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Streptococcus pneumoniae comprises 90 serotypes, each one having its own specific
polysaccharide capsule. In order to explore the diversity of capsular polysaccharide
synthesis (cps) gene clusters in S. pneumoniae, we performed cross-hybridizations
between the 12 ¢ps genes of S. pneumoniae serotype 14 and chromosomal DNA of 26 strains
comprising 26 different capsule types. Large variations in the hybridization patterns were
observed. The genes cpsI4A to cpsI4D are conserved in most serotypes. Sequences
homologous to ¢ps14I to cps14L were only observed in the four types of serogroup 15, which
all have a capsule structure similar to that of type 14. By using a c¢psI4E knock-out
construct, cpsE mutants of the pneumococeal types 9N, 13, and 15B were obtained. These
mutants were unencapsulated and showed reduced glycosyltransferase activity, indicating
that the pneumococcal types 9N, 13, and 15B express a glucosyl-1-phosphate transferase
which is homologous to Cpsl4E. Glycosyltransferase assays showed that among 21
pneumococcal types which contain glucose in the core of their capsule polysaccharide, 19
types express glucosyl-1-phosphate transferase activity. However, not all of these types
hybridized strongly with Cps14E, the type 14 glucosyl-1-phosphate transferase gene. Thus,
pneumococci possess glucosyltransferase genes distinct from cpsI4E, but encoding
enzymes with identical activity. All serotypes which synthesized lipid-linked lactose
intermediates in glycosyltransferase activity assays (type 11B, 13, 15F, 15A, 15B, 15C)
hybridized with ¢ps14G. This gene encodes a galactosyltransferase which catalyzes the
addition of 1,4-linked g-galactose to lipid-linked glucose. The ¢cpsI4G homologues in type
11B, 13, 15F, 15A, 15B, and 15C may encode a similar g-galactosyltransferase activity as
cpsi4@G in type 14.

Key words: capsule, glycosyltransferases, polysaccharides, Streptococcus pneumoniae.

Polysaccharide capsules are ubiquitous structures found on
the cell surface of a broad range of bacterial species.
Capsular polysaccharides (CPs) are generally composed of
repeating oligosaccharides, consisting of 2 to 10 monosac-
charides, sometimes complemented with other compo-
nents. Any 2 monosaccharides may be joined in a number of
configurations as a consequence of the multiple hydroxyl
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groups within each monosaccharide that may be involved in
the formation of a glycosidic bond. As a result of this, CPs
are an incredibly diverse range of molecules that may differ
not only by the type and number of monosaccharides within
a subunit, but also in how the monosaccharides are joined
together. Biosynthesis of heteropolymeric CPs with a more
or less complex oligosaccharide subunit structure requires
a complex pathway, starting with the uptake or synthesis of
the monosaccharide components and their conversion into
nucleotide derivatives. A membrane-associated transfer-
ase complex would catalyze the successive linkage of
monosaccharides to a lipid carrier molecule, which is
followed by polymerization of the subunits, transport and
attachment of the complete CP to the cell surface.
Streptococcus pneumoniae, a human pathogen causing
serious invasive diseases, produces a polysaccharide cap-
sule that is required for virulence. The capsule protects the
bacterium from the host’s immune system and prevents
phagocytosis (I). Currently, 90 different serotypes have
been identified (2), each one expressing its own distinct CP.
Although the chemical structures of many of these CPs
have been established (3), studies on the genes involved in
the capsular polysaccharide synthesis (¢ps) and the func-
tion of their translation products started only recently (4).
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Classic experiments demonstrated that genes specific for
the synthesis of a given CP can be tranferred as a unit
during genetic transformation (5), indicating that the cps
genes are closely linked in the pneumococcal chromosome.
This has been confirmed in recent studies for type 1 (6), 3
(7-9), 14 (10-12), 19B (13), and 19F (14, 15).

