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Extracellular polysaccharides of many bacteria are synthesized by the Wzy polymerase-dependent mecha-
nism, where long-chain polymers are assembled from undecaprenyl-phosphate-linked repeat units on the outer
face of the cytoplasmic membrane. In gram-positive bacteria, Wzy-dependent capsules remain largely cell
associated via membrane and peptidoglycan linkages. Like many Wzy-dependent capsules, the Streptococcus
pneumoniae serotype 2 capsule is branched. In this study, we found that deletions of cps2K, cps2], or cps2H,
which encode a UDP-glucose dehydrogenase necessary for side chain synthesis, the putative Wzx transporter
(flippase), and the putative Wzy polymerase, respectively, were obtained only in the presence of suppressor
mutations. Most of the suppressor mutations were in cps2E, which encodes the initiating glycosyltransferase
for capsule synthesis. The ¢ps2K mutants containing the suppressor mutations produced low levels of high-
molecular-weight polymer that was detected only in membrane fractions. cps2K-repaired mutants exhibited
only modest increases in capsule production due to the effect of the secondary mutation, but capsule was
detectable in both membrane and cell wall fractions. Lethality of the cps2K, cps2J, and cps2H mutations was
likely due to sequestration of undecaprenyl-phosphate in the capsule pathway and either preclusion of its
turnover for utilization in essential pathways or destabilization of the membrane due to an accumulation of
lipid-linked intermediates. The results demonstrate that proper polymer assembly requires not only a func-
tional transporter and polymerase but also complete repeat units. A central role for the initiating glycosyl-
transferase in controlling capsule synthesis is also suggested.

The capsular polysaccharides of Streptococcus pneumoniae
are essential for virulence of this organism. In systemic infec-
tions, such as pneumonia and bacteremia, high levels of cap-
sule are necessary to impede complement-mediated opsono-
phagocytosis (1, 31, 69), whereas in colonization, reduced
amounts of capsule may be sufficient, as surface adhesins must
be exposed (20, 39, 51, 58, 63). The 90 described S. pneumoniae
serotypes vary in their sugar compositions, linkages, and
branching patterns (8, 32, 57). Most S. pneumoniae capsules
consist of repeating subunits that are synthesized by the Wzy-
dependent mechanism, which is also used to synthesize cap-
sules and exopolysaccharides in many other streptococci, lac-
tococci, and staphylococci, as well as in gram-negative bacteria
expressing group 1 capsules and lipopolysaccharide (LPS) O
antigens (8, 18, 36, 48, 67, 71). In this mechanism, repeat unit
synthesis is initiated by transfer of a sugar-phosphate to a lipid
acceptor on the cytoplasmic face of the membrane, with sub-
sequent addition of the remaining sugars to complete the sub-
unit. In most S. pneumoniae serotypes, CpsE homologues cat-
alyze the initiation step by transferring glucose-1-phosphate
(Glc-1-P) to a polyprenol acceptor (15, 37, 47, 60), while
unique glycosyltransferases catalyze each subsequent monosac-
charide addition. The final subunit is translocated across the
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cytoplasmic membrane by a Wzx flippase, and the Wzy poly-
merase then links the repeat units into long-chain polymers,
with growth occurring at the reducing end of the polysaccha-
ride (50). In gram-negative bacteria, the capsule is ultimately
transported and linked to the outer face of the outer mem-
brane (67). In gram-positive bacteria, some or all of the poly-
mer may be linked to the peptidoglycan (6, 17, 21, 54, 65), with
the remainder being membrane associated (6). Modulation of
capsule chain length and amount occurs, at least in part,
through the action of a phosphoregulatory system that includes
an autophosphorylating tyrosine kinase (6, 7, 44-46, 70). In S.
pneumoniae, CpsC and CpsD represent the membrane-associ-
ated activation domain and cytoplasm-associated ATPase do-
main, respectively, of this kinase. CpsB is a phosphotyrosine
phosphatase and kinase inhibitor that affects the level of CpsD
phosphorylation (7, 41).

