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A number of single amino acid substitutions throughout Streptococcus pneumoniae Cps2C were found to affect
its function and confer either a mucoid or a small colony phenotype. These mutants exhibit significant changes
in capsular polysaccharide (CPS) profile relative to that of wild-type pneumococci. The introduced mutations
affect either polymerization or ligation of CPS to the cell wall and/or Cps2D phosphorylation.

Streptococcus pneumoniae (the pneumococcus) is an impor-
tant cause of invasive disease in human populations through-
out the world. One of the key virulence factors it possesses is
its capsular polysaccharide (CPS), of which there are currently
over 90 structurally distinct serotypes. In all serotypes, the CPS
is essential for pneumococcal virulence due to its role in resis-
tance to host phagocytic clearance mechanisms (1, 7, 9).

Despite the differences between the polysaccharide repeat
unit structures, all but 2 serotypes (3 and 37) utilize similar
biosynthetic machinery. The pneumococcal CPS biosynthesis
(cps) loci contain four genes common to all of these serotypes,
with the exception of serotypes 3 and 37, which use distinct
biosynthetic and regulatory machinery (6). These common
genes, cpsA to cpsD, are located at the 5� end of the loci and
have been implicated in the regulation of CPS biosynthesis
(11).

CpsA is predicted to be a transcriptional activator, and col-
onies of cpsA deletion mutants appear significantly smaller and
duller than those of the wild type (WT). The mutant colonies
also show reduced signal intensity when probed by anticapsular
antibodies and viewed by microscopy (11). CpsB is a manga-
nese-dependent phosphotyrosine protein phosphatase belong-
ing to the polymerase and histidinol phosphatase family. It is
known to positively regulate CPS biosynthesis by dephosphor-
ylating CpsD (11, 13). The membrane protein CpsC contains
two short cytoplasmic regions at the amino and carboxy termi-
nals, two transmembrane (TM) helices, and a series of alter-
nating �-helices and �-strands within a large extracellular loop
region of the protein (Fig. 1A) (14). Currently, no structural
data exist for CpsC and no functional domains have been
identified. The last component of the regulatory machinery is
CpsD, an autophosphorylating protein-tyrosine kinase known
to require interaction with CpsC to be functional (13, 16, 18).

Both CpsC and CpsD belong to the polysaccharide copoly-
merase 2b (PCP2b) protein family, and the activity of CpsC
and CpsD is analogous to that observed in the full-length
PCP2a protein Wzc from Escherichia coli (15, 17, 19). Phos-
phorylation of CpsD has been shown to negatively regulate the
biosynthesis of CPS (12, 13).

CpsB, CpsC, and CpsD are proposed to function together to
generate a phosphorylation cycle across CpsD, similarly to the
CapC-CapA-CapB system previously described in Staphylococ-
cus aureus (5), and through this cycle, CPS polymer biosynthe-
sis and ligation are predicted to be controlled.

Based on previous work by Morona et al. (16, 18) and the
results of this study, we propose a greater role for CpsC in CPS
biosynthesis, as mutagenesis of Cps2C results in the generation
of multiple mutant colony morphologies classified as small,
mucoid, or rough (12).

Construction of hemagglutinin (HA) epitope-tagged Cps2C
mutants of S. pneumoniae D39. To facilitate the analysis of
various D39 Cps2C mutants (listed in Table 1), we inserted the
erythromycin resistance cassette erm between cps2B and cps2C
and DNA encoding a dual HA tag (YPYDVPDYAAAYPYD
VPDYA) at the 5� end of cps2C in S. pneumoniae D39 (sero-
type 2), as shown in Fig. 2 (designated D39:EHA-Cps2C). A
series of overlapping oligonucleotide primers in combination
with flanking oligonucleotide primers located in cps2B and
cps2D (see Table S1 in the supplemental material) were then
used to introduce single amino acid codon changes throughout
the HA-tagged cps2C gene using overlap extension PCR
(OEPCR), a technique that has been previously described (8).

Characterization of defined Cps2C mutants. Following the
transformation of D39 with the various OEPCR products,
transformants were screened for Ermr and the region spanning
cps2B, the mutated HA-cps2C, and cps2D was subjected to
DNA sequencing to confirm correct mutation (data not
shown).