The cps locus of S. pneumoniae serotype 14 (cpsl4)
comprises 12 genes (Fig. 1), four of these genes (cpsI4E,
cps14@G, cps14l, and cps14J) encode the glycosyltransfer-
ases required for the synthesis of the type 14 tetrameric
subunit (11, 12). Based on sequence comparison, other
putative functions have been deduced for the gene products
of ¢ps14A (regulation), cps14C (chain length determina-
tion), cpsi4D (export), cpsI4H (polysaccharide polymer-
ization), and ¢psI4L (transport of the repeating unit) (11,
12). The cpsl9f gene cluster consists of 15 genes, all
required for CP biosynthesis in S. pneumoniae type 19F
(14, 15). Besides genes encoding (putative) functions as
described above for serotype 14, the c¢ps19f locus also
contains genes involved in the synthesis of the nucleotide
sugars, needed for assembly of type 19F CP. The cps gene
cluster of type 19B (cps19b) resembles that of type 19F,
but the c¢psI9b locus contains three additional cps genes
(13). Furthermore, the potential polysaccharide polymer-
ase and the repeating unit transporter of type 19B are
distinct from those of type 19F. The cps locus of type 1
(capl) contains eleven genes, the capIK gene of this gene
cluster encodes a UDP-glucose dehydrogenase (6). The cps
locus of S. pneumoniae type 3 is considerably less complex
than those of type 1, 14, 19B, and 19F. This locus contains
three type-specific genes, which encode a UDP-glucose
dehydrogenase, a polysaccharide synthase, and a glucose-1-
phosphate uridylyltransferase (4, 7, 9). An additional type
3-specific gene, encoding a phosphoglucomutase, was re-
ported by Dillard et al. (7). However, the corresponding
sequence in another type 3 strain is interrupted by an
IS 1167 sequence (4), indicating that this gene is dispens-
able for type 3 CP synthesis. Furthermore, the type 3 cps
locus contains two additional ORFs, almost identical to
cps14C/Cps19fC and cpsi4D/cpsl9fD, however these
ORF's are not functional in type 3 pneumococci (4).

In this study we explored the genetic diversity of cps loci
among several pneumococcal strains from various sero-
groups, using our detailed knowledge of the cpsi4 gene
cluster. We used individual ¢psl4 genes for cross-hybri-
dization with chromosomal DNA from 26 different pneu-
mococcal serotypes. Furthermore, we discuss these findings
in relation to the type-specific glycosyltransferase activ-
ities detected in many of these pneumococcal types.

M.A.B. Kolkman et al.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions—S. pneumo-
niae serotype 14 was NCTC 11902. The pneumococcal
strain 5MC (nov-r1) has been described elsewhere (16). All
other pneumococcal strains were obtained from A.J.W. van
Alphen (Academic Medical Center Amsterdam, The Neth-
erlands). Pneumococci were grown at 37°C in Todd-Hewitt
broth supplemented with 0.5% yeast extract (THY-
medium) in a static culture, or on blood agar plates under
aerobic conditions. Tetracycline and novobiocin were used
at a concentration of 10 ug/ml for selection of S. preumo-
nige mutants.

Plasmids and Antibodies—The plasmid pKOMO3, con-
taining cpsI4E with a tetM insertion mutation, has been
described before (10). Monoclonal antibody HASPS8 (react-
ing to pneumococcal C-polysaccharide) was obtained from
U.B. Skov Sgrensen (Statens Seruminstitut, Copenhagen,
Denmark).

DNA Techniques—Most DNA techniques were perform-
ed as described previously (17). Chromosomal DNA was
isolated as described by Ausubel et al. (18). Transforma-
tion of the encapsulated pneumococci with chromosomal
DNA from strain 5MC by using the competence-stimulat-
ing peptides CSP-1 and CSP-2 (kindly provided by D.A.
Morrison, University of Illinois at Chicago, Chicago) was
essentially performed as described by Pozzi et al. (19).
Mutants were selected for novobiocin resistance. Similarly,
transformations were performed with plasmid pKOMO3.
In this case, transformants were selected for tetracycline
resistance and mutations were confirmed by Southern
hybridization analysis.

Southern Hybridization Analysis—Chromosomal DNA
(approximately 3 ug) was digested with EcoRI, electro-
phoresed in a 1% agarose gel in 0.5 X TBE buffer (1 X TBE=
89 mM Tris/89 mM boric acid/2 mM EDTA) and transfer-
red to a nylon membrane (Hybond N, Amersham) (17).
The following DN A fragments, either restriction fragments
of previously published subclones of ¢cMKO02 (10-12) or
obtained by PCR amplification, were labeled with **P by
using a random priming labeling kit (Amersham) and used
as a probe: nucleotides (Genbank accession number
X85787) 1419-2916, 3126-3631, 3631-4252, 4235-4934,
4965-6393, 6396-6868, 6766-7272, 7279-8514, 8465-
9448, 9450-10501, 10668-11365, 11379-12899 for
¢psl4A to cpsl4L, respectively. Labeled DNA fragments
of nucleotides 12810-13595 and 13173-13471 were used as
an entire orfX probe, and as an internal orfX probe lacking

Fig. 1. Organization of the cps
locus of S. pneumoniae serotype
14. A central region containing the

cps14A  cps14B cps14C cps14D cps14E cps14F cps14G cps14H cps1dl cps1dJ cps14K cpst4l

type-specific glycosyltransferases
and the putative CP polymerase is
” 4| flanked by two regions presumed to

encode functions such as regulation

Regulation/Export CP/

Chain length determination CP polymerase

More or tess conserved in Not conserved in S. pneumoniae

S. pneumoniae

Serotype specific glycosyltransferases/

and transport (see text for details).
Only the genes cpsi4A to cpsl4D
are more or less conserved in S.
pneumoniae. The nucleotide se-
quence of the c¢psl4 gene cluster is
available in the GenBank under
accession number X85787.