Although a general picture of capsule synthesis in gram-
positive bacteria has emerged, much remains to be learned
about specific aspects of this process. As a model system, we
have used the S. pneumoniae serotype 2 capsule, in which the
repeat unit contains a backbone of Glc-Rha-Rha-Rha and a
side chain of Glc-GIcUA (Fig. 1A). As for all S. pneumoniae
capsules assembled by the Wzy-dependent mechanism, the
type 2 genetic locus exhibits a cassette-like arrangement, where
genes unique to a specific serotype and essential for the bio-
synthesis of type-specific sugars, polymerases, and transporters
are flanked by homologous sequences common to all serotypes
(Fig. 1B) (3, 23, 30, 34). Putative roles for the type 2-specific
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FIG. 1. Type 2 capsule structure and genetic locus. (A) Structure
of the repeat unit. Synthesis of the backbone initiates by addition of
Glc-1-P to a polyprenol acceptor. (B) Genetic organization of the
type 2 capsule locus (34). S. pneumoniae capsule loci are flanked
by dexB upstream and ali4 (also referred to as plpA) downstream.
The arrow indicates the putative transcript containing cps2A4 to
cps20.

genes have been assigned based on homology (34), but their
functions have not been experimentally determined.

The type-specific gene cps2K is predicted to encode a UDP-
glucose dehydrogenase (UDP-GlcDH) (34), which catalyzes
the NAD "-dependent oxidation of UDP-Glc to UDP-glucu-
ronic acid (UDP-GIcUA). Cps2K contains the same strictly
conserved active site signature sequence of GGXCXXXD, as
well as extensive homology to the signature NAD - and UDP-
sugar binding domains, found in other UDP-GIcDHs (14). UDP-
GlcDHs play critical roles in the formation of many microbial
capsules, including those of Streptococcus pyogenes (25, 66),
Escherichia coli K5 (52), Cryptococcus neoformans (29), and
many S. pneumoniae serotypes (57), as well as mammalian
polymers such as hyaluronan, chondroitin sulfate, and heparan
sulfate. In many of these polymers, GIcUA is part of the back-
bone structure, and for capsules such as type 3 in S. pneu-
moniae, mutations affecting the synthesis of UDP-GIcUA have
severe effects on polysaccharide production and virulence (22,
31, 61). Less is known about the effects of eliminating GlcUA
or other sugars from the side chains of microbial capsules. The
C. neoformans capsule contains a side chain of GIcUA and
xylose, both of which are derived from UDP-GIcUA. In mu-
tants lacking UDP-Glc DH activity, capsule production ap-
pears to be completely eliminated (29). In Streptococcus aga-
lactiae (group B streptococcus), mutants that fail to make the
terminal sialic acid of the type III capsule side chain, due to
mutation of either the CMP-sialic acid synthetase or the sial-
yltransferase, continue to produce an apparently normal cap-
sule, albeit at greatly reduced levels (17, 65).

In the present study, we examined the role of the side chain,
and specifically the terminal GlcUA residue, in production of
the S. pneumoniae type 2 capsule. Our results demonstrate that
this residue is essential for proper assembly and processing of
the capsule, and the inability to synthesize or process a com-
plete repeat unit is detrimental to the cell, due at least in part
to failure to transfer the polymer to the cell wall.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Strains and plasmids used
are listed in Table 1. S. pneumoniae strains were grown at 37°C in THY (Todd-
Hewitt broth supplemented with 0.5% yeast extract [Difco]), on BBL plates
(Difco), or on blood agar plates (Blood Agar Base no. 2; Remel) containing 3%
defibrinated sheep blood (Colorado Serum Company). Broth cultures were
grown standing in a water bath or incubator; agar plate cultures were incubated
in candle jars. E. coli DH5aF’, TOP10, and M15(pREP4) were grown in L broth
(10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl, and 1 g/liter glucose) or
L agar (L broth containing 15 g/liter Bacto agar). Media were supplemented with
the following antibiotics when appropriate: erythromycin (Em) (0.3 pg/ml for S.
pneumoniae and 300 wg/ml for E. coli), ampicillin (100 pg/ml), or kanamycin
(Km) (250 pg/ml for S. pneumoniae and 50 pg/ml for E. coli).