CPS expression by the mutants was first determined by quel-
lung reaction using typing serum obtained from Statens Seru-
minstitut (Copenhagen, Denmark). Mutants positive for CPS
were assessed for colony phenotype as WT, mucoid, or small as
previously described by Morona et al. (12); those negative for
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CPS were classified as rough. The results of the colony phe-
notype determination are shown in Table 1.

All of the mucoid mutants had amino acid substitutions
located in the extracellular loop of Cps2C but were not pre-

dicted to greatly alter the secondary structure of Cps2C (Fig.
1B) on the basis of computer modeling using the Predict
Protein server (http://www.predictprotein.org/). N60S,
K106T, and V159E all fall outside predicted secondary

FIG. 1. Predicted secondary structures of selected PCP2 proteins. (A) Complete open reading frames of selected PCP2 proteins were submitted to
the Predict Protein server (http://www.predictprotein.org/), and the outputs from the programs PHDhtm (Predict transmembrane) and PROF (Predict
secondary structure) were used to predict TM regions and secondary-structure features, respectively. Only the periplasmic region between TM1 and TM2
(solid black shading) are shown. Red shading denotes �-helix; blue shading denotes �-strand; intense color shading represents high-scoring regions
(PROF score, 7 to 9); faint color shading represents low-scoring regions (PROF score, 4 to 6). (B) Amino acid sequences of D39:EHA-Cps2C and
site-directed mutants. (i) Amino acid sequence of D39:EHA-Cps2C with predicted secondary structure (http://www.predictprotein.org/) superimposed:
gray, TM helix; red, �-helix; blue, �-strand. Amino acid numbering ignores the dual HA tag insert to facilitate comparison to the D39:Cps2C sequence.
Asterisks indicate highly conserved proline and glycine residues preceding and within TM2. (ii) Amino acid substitutions are indicated. (iii) Phenotypic
change resulting from amino acid sequence changes: M, mucoid phenotype; S, small colony phenotype; W, WT; R, rough phenotype.
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structures, while Y82C, E133G, and E144G fall within �-
helices and V114A lies within the second �-strand domain.
However, none of these substitutions were predicted to alter
the domains they reside in.

Amino acid substitutions resulting in small colony mutants
predominantly localized to the proline- and glycine-rich do-
mains preceding and within TM2 (Fig. 1B). It has previously
been suggested that these highly conserved regions may be
important for normal CPS biosynthesis and the function of
Cps2C and related proteins (2, 4, 5). Apart from the proline
residues themselves, we found that mutating some of the
amino acids adjacent to the proline residues (R166D, A168T,
and S172R) also resulted in the small colony phenotype.

The small colony phenotype-producing mutations that did
not map to the proline- and glycine-rich region preceding and
within TM2 are all present in secondary-structure domains in
the extracellular loop. I54T is located in the first �-strand,
while A91T and A146T are located in the first and second
�-helices, respectively. Although these substitutions are lo-
cated in regions of predicted secondary structure, they were
not predicted to interfere with folding. However, the impact
these mutations have on Cps2C’s tertiary structure and func-
tion cannot yet be determined.

Western immunoblot analysis was performed to analyze Cps
protein expression levels using (i) anti-HA (Sigma catalog no.
H3663-200UL) to detect HA-tagged Cps2C, (ii) anti-Cps2D
(13), and (iii) anti-phosphotyrosine (Santa Cruz Biotechnology
catalog no. sc-7020) to detect the phosphorylated form of
Cps2D (Cps2D�P). Lysates were obtained by growing cultures
to an optical density at 600 nm (OD600) of 0.6 in 20 ml of
Todd-Hewitt broth with 0.5% yeast extract before resuspend-

ing the pellet in 400 �l of 2� Laemmli sample buffer (10).
Lysates were separated on 4 to 12% Bis-Tris gradient gels
(Invitrogen NuPAGE gel system; Invitrogen) before electro-
phoretic transfer onto nitrocellulose for HA-Cps2C and
Cps2D detection and onto polyvinylidene fluoride membranes
(Immobilon-P; Millipore) for Cps2D�P detection. After reac-
tion with the appropriate antibody, labeling was detected using
anti-mouse immunoglobulin G conjugated to horseradish per-
oxidase (KPL catalog no. 0748106) and Chemiluminescent
Peroxidase Substrate-3 (Sigma catalog no. CPS3160-1KT) and
visualized using a Kodak Image Station 4000MM Pro (Kodak).

Protein expression in all mutants was compared to that in
D39 and D39:EHA-Cps2C to determine any deviation from
WT protein expression levels (Fig. 3). The quantities of Cps2C
and Cps2D appeared similar across all mutants, with the ex-
ception of D39:EHA-Cps2C:D202�, which shows an apparent
reduction in the size of Cps2C (consistent with deletion of the
28 C-terminal amino acids) and a reduction in expression com-
pared to that by D39:EHA-Cps2C.

The levels of Cps2D�P did not directly correlate with the
small versus mucoid colony phenotype (as listed in Table 1)
(Fig. 3). However, three of the small colony mutants, i.e., the
P167G, A168T, and P171G mutants, had undetectable
Cps2D�P and the R166D mutant (also small colony pheno-
type) expressed reduced levels. Clearly, residues 166 to 171 of
Cps2C play a critical role in interaction with and transphos-
phorylation of Cps2D. Interestingly, P171 is one of the most
highly conserved P residues in the PCP family, and this under-
scores the importance of Cps2C homologues in phosphoryla-
tive cycling.

TABLE 1. Strains used and constructed in this study

Strain Colony phenotype Description Reference

D39 WT S. pneumoniae serotype 2
D39:BCD� Rough cpsB, cpsC, and cpsD genes replaced with erm in D39, Ermr 12
D39:EHA-Cps2C WT erm inserted between cpsB and HA tagged cpsC, Ermr This study
D39:EHA-I54T Small Ile3Thr substitution at residue 54 (note that all mutants were

constructed in the D39:EHA-Cps2C background)
This study

D39:EHA-N60S Mucoid Asn3Ser substitution at residue 60 This study
D39:EHA-Y82C Mucoid Tyr3Cys substitution at residue 82 This study
D39:EHA-A91T Small Ala3Thr substitution at residue 91 This study
D39:EHA-L92S WT Leu3Ser substitution at residue 92 This study
D39:EHA-K106T Mucoid Lys3Thr substitution at residue 106 This study
D39:EHA-V114A Mucoid Val3Ala substitution at residue 114 This study
D39:EHA-E133G Mucoid Glu3Gly substitution at residue 133 This study
D39:EHA-E144G Mucoid Glu3Gly substitution at residue 144 This study
D39:EHA-A146T Small Ala3Thr substitution at residue 146 This study
D39:EHA-V159E Mucoid Val3Glu substitution at residue 159 This study
D39:EHA-R166D Small Arg3Asp substitution at residue 166 This study
D39:EHA-P167G Small Pro3Gly substitution at residue 167 This study
D39:EHA-A168T Small Ala3Thr substitution at residue 168 This study
D39:EHA-P171G Small Pro3Gly substitution at residue 171 This study
D39:EHA-S172R Small Ser3Arg substitution at residue 172 This study
D39:EHA-S173R WT Ser3Arg substitution at residue 173 This study
D39:EHA-P174G Small Pro3Gly substitution at residue 174 This study
D39:EHA-N175F WT Asn3Phe substitution at residue 175 This study
D39:EHA-L181W Small Leu3Trp substitution at residue 181 This study
D39:EHA-G183A WT Gly3Ala substitution at residue 183 This study
D39:EHA-G186A Small Gly3Ala substitution at residue 186 This study
D39:EHA-G187A Small Gly3Ala substitution at residue 187 This study
D39:EHA-D202� Rough HA-cps2C truncated after residue 202 This study
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Quantitation of CPS production by Cps2C mutants. The
total CPS (T-CPS) and cell wall-associated CPS (CW-CPS)
produced by each mutant were then compared to those pro-
duced by D39 and D39:EHA-Cps2C by using the colorimetric
uronic acid assay (3), as glucuronic acid is a component of the

type 2 CPS repeat unit. CPS levels were then expressed as a
percentage of T-CPS production by WT D39 (Fig. 4; see Table
S2 in the supplemental material for raw data).

It has previously been reported that D39 attaches �55% of
the CPS it produces to the cell wall (12), and this is also

FIG. 2. Organization of the cps loci of strains used in this study. D39 was the parental strain for all work performed; gene nomenclature is as
described for the sequence with GenBank accession no. YP_815832.1. D39:BCD� lacks cps2B, cps2C, and cps2D, as previously described (12).
D39:EHA-Cps2C has erm inserted between cps2B and cps2C and the insertion of DNA encoding a small amino acid spacer sequence (RGND),
the dual HA tag (YPYDVPDYAAAYPYDVPDYA), and a linker region (GGAGG) between the initiating Met1 and Lys2 of Cps2C.

FIG. 3. Western blot analysis. Proteins in lysates from D39, D39:BCD�, D39:EHA-Cps2C, and the various mutants constructed as part of this
study were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblotting using anti-HA (to detect
HA-Cps2C), anti-CpsD, or anti-phosphotyrosine (to detect Cps2D�P).
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FIG. 4. Quantitation of CPS by uronic acid assay. (A) T-CPS produced by various mutants as a percentage of D39. (B) CW-CPS produced by
the various mutants as a percentage of T-CPS for D39. (C) CW-CPS as a percentage of the T-CPS produced by each mutant. Shading indicates
the colony phenotype as follows: black, control strain; white, small; gray, mucoid; striped, WT.
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apparent from Fig. 4B and C. The WT Cps2C construct D39:
EHA-Cps2C also produced and attached CPS at levels similar
to those of D39, confirming that the HA-tagged Cps2C protein
has WT activity (Fig. 4). All mucoid mutants had levels of
T-CPS expression similar to those of the WT, while the small
colony mutants produced significantly less T-CPS (P � 0.0001)
(Fig. 4A). This supports the hypothesis that the small colony
phenotype results from reduced CPS polymerization and may
indicate lowered CPS polymerase (Cps2I) activity (12). The
T-CPS levels of mucoid mutants were, as predicted, similar to
WT T-CPS levels, suggesting no alteration to the CPS poly-
merase activity in these mutants.

CW-CPS levels detected for the small and mucoid colony
types were both significantly lower than WT CW-CPS levels
(P � 0.0001) (Fig. 4B), suggesting that the presence of mutated
Cps2C induces a global downregulation of the CPS ligation
machinery.

The percentage of CW-CPS compared to T-CPS for each
mutant (defined here as the attachment percentage) was cal-
culated to determine if any absolute changes in CPS attach-
ment caused by Cps2C mutations can be observed (Fig. 4C).
Small colony mutants show high proportions of attachment
compared to those of all other groups. We suggest that as the
small colony mutants have very low T-CPS, the amount of
CW-CPS constitutes a greater proportion of the total CPS
produced, resulting in elevated attachment percentages. To
account for the increased percentage of CPS attachment, we
suggest that there may be a finite number of available CPS
attachment sites on the surface of the pneumococcus rather
than an increase in the efficiency of the ligation machinery. In
an environment with less T-CPS, as seen in the small colony
mutants, saturation of sites available for CPS attachment
would appear as a CPS attachment level higher than that of
D39.

The mucoid mutants were found to have significantly lower
attachment percentages (P � 0.0001) (Fig. 4C), with some
mutants, such as the V159E mutant, having attachment per-
centages as low as 17.5% of the T-CPS they produce. This
further supports the hypothesis that the mucoid colony phe-
notype is due to reduced ligation activity and not increased
production of CPS. However, the actual mechanism of CPS
ligation in S. pneumoniae has not yet been elucidated.

The only transformant not subjected to uronic acid assay was
the truncation mutant D39:EHA-Cps2C:D202�. The assay was
not performed as this mutant was observed to produce no
detectable CPS by quellung reaction and so was classified as a
rough mutant. To date, only gene deletion mutants have re-
sulted in complete loss of CPS biosynthesis in S. pneumoniae,
indicating that this C-terminal cytoplasmic region is critical for
Cps2C function. This region probably plays a role in CPS

biosynthesis and regulation similar to that of the cytoplasmic
tail in S. aureus CapA (16, 18).

Further experiments aimed at narrowing down the regions
of Cps2C involved in its activity and its interaction with Cps2D
will facilitate a better understanding of the activities of these
proteins and the regulation of CPS biosynthesis in S. pneu-
moniae.
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