Unknown function /
Transport repeating unit

Not conserved in
S. pneumoniae
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the IS1167 sequence at the 3’ end of orfX, respectively.
Hybridizations were carried out at 60°C without form-
amide. Washes were performed three times with 2 x SSPE
(1xXSSPE=0.18 M NaCl/10 mM NaH,PO./1 mM EDTA
[pH 7.7]); 0.1% SDS at 60°C for 15 min.

Glycosyltransferase Assays and Analysis of Lipid-Link-
ed CP Intermediates by Thin Layer Chromatography—
Preparation of pneumococcal membranes and glycosyl-
transferase activity assays were essentially performed as
described before (10). For each reaction, pneumococcal
membrane preparation (approximately 25 ;g protein) was
incubated at 10°C for 1 h with 0.05 ¢ Ci UDP-[*C]glucose
(Amersham, 296 mCi/mmol) or 0.05 4Ci UDP-['*C]ga-
lactose (Amersham, 305 mCi/mmol), and 10 mM MgCl, in
a final volume of 50 ul. Reactions were stopped by the
addition of 1 ml chloroform-methanol (2:1). This solution
was extracted three times with 0.2 ml of PSUP (1.5 ml of
chloroform, 25 ml of methanol, 23.5 ml of water, and 0.183
g of KCl). The incorporation of **C label into the glycolipid
fraction in the organic phase was measured in a scintillation
counter (Beckman). Lipid-linked intermediates were hy-
drolyzed from the lipid carrier by mild acid hydrolysis (11),
dried in a Speed-Vac, and resuspended in 40% 2-propanol
containing 5 mg/ml unlabeled glucose, galactose, and lac-
tose, serving as carriers and internal standards. Thin layer
chromatography (TLC) was carried out on HPTLC silica gel
(Merck), developed in 1-butanol-ethanol-water (5:3:2),
sprayed with En’hance spray (DuPont) and autoradio-
graphed for 1 to 2 days. Unlabeled sugar standards were
visualized by spraying the TLC plate with 5% H,SO, in
ethanol and heating at 100°C for 10 min.

RESULTS

Distribution of cpsl4 Genes in Other Pneumococcal
Serotypes—In previous studies, we identified twelve genes
(cps14A-L) which are involved in CP synthesis in S.
pneumoniae serotype 14 (10-12). In this study, we per-
formed cross-hybridization experiments in order to exam-
ine the presence of c¢ps genes in other pneumococcal
serotypes. DNA fragments encoding individual cps14 genes
were *?P labeled, and used to probe Southern blots of
digested chromosomal DNA of 26 strains comprising 26
capsule types belonging to 20 different serogroups. Large
variations in the hybridization patterns were observed
(Table I).

All pneumococcal types tested hybridized with the
cps14A probe (Table I). The cps14A gene is almost identi-
cal to cps19fA of S. pneumoniae type 19F (12, 14), which
also hybridized with DNA of all 20 pneumococcal strains,
belonging to 16 different serogroups, tested by Morona et
al. (15). Cps14A/Cpsl19fA are possibly regulatory pro-
teins, that have homology with LytR of Bacillus subtilis, a
transcriptional regulator of the lytABC operon (12, 14). All
pneumococcal types used by Morona et al (15) also
hybridized with cps19fB, which is almost identical to
cps14B of type 14. However, we observed that the types
11A and 11B, which were not tested with the cps19/B
probe, did not hybridize with cps14B. Sequences closely
related to ¢ps14C and cps14D were also found in many
serotypes, but not all (Table I). The function of Cps14B
(and its homologues) is not known, but Cps14C and Cps14D
may have a role in chain length determination and export of
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CP (11). The functions encoded by cpsl4A-D are not
type-specific, since c¢ps14A-D are found in several, struc-
turally unrelated capsule types.

The ¢ps14E gene, encoding a glucosyl-1-phospate trans-
ferase catalyzing the transfer of glucose (Glc) to a lipid
carrier (10), hybridized with DNA of seven members of
five different serogroups (Table I). These types (9N, 13,
15B, 15C, 18A, 18F, 19F) contain a Glc residue in the
backbone of their CP structure (3). These data indicate that
a glucosyltransferase closely related to Cps14E may be
responsible for the first step in the CP biosynthesis in these
serotypes (see below).

Sequences homologous to c¢psI4G, a gene encoding a
fB-1,4-galactosyltransferase that catalyzes the addition of
f-1,4-linked galactose (Gal) to lipid-linked Gle (11), were
only observed in type 13, 15F, 15A, 15B, and 15C. The
subtypes 11A and 11B showed a weak hybridization signal
with the cpsI4G probe. As in serotype 14, all these
subtypes contain Galg(1—4)£Glc as part of the repeating
unit, except type 11A which has Galg(1—4)«Gle in its CP
structure (3). In addition, analysis of the intermediates in
the synthesis of the repeating subunits in type 11B, 13,
15F, 15A, 15B, and 15C showed that, in the second
biosynthesis step, galactose is coupled to lipid-linked
glucose (see below). These data suggest that these six
pneumococcal types possess a ¢psI4G homologue which
encodes the galactosyltransferase activity required for the
linkage of B-1,4-Gal to lipid-linked Gle. The c¢psi4G
homologue in type 11A may be responsible for the addition
of -Gal in a 1,4-linkage to «-Glc. Interestingly, cpsI4F
and cpsI4G seem to be coupled, since the cpsI4F probe
showed a similar hybridization pattern as cpsI4G.
Although the precise function of Cps14F is unclear, glyco-
syltransferase assays indicated that Cps14F has an enhanc-
ing role in glycosyltransferase activity (11).

The cps14H probe only hybridized with DNA of type 15B
and 15C. The c¢ps14H gene probably encodes the type 14
polysaccharide polymerase (11). Type 15B and 15C have a
core structure identical to that of serotype 14, whereas type
15F and 15A have a different core antigen (Fig. 2). Thus,
the polymerization reaction in type 15F and 15A signifi-
cantly differs from that in type 14, 15B, and 15C. This may
explain the presence of ¢ps14H -like sequences in type 15B
and 15C, and the absence in type 15F and 15A.

Sequences homologous to cps14l to cps14L were only
found in the four members of serogroup 15 (Table I).
Cps14I and cps14J encode a 8-1,3- N -acetylglucosaminyl-
transferase and a 8-1,4-galactosyltransferase, respectively
(12). These enzymes are required for the last two steps in
the biosynthesis of the type 14 repeating unit, the £-1,3
linkage of GlcNAc to lipid-linked lactose, and the £-1,4
linkage of Gal to lipid-linked Lac-GlcNac. Both enzyme
activities are also required for the synthesis of the type
15F, 15A, 15B, and 15C repeating units (Fig. 2) and thus it
is very likely that the cpsi4l and cpsi4J homologues
present in these subtypes encode similar enzyme activities.

The function of the gene product encoded by cps14K is
not clear, but Cpsl4L, which is homologous to several
RfbX-like proteins, is probably involved in transport of the
type 14 tetrameric repeating unit (12). The activities
encoded by cpsI4K and cps14L seem to be related to the
CP structure, since only type 15F, 15A, 15B, and 15C
contain cps14K- and cpsI4L-like sequences.
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TABLE 1. Hybridization of serotype 14 cps genes with chromosomal DNA of other pneumococcal types.

0%6

Bresence of glucose in the core structure

DNA probes S and monosaccharide linkages in CP
Type Py B1,4 81,3 BL4
cps14A  cpsl4B  cpsl4C  cpsl4D  cpsl4E  cpsld4F  cps14G  cpsl4H  cps14l  cpsldd  cpsl4K  cpsl4L E%: Gal-Gle GleNac-Gal Gal-GleNac
1 + + -+ + - - - - - - - - < - - -
2 Yy s - - - - - - - - C N Z _
3 + + + + - - - - - - - - +8 - - -
4 + + + -+ - - - - - - -2 - - -
6A + + - - - - - - - - — — +3 - - -
9N + + + + + - - -~ - - - - +§ - - -
10A + + - - - - — - - - - - —c - — -
11A + - - - - + =+ - - - - - +§- + - -
11B -+ - - - - + + - - - - - +Q + -
12F f$ 0+ - - -z - - - - C - . - -
13 + + + + + + + - - - - +9 + - -
14 -+ -+ + + -+ + + + + + + + +0 + + +
15F + + + - - + + - + + + + +8 + + +
15A =+ + + - - + -+ - + + + + +g + + +
15B + + + + + + + + + + + + +p + + +
15C + + + + + + + + + + + + +N + + +
17F + + - - - - - - - - - - +5 - - -
18F + + + + + - - - - - — - + - - -
18A + + + + + - - - - - - - + - -
19F + + + + =+ - - - - - - + - - -
19A + + - - - - — - - - — - + - +° -
20 + + + + - - - - - - - - + - - -
22F + + - - - - - - - - — + - - -
27 + + - - - - - - - - - - + - - -
31 + + - - - - - - - - - - - - - -
33F + + - - - - - - - - - - + - - -
34 + + - — - - - - - - - - + — - —

“Present in one of two distinct putative CP structures of type 19A depending on culture conditions (3).
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Type 14 —6)-8-D-GlcpNAc~(1-3)-8-D-Galp-(1-4)-8-D-Glep-(1—> Fig. 2. Repeating structures of the capsular
‘: polysaccharides of S. pneumoniae serotype
8-D-Galp 14, type 15F, 15A, 15B, and 15C.
Type I15F

1
—3)-a-D-Galp-(1-2)-8-D-Galp-3-PO,-CH,CH,N"(CHy),

B-D-GlcpNAc-(1—3)-8-D-Galp-(1-4)-8-D-Glcp-(1 >
4

20% R=CH ,CH,N"(CH,),

Type 15A B-D-GlcpNAc-(1-3)-8-D-Galp-(1—4)-8-D-Glep-(1 -
4
1

—3)-a-D-Galp-(1-»2)-8-D-Galp-3-PO,-2-Glyc-ol

Type 15B —6)-B-D-GlcpNAc-(1-3)-8-D-Galp-(1>4)-8-D-Glcp-(1—»
4
1 +0 7 Oac

«o-D-Galp-(1-2)-8-D-Galp-3-PO,-R 80% R=H
Type 15C

1 80% R=H
20% R=CH ,CH,N*(CH;);

a-D-Galp-(1-2)-8-D-Galp-3-PO,-R

—6)-8-D-GlcpNAc-(1-3)-8-D-Galp-(1—+4)-8-D-Glcp-(1>
4

TABLE II. Competence induction in pneumococcal strains of different serogroups and genetic transformation with a cpsi4E
knock-out construct (pKOMO03) by synthetic peptide pheromones (CSP-1/CSP-2).

Competence induction

Capsule type by CSP-1/CSP-2

Hybridization with cpsI4E

Unencapsulated cpsI4E mutants

Transformable with pKOM03 by double crossing-over

H
(213
5]
4+ o+
L s

b+
L+ L+ o+

|
I

It was shown previously that an ORF, designated orfX,
located immediately downstream cpsI4L, is not involved in
capsule biosynthesis in serotype 14 (12). The entire read-
ing frame of orfX hybridized with several chromosomal
EcoRI fragments of different sizes, of almost all pneumo-
coccal types tested (data not shown). This suggested that
the 150 bp long IS1167 sequence at the 3" end of orfX (12)
was involved in the hybridization reactions. Therefore, also
an internal fragment of orfX, lacking the IS1167 sequence,
was used as a probe. This fragment hybridized with type 14
DNA only, indicating that the actual orfX ORF is present in
the serotype 14 strain exclusively (data not shown).

CpsE Mutants of the Serotypes 9N, 13, and 15B Lack
Glucosyltransferase Activity—We have previously shown
that a cpsI4E mutant of S. pneumoniae serotype 14 lacks
glucosyltransferase activity (10, 11). In this study, we tried
to obtain c¢psE mutants of the strains belonging to the
serotypes 9N, 13, 15B, 15C, 18F, 18A, and 19F, which all
hybridized with the cpsI4E probe. Plasmid pKOMO3,
which contains ¢ps14E with a tetM insertion mutation was

Vol. 123, No. 5, 1998

used to transform the pneumococcal strains. Since
pKOMO3 is unable to replicate in S. pneumoniae, tetracy-
cline-resistant mutants are the result of a homologous
recombination event directed by the flanking cpsI4E
sequences of tetM in pKOMO3. Transformation of these
encapsulated strains can only be successful when cells are
competent for genetic transformation, and when there is
sufficient sequence homology between cps14E of pKOMO3
and target sequences on the chromosome of the recipients.
Only the serotypes 9N, 13, 15B, and 15C responded to the
competence inducing peptides CSP-1 and CSP-2 (Table II),
and were transformed to novobiocin resistance with 5MC
DNA. These data agree well with those of Pozzi et al. (19)
who found that approximately 48% of 42 encapsulated
strains of different serotypes became competent after
addition of either CSP-1 or CSP-2. Transformation with
pKOMO3 yielded only tetracycline resistant mutants of the
serotypes 9N, 13, and 15B (Table II). Type 15F, used as a
negative control, became also competent after the addition
of the competence peptides, but it lacks sequences homol-
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ogous to cpsI4E and could not be transformed with
pKOMO3 (Table II). It is not clear why we did not obtain
any type 15C mutants with pKOMO3, since this strain could
be induced to competence and DNA of type 15C showed a
strong hybridization signal with the cpsI4E probe. South-
ern hybridization analysis of the type 9N, 13, and 15B
mutants revealed that a double cross-over event led to the
integration of tetM into a DNA fragment on the pneumococ-
cal chromosome, which hybridized with the ¢psI4E probe
(data not shown). These mutants were all unencapsulated
as judged by agglutination with Hasp8, a C-polysaccharide-
specific monoclonal antibody, which reacts with unencap-
sulated pneumococcal mutants but not with encapsulated
wild-type strains (10). Membranes of wild-type bacteria
and the cpsE mutants of these serotypes were prepared and
incubated with radioactively labeled UDP-glucose. The
¢psE mutants of the serotypes 9N, 13, and 15B all showed
reduced glycosyltransferase activity of approximately 25%
of the activity of the wild type strains (Table III), as
previously observed for the cpsI4E mutant of S. pneumo-
niae serotype 14 (10). In addition, analysis of the interme-
diates formed in the wild-type membranes showed that the
subunit synthesis in type 9N, 13, and 15B starts with the
addition of a glucose residue to a lipid carrier (see below).
These observations also suggest that these three pneumo-
coccal types possess a cpsI4E homologue encoding the
glucosyl-1-phosphate transferase activity, required for the
addition of glucose to a lipid carrier.

Synthesis of Capsule-Specific Intermediates in Several
Pneumococcal Serotypes—We have previously shown that
membrane fractions of S. preumoniae type 14 contain

M.A.B. Kolkman et al.

capsule-specific glycosyltransferase activity which can be
measured in glycosyltransferase assays (10, 11). In these
assays, intermediates in the synthesis of the oligosaccha-
ride subunit are formed on a lipid carrier. After extraction
and mild acid hydrolysis, these intermediates can be
analyzed by thin layer chromatography (TLC) (11). In this
study, membrane fractions of all pneumococcal serotypes
used in the hybridization experiments, were incubated with
14C-labeled UDP-Glc or **C-labeled UDP-Gal. The formed
4C-labeled intermediates were characterized by TLC (Fig.
3). An UDP-glucose-4-epimerase activity, which is present
in this system, converts UDP-Glec to UDP-Gal, and vice
versa. This explains why similar intermediates were
formed when either labeled UDP-Glc (Fig. 3A) or UDP-Gal
(Fig. 3B) was added to the pneumococcal membranes. All
types tested, except type 1, 4, 10A, 12F, and 31 contain
glucose in the backbone of their CP structure (3). We
observed glucosyltransferase activity in all these glucose
containing serotypes, except in serotype 3 and 11A. In

TABLE III. Incorporation of ['‘C]glucose by pneumococcal
membranes into glycolipids.

Membrane preparation Incorporation (cpm/ug protein)

Type 9N wild-type 140
Type 9N ¢psE mutant 47
Type 13 wild-type 346
Type 13 cpsE mutant 97
Type 14 wild-type 592
Type 14 cpsE mutant 82
Type 15B wild-type 430
Type 15B ¢psE mutant 64

A
. o ® * ++»" 99009 o» “Gle
e . « Gal
. . b . <« Lac
1 2 3 4 6A 9N 10A 11A 1B 12F '13 1SA 1SB 15C ISF 17F 18A 18F 19A 19F 20 22F 27 31 33F 34
B
oe ® "oe oo '
. <« Gal
' . 3 «Lac
1 2 3 4 6A 9N 10A 11A 1IB 12F 13 15A ISB 1SC 15F 17F 18A 1I8F 19A I19F 20 22F 27 31 33F 34

Fig. 3. Thin-layer chromatogram of “C-labeled intermediates in the capsular polysaccharide synthesis of several pneumococcal
types. Membranes were incubated with UDP-['*C]glucose (A) or UDP-('*C]galactose (B), and formed intermediates were released from the
lipid carriers by mild acid hydrolysis. Gle, glucose; Gal, galactose; Lac, lactose.
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addition, as expected no glycosyltransferase activity was
detected in type 1, 4, and 12F, but galactosyltransferase
activity was observed in the serotypes 10A and 31. These
two serotypes lack glucose, but do contain a galactose
residue in their CP structure (3). These data show that in
most pneumococcal serotypes, the CP biosynthesis starts
with the addition of glucose to a lipid carrier. In the
serotypes 10A and 31, the synthesis of the repeating unit
starts with the linkage of a galactose residue to the lipid
carrier. As observed in serotype 14 (11), lipid-linked
lactose is formed in membrane fractions of type 11B, 13,
15F, 15A, 15B, and 15C. In fact, these types do have
GalB(1—4)Glc as part of their repeating unit structure, and
thus in these serotypes galactose is coupled to lipid-linked
glucose in the second step of the CP biosynthesis. Type 6A
shows a faint spot migrating between galactose and lactose
(Fig. 3). This product is probably Gala (1—3)Glec, which is
part of the type 6A CP structure.

DISCUSSION

To examine the presence of c¢psi4-like genes in other
pneumococcal serotypes, we performed cross-hybridization
experiments in which individual ¢ps14 genes were used to
probe Southern blots of digested chromosomal DNA of
pneumococci belonging to 26 different capsule types.
Similar experiments were performed by Morona et al. (15)
with the cps19f genes of S. pneumoniae type 19F. It is
important to emphasize that the presence of homologous
sequences not necessarily implies the existence of similar
genes. A homologous gene in another serotype may not be
expressed or may encode a different enzyme activity (e.g.,
homologous glycosyltransferases may have different sub-
strate specificities). The first case is illustrated by the
observation that the cps3 (cap3) locus of S. pneumoniae
type 3 contains sequences with extensive homology to
cps19fA/cps14A and cps19fB/cpsi4B, however no open
reading frames could be detected in this region due to two
separate frame-shifts (4). In addition, Arrecubieta et al.
(8) reported that insertion-duplication mutagenesis of this
DNA region did not affect encapsulation of the type 3 strain.
On the other hand, these cross-hybridizations revealed that
the cpsE gene of serotype 14 has a homologue in type 19F,
and vice versa. Sequence analysis of the ¢ps14 and cps19f
gene clusters showed that the cpsI4E and cps19fE genes
are almost identical (10). In addition, functional character-
ization showed that both genes encode a glucosyl-1-phos-
phate transferase, an enzyme required for the first step in
the biosynthesis of the type-specific repeating unit (11,
15). This example shows that these hybridization experi-
ments can give useful clues about the CP biosynthesis in
other pneumococcal serotypes.

Morona et al. (15) showed that the region upstream of
¢ps19fA hybridized with DNA of 20 different pneumococcal
types tested. Sequence data revealed that this conserved
region is also present in front of the ¢cpsI14 locus. However,
the region downstream cpsI4L, which is the last gene of the
¢psi4 locus, contains an ORF (orfX) which is not present
downstream the cps loci of type 19F, 1, or 3 (12). In
addition, cross-hybridizations showed that orfX is only
present in serotype 14, and not in all other types used in
this study. Furthermore, we previously presented data
indicating that orfX, which is homologous to the teichoic
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acid synthesis genes tagB and tagF of Bacillus subtilis, is
not involved in the synthesis of the species-specific (lipo-)
teichoic acids in S. pneumoniae (12). orfX may be a
nonfunctional relic of the capsule gene cluster of the
ancestor of the type 14 strain(s). Alternatively, orfX itself
might have been transferred to the ancestral type 14 strain
by an exchange of polysaccharide biosynthesis genes, but
subsequently lost its function.

The cps14A to cps14E genes of serotype 14 are almost
identical to cps19fA to cps19fE of S. pneumoniae type 19F,
respectively (11, 12). We did not find important differences
in the hybridization data obtained with cpsi4A-E and
¢ps19fA-E, between strains belonging to the same sero-
groups. Cpsi4A to cps14D encode non type-specific func-
tions such as regulation, chain length determination and
export of CP. These genes seem to be conserved in many
pneumococcal serotypes.

Glycosyltransferase activity assays showed that among
21 pneumococcal types which contain a glucose residue in
their CP core structure, 19 serotypes express glucosyl-1-
phosphate transferase activity. In these serotypes, the
synthesis of the repeating unit starts with the addition of
glucose to a lipid carrier molecule. Serotype 3 did not not
show glucosyl-1-phosphate transferase activity, although it
has a glucose residue in its CP structure. The polysaccha-
ride synthesis in S. pneumoniae type 3 seems to proceed by
successive monomer addition, rather then by polymeriza-
tion of lipid-linked intermediates (7, 9). The simple struc-
ture of type 3 CP allows this kind of capsule biosynthesis,
which resembles for instance the synthesis of the E. coli K1
and K5 antigens (20). However, this mechanism is prob-
ably quite unique in S. pneumoniae, since most pneumo-
coccal serotypes synthesize a more complex CP and need
to co-ordinate sequential assembly of repeat units. This is
confirmed by our observation that most pneumococcal
types do form lipid-linked intermediates. It is not clear why
we did not detect any capsular intermediates in membranes
of type 11A, since the type 11A CP core only contains
glucose and galactose. Since type 11A has a rather complex
CP structure, it is unlikely that the CP synthesis proceeds
by successive monomer addition as in type 3. Perhaps the
expression level, or the activity itself, of the type 11A
glycosyltransferases is much lower compared with that in
other pneumococcal types.

Of the 19 subtypes with glucosyl-1-phosphate transfer-
ase activity, only seven (type 9N, 13, 15B, 15C, 18A, 18F,
and 19F) hybridized strongly with the type 14 glucosyl-1-
phosphate transferase gene cpsI14E. When very low string-
ent hybridization and washing conditions were used, most
of the other 12 types with glucosyltransferase activity
showed some weak hybridizing bands (data not shown).
These data indicate that pneumococci have glucosyl-1-
phosphate transferase genes which are distinct from
cpsl4E, although they may still have some sequence
similarity with cpsI4E. These genes may have diverged
from an ancestral ¢ps14E gene, or may have been acquired
from another origin by genetic exchange.

The subunit synthesis in type 10A and 31 starts with the
addition of galactose to a lipid carrier (Fig. 3), therefore
these types should express a galactosyl-1-phosphate trans-
ferase. Furthermore, the cps14G homologues observed in
type 11B, 13, 15F, 15A, 15B, and 15C probably encode the
£-1,4-galactosyltransferase activity expressed in mem-
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brane fractions of these strains.

Within serogroup 15, type 15B and 15C hybridized with
all the ¢ps14 probes. The CP structures of these types (Fig.
2) indicate that they should have a number of additional
enzyme activities not found in serotype 14. Type 15F and
15A also hybridized with most ¢ps14 genes, but not all. The
different CP core structure of type 15F and 15A compared
with that of type 14, 15B, and 15C necessitates an altera-
tion in the specificity of the polysaccharide polymerase.
This probably explains why sequences homologous to
cps14H (the putative CP polymerase) were only observed
in type 15B and 15C, and not in type 15F and 15A.
Remarkably, type 15F and 15A also lack cpsI4D and
cps14E homologues. Since type 15F and 15A showed
glucosyltransferase activity, these types should also ex-
press a glucosyl-1-phosphate transferase which is different
from Cps14E.

The organization of the ¢ps14 locus is similar to that of
the gene clusters in other Gram-positive bacteria encoding
CP biosynthesis in Staphylococcus aureus (21) and exo-
polysaccharide synthesis in Streptococcus thermophilus
(22) and Lactococcus lactis (23). The order of the functions
of the genes in these polysaccharide-synthesis loci seems to
be: regulation, chain length regulation/export, biosyn-
thesis, and polymerization of the repeating units, export.
The same order of functions is found in the ¢ps loci of S.
pnreumoniae type 1 and 19F. However, these pneumococcal
types contain some additional ¢ps genes at the 3" end of the
¢ps loci, whose gene products are involved in the synthesis
of nucleotide sugar precursors (6, 15). The genetic organi-
zation of the cps14 gene cluster also resembles the general
organization observed in cps loci of many Gram-negative
bacteria such as Escherichia coli and Haemophilus influ-
enzae (20, 24): a central serotype-specific region (cpsI4E
to ¢ps14J) encoding the type 14 glycosyltransferases and
the CP subunit polymerase is flanked on both sides by two
regions (cpsI4A to cps14D; cpsl4L) presumed to encode
proteins for more common functions, such as regulation and
transport (Fig. 1). In general, both flanking regions are
conserved in these Gram-negative bacteria. However, only
cps14A-D is more or less conserved in S. pneumoniae, the
genes at the 3’ part of the cps loci of S. pneumoniae are not
conserved and encode enzymes with different functions.

By using a ¢ps14E knock-out construct, we were able to
transform the pneumococcal types 9N, 13, and 15B to
unencapsulation. These type 9N, 13, and 15B mutants, in
which a tetracycline resistance cassette (tetM) was inte-
grated in a cpsI4E homologue, showed reduced glucosyl-
transferase activity. Although we cannot exclude the
possibility that the tetM insertion causes polar effects on
downstream genes, possibly encoding the glucosyl-1-phos-
phate transferase, it is most likely that disruption of these
¢psE homologues itself led to reduced glucosyl-1-phosphate
transferase activity in these mutants. These data support
our earlier suggestion that the pneumococcal types 9N, 13,
and 15B express a glucosyl-1-phosphate transferase which
is homologous to Cps14E.

Several genetic events may have contributed to the
capsular polysaccharide diversity in S. pneumoniae. Since
the pneumococcus is naturally transformable, capsule type
changes may occur as a consequence of transformation with
donor DNA of a different capsule type. Homologous recom-
bination between conserved sequences that flank a sero-
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type-specific region serves as a likely model (7). The
type-specific gene cassette might become modified by point
mutations, insertions, or by gene duplication and divergent
evolution as suggested for the glycosyltransferase genes
cps14l and cpsi4J (12). The presence of insertion ele-
ments or vestiges of these elements at the extremities of
the cps loci of type 1, 3, 14, and 19F suggest that transposi-
tion-like events might have been involved in the exchange
of c¢ps genes (6, 12). Moreover, insertion sequences not
only provide multiple sites of homology for other recom-
bination systems, active elements can also create gene
disruption mutations, regulatory mutations and large
rearrangements within the chromosome. These events
might also have contributed to variability in CP expression.
Further genetical and functional analysis of ¢ps loci of other
pneumococcal serotypes may provide answers to the ques-
tion how capsule diversity in S. pneumoniae has been
generated.
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