH 5, whereas NanB is most
active at pH ~7 (10).

Structural Homology of Neuraminidases

No three-dimensional structural data are available for NanA
or NanB neuraminidases from S. pneumoniae. However, the
structures of various forms of neuraminidase of viral origin (21,
74, 147, 157, 160) and of bacterial origin from Salmonella
enterica serovar Typhimurium are available (Fig. 11 and 12)
(35, 36). The monomer of the S. enterica serovar Typhimurium
neuraminidase is composed of only 379 residues, whereas
NanA has 1,035 amino acids. The sequence similarity between
the two enzymes is only 20% (Fig. 11). However, due to their
similar function, there is probably some structural similarity.
Both enzymes are monomers, whereas the viral enzyme is a
tetramer. Only the three-dimensional structural information of
both NanA and NanB will show the details of their function
and mechanism of action. However, currently the S. enterica
serovar Typhimurium structure may serve as a model to pro-
vide insights into bacterial neuraminidase structure and func-
tion.

The enzyme from S. enterica serovar Typhimurium consists
of six four-stranded antiparallel B-sheets arranged in a propel-
ler-like fashion (Fig. 12). The active site is located on the
surface in a shallow crevice in the middle of the enzyme. The
catalytic site includes three arginine residues responsible for
stabilizing the carboxyl group of the substrate, sialic acid. At

the bottom of the crevice is a tyrosine residue interacting with
the substrate ring structure. A hydrophobic pocket accommo-
dates the N-acetyl group. Glu-231 is involved in the catalysis by
proton donation (36).

CONCLUSIONS

Pneumococcal Adherence and Interactions
with Host Cells

Pneumococcal adherence to host cells has been suggested to
be a two-step process (38). The first step involves targeting an
anatomic niche of the host like the nasopharynx to bind to the
host surface glycoconjugates on respiratory epithelial and en-
dothelial cells. Following this step, cytokine activation is in-
duced, which results in expression of novel glycans on the
surface of activated cells and increased pneumococcal adher-
ence. An example of such cytokine activation is the expression
of platelet-activating factor receptors on some host cell sur-
faces (39). These two steps lead to pneumococcal invasion of
the host and to pneumococcal disease. S. pneumoniae adher-
ence to the host probably involves an array of adhesin mole-
cules expressed on its surface. Examples of such molecules that
take part or modulate adhesion to host cells are discussed
above for CbpA and both neuraminidases.

In addition to adherence to the host cells, pneumococci have
developed other ways to interact with the host and its tissues.
At least in part, such interactions involve a variety of host cells,
tissues, or tissue components and the pathogen utilizes an
array of its predominantly surface macromolecules. Surface
molecules not predominantly involved in host adherence have
been discussed above and include PspA/PspC, Hyl, Ply, LytA,
and PsaA (Fig. 1). These protein are involved in interactions
with the host complement system (PspA), degradation of hy-
aluronan of the ECM, lysis of cholesterol containing mem-
branes (Ply), degradation of peptidoglycan layers of pneumo-
cocci most likely to release cytoplasmic Ply and inflammatory
degradation products of cell wall (LytA), and binding of metals
(divalent cations) such as Mn?>* or Zn*" (PsaA) followed by
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their transport inside cytoplasm of pneumococci (ABC-type
transporters).

The functions of all the above proteins facilitate significant
aspects of pneumococcal colonization and/or invasion; com-
promising these function leads to compromised pathogenicity
of S. pneumoniae. Therefore; these proteins can serve as tar-
gets for the development of novel therapies to treat pneumo-
coccal disease. On one hand, the antibodies against the major-
ity of these surface antigens are protective against the disease,
and therefore these antigens can be used as protein-based
vaccine candidates. One of these antigens, PspA, is already
being used to develop a novel vaccine, and the initial evalua-
tion of this vaccine candidate is very promising. On the other
hand, some of these proteins can have their function compro-
mised or totally abolished by the use of small molecules that
most probably bind in their active sites; these small molecules
can be used to develop potent drugs.

The availability of three-dimensional structural information
about pneumococcal proteins will most probably facilitate the
elucidation of the detailed function and detailed mechanism
involved in such function. Such knowledge will aid the devel-
opment of treatment strategies for pneumococcal disease as
well as aiding the progression of science in general. However,
structural information must be accompanied by an increased
understanding of the role of such proteins during various
stages of pathogenesis in animals and finally in humans.

Pneumococcal Vaccines

Polyvalent vaccines based on purified capsular polysaccha-
rides are limited in their potency because of their poor immu-
nogenicity, especially in susceptible groups of patients like
young children and the elderly (143). The poor immunogenic-
ity of polysaccharide vaccines is due to a poor antibody re-
sponse elicited by these vaccines and to the fact that the T-cell
independence of the response fails to induce memory. In ad-
dition, the available vaccines make up only a limited number of
serotypes out of 90 known. The development of conjugated
vaccines by coupling the polysaccharides with protein carri-
ers should increase the potency of the vaccine, but it also will
limit the serotypes included in such conjugate mixtures. The
combination of polysaccharides with a protein significantly
increases immunogenicity and memory to polysaccharide an-
tigens. If the protein carrier(s) has the ability to induce addi-
tional protection (e.g., the antigens discussed in this review),
the resultant vaccine would be improved by the induction of
anti-protein antigen antibodies. Such additional protection
might also be independent of the serotypes. Therefore, the
development of a two-component vaccine comprising a poly-
saccharide and a nonpolysaccharide part, such as a protein
(discussed above), might be the best approach (2, 18, 106, 113,
158). Vaccines composed of mixtures of polysaccharides and
protein antigens are likely to provide better protection against
S. pneumoniae than are vaccines based only on one or limited
mixtures of the possible single-type (polysaccharide or protein)
protective components. Mixtures of some possible vaccine
components can provide an additive attenuation of virulence.
The possible protein candidates for such vaccines have been
discussed above. However, more studies are needed to assess
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the usefulness of various antigens or their mixtures in various
modes of pneumococcal challenge.

Pneumococci and Patients with Other
Predisposed Conditions

Patients with a predisposing condition of weakened immune
system (e.g., AIDS patients or cancer patients) are susceptible
to serious infections from encapsulated bacteria, particularly
pneumococci (44, 62). Specific examples of cancer patients
include, but are not limited to, patients with splenectomy (44)
and those undergoing radiotherapy of the head and neck re-
gion (62). A rapid onset of severe pneumococcal infections has
been observed in asplenic patients. In addition, it is well known
that radiotherapy of the head and neck region increases the
frequency of upper respiratory infections. Therefore, vaccina-
tion against pneumococci is strongly recommended for all pa-
tients undergoing splenectomy or radiotherapy. The radiation-
induced changes in the oral microflora increase the numbers of
virulent streptococci and other exogenous pathogens. Presum-
ably the change in the microflora results from a compromised
immune system as a result of radiation therapy, and not from
irradiation of the microflora. By increasing our knowledge
about pneumococcal virulence factors, we will aid the develop-
ment of a better vaccine or drug and contribute to the increase
in the survival rate of infected patients.
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