Expression and purification of Cps2K. The open reading frame (ORF) of
¢ps2K, minus the ribosome binding site and GTG start codon, was PCR amplified
from S. pneumoniae D39 chromosomal DNA, using the primers Cps2KORF-
BglII and Cps2KORF-Kpnl, which incorporate a BglII site at the 5 end of the
PCR product and a Kpnl site at the 3’ end, respectively. The fragment was
cloned into the expression vector pQE-40, in which the dihydrofolate reductase
region between the His, tag and the mutlicloning site was excised using BamHI
and Kpnl. The resulting plasmid, pBX163, was electroporated into the E. coli
expression strain M15(pREP4). Transformants were selected on L agar contain-
ing both Km and ampicillin.

For expression of recombinant Cps2K, a 100-ml culture of BX163 was grown
from an overnight culture diluted 1:100 in L broth containing the appropriate
antibiotics at 37°C with shaking to a cell density of ~2 X 10 CFU/ml. Expression
of ¢ps2K was induced with isopropyl-thio-B-galactoside (IPTG) (0.8 mM final
concentration) for 4 h at 37°C. Cultures were centrifuged at 20,000 X g for 10
min, and the pellet was stored overnight at —80°C until further purification. The
pellet was resuspended in 4 ml of a phosphate buffer (50 mM sodium phosphate,
300 mM NaCl, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride)
and treated with 1 mg/ml of lysozyme for 4 to 5 h at 4°C. The lysozyme-treated
sample was sonicated using three 30-s bursts with a 2-min cooling time on ice in
between each burst. Insoluble material was pelleted (20,000 X g for 10 min at
4°C) from this lysate, and the soluble His,-Cps2K was purified from the super-
natant using Talon beads as per the manufacturer’s protocol (BD Biosciences).
Dithiothreitol (1 mM) was present throughout the entire purification procedure
in order to stabilize the UDP-GIcDH (14, 53). The presence of the 44-kDa
protein was confirmed by Coomassie blue staining of sodium dodecyl sulfate
(SDS)-10% polyacrylamide gels in which the proteins from the lysates, super-
natants, and His purification had been separated.

A UDP-GIcDH activity assay was done spectrophotometrically by following
the accumulation of NADH at 340 nm, which results from the reduction of 2 mol
of NAD™ for every mole of UDP-Glc oxidized (55). Briefly, 5 pl of the BX163
crude lysate or soluble fraction obtained as described above and containing 50 p.g
of total protein, or 50 wg of the His-purified protein from BX163, was added to
1 ml of a reaction mixture containing 100 mM Tris-HCI (pH 8.7), 10 mM MgCl,,
0.5 mM UDP-Glc, and 1 mM NAD™. The accumulation of NADH at room
temperature was followed spectrophotometrically at 340 nm. Protein concentra-
tions were determined using the Bio-Rad Bradford assay method. To determine
the amount of NADH produced per minute, a standard curve was extrapolated
from the absorbance of NADH standards (concentration range, 1 to 500 wM) at
340 nm. Purified bovine UDP-GIcDH (Sigma) was used as a positive control.

Plasmid and mutant constructions. Primers used for the construction of plas-
mids and mutants are listed in Table 2. For an in-frame deletion of ¢ps2K, the
flanking regions were PCR amplified from D39 chromosomal DNA using primer
pairs Cps2-J1/Cps2-J12303F and Cps2-P1/Cps2-P14568R. The two resulting
PCR products were cloned separately into pCR 2.1-TOPO (Invitrogen) and
transformed into TOP10 cells. Each cloned fragment was excised using EcoRI
and Kpnl and subcloned together into the S. pneumoniae suicide vector pJY4164,
resulting in pBX108. The correct orientations of the inserts were confirmed by
PCR and sequencing. The ORF of the Km resistance-encoding gene, aphA-3,
was amplified from the pneumococcal shuttle vector pSF151 using the primer
pair KM151-2/KM151-3, and the resulting PCR product was cloned into pCR
2.1-TOPO vector. pBX108 was partially digested with Kpnl, and the aphA-3
fragment was excised from TOPO using Kpnl and subsequently inserted between
the two fragments in pBX108, resulting in pBX113. Correct orientation of all
three inserted fragments was then confirmed by PCR and restriction digestions.
pBX113 was transformed into competent D39, and Acps2K mutants were se-
lected by Km resistance and confirmed by PCR and sequencing. Constructions of
in-frame deletions of ¢ps2H and cps2J were performed as described for deletions
of ¢ps2K except that the primer pairs used were Cps2-G0/Cps2-G2 and Cps2-12/
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TABLE 1. Strains and plasmids used in this study

Strain(s) or plasmid(s) Properties” Reference or source
S. pneumoniae strains

AM1000 Alcps2A to cps2H]; type 2 Cps™ 39

BX505 pBX110 X D39, Acps2H, Cps~; cps2E>7039IT (1.244* premature stop) This study

BX511 pBX113 x D39, Acps2K, Cps’; cps2E>*>3S~T (G303V) This study

BX512 pBX113 X D39, Acps2K, Cps™; cps2E>720S=A (G292R) This study

BX513 pBX116 X BX511, ¢ps3D repair of Acps2K, Cps” This study

BX515 pBX115 X BX511, ¢ps2K repair, Cps" This study

BX516 pJD377 X D39, Em marker insertion downstream of capsule locus, Cps™* This study

BX518 pBX115 X BX512, cps2K repair, Cps” This study

BX519 BX516 x BX511, Em", capsule replacement in BX511, Cps™ This study

BX522 BX516 X BX512, Em"; capsule replacement in BX511, Cps™

BX532, BX539 pBX113 x D39, independent Acps2K derivatives; Cps™; cps2E®132C—4A (P363T) This study

BX533 pBX113 X D39, Acps2K, Cps™; cps2E®319A47G (D425G) This study

BX535 pBX123 X D39, Em insertion upstream of capsule locus promoter, Cps™ This study

BX540 pBX115 X BX533, ¢ps2K repair, Cps" This study

BX544 pBX145 X BX518, ¢ps2E repair in BX518, Cps™ This study

BX545 pBX145 X BX515, ¢ps2E repair in BX515, Cps™ This study

BX547, BX548, BX549 pBX113 X D39, Acps2K, Cps'; independent derivatives with respective ¢ps2E mutations This study
5544G—T (D167Y), 6350G—T (W435C), and 6015delA (L369* premature stop)

BX550 pBX113 X D39, Acps2K, Cps"; unknown suppressor mutation This study

BX551 pBX113 X D39, Acps2K, Cps"; A-to-G transition 4 bp downstream of —10 sequence of This study
capsule promoter

BX552 pBX110 x D39, Acps2H, Cps ™ ; cps2E>33°<—T (L199F) This study

BX554, BX555 pBX113 X D39, Acps2K, Cps"; independent derivatives with respective cps2E mutations This study
6198A—G (E385G) and 6201T—C (Y386H)

BX556 pBX113 X D39, Acps2K, Cps'; 1-kb vector insertion in cps2L region This study

BX605-BX607, BX609-BX612 pBX113 X D39, Acps2K, Cps'; independent derivatives with respective cps2E mutations This study
5632T—G (V196G), 5607insT (E191* premature stop), 6178C—G (T378R), 5984G—C
(K312N), 6178C—G (T378R), 6349G—A (W407*stop), and 5539T—G (V165G)

BX635 pBX113 X D39, Acps2K, Cps’; cps2E"T—C (F339L) This study

BX667-BX669 pBX190 X D39, Acps2J, Cps™; independent derivatives with respective cps2E mutations This study
6276G—A (G411R), 5839T—G (1265S), and 6157G—C (G371A)

D39 Type 2 parent strain, Cps™ 5

KA1521 Acps2E, type 2, Cps™ 15

wu2 Type 3 parent strain, Cps™ 11

. coli strains

BX163 M15(pREP4, pBX163) This study

BX165 M15(pREP4, pBX165) This study

DHS5aF’ F' $80lacZAM15 A(lacZYA-argF)U169 deoR recAl endAI hsdR17(ry ™ myg ") Life Technologies,
phoA supE44 N~ thi-1 gyrA96 relA1 Inc.

TOP10 F~ mcrA A(mrr-hsdRMS-mcerBC) $80lacZAM15 AlacX74 recAI deoR araD139 Invitrogen
A(ara-leu)7697 galU galK rpsL (Str") endAl nupG

M15(pREP4) F~ Nal® Str® Rif* Thi~™ Lac™ Ara™ Gal™ Mtl™ RecA* Uvr* Lon* QIAGEN

Plasmids

pCR 2.1 TOPO PCR cloning vector; Ap" Km" Invitrogen

pJY4164 S. pneumoniae suicide vector; Em" 72

pID377 pJY4164::type 3 plpA/tnpA region 23

pBX105 pJY4164 plus PCR fragments from primer pairs Cps2-G0/Cps2-G2 and Cps2-12/Cps2-13, for This study
cps2H deletion

pBX108 pJY4164 plus PCR fragments from primer pairs Cps2-J12303/Cps2-J2 and This study
Cps2-P1/Cps2-P15468, for cps2K deletion

pBX110 Km resistance gene, aphA-3, between two fragments of pBX105 This study

pBX113 Km resistance gene, aphA-3, between two fragments of pBX108 This study

pBX115, pBX121 pJY4164 plus PCR fragment from primer pair Cps2-J1/Cps2-P2, for repair of cps2K deletion This study

pBX116 pJY4164 plus PCR fragment from primer pair Cps3D-F/Cps3D-R, for cps3D repair of cps2K This study
deletion

pBX123 pJY4164 plus 900-bp fragment excised with EcoRI from pCV646 This study

pBX145 pJY4164 plus PCR fragment from primer pair Cps2-D3/Cps2-T1, for repair of cps2E This study

pBX163 pQE-40 containing the full-length cps2K lacking GTG start; from primer pair This study
Cps2KORF-BglII/Cps2KORF-Kpnl

pBX165 pQE-40 lacking dihydrofolate reductase region (BamHI-Kpnl, deletion) This study

pBX190 pJY4164 plus PCR fragments from primer pairs Cps2-14/Cps2-J8 and Cps2-J7/Cps2-K1, for This study
deletion of ¢ps2K; aphA-3 excised from pBX113 and inserted between two fragments

pCV646 pGEM cloning vector plus PCR fragment from c-upsl/c-ups2; Ap" This study

pQE40 Expression vector, N-terminal Hisq tag; Km" QIAGEN

pSF151 Streptococcal shuttle vector containing the Km resistance gene, aphA-3 56

“ Cps', reduced capsule levels. c¢ps2E superscripts indicate mutations and their locations based on GenBank accession no. AF026471. Amino acid changes are

indicated in parentheses. del, deletion; ins, insertion; —, nucleotide change.

Cps2-13 for deletion of cps2H and Cps2-14/Cps2-J8 and Cps2-J7/Cps2-K1 for
deletion of cps2J.

For repair of the Acps2K mutants, the cps2K ORF and 500 bp flanking each
side were PCR amplified from D39 chromosomal DNA using primer pair Cps2-
J1/Cps2-P2. The fragment was cloned into pCR 2.1-TOPO, subsequently excised
using EcoRI, and ligated into pJY4164. The resulting construct, pBX115, was
transformed into Acps2K strains BX511, BX512, and BX533. The mixtures were

plated on blood agar plates without selection. Strains BX515, BX518, and
BX540, which contained repairs of the respective Acps2K mutants, were obtained
by screening for loss of Km resistance, and the repair of cps2K was confirmed by
PCR and sequencing.

For repair of Acps2K mutants with ¢ps3D, the UDP-GIcDH gene from sero-
type 3 S. pneumoniae, the ORF of cps3D was PCR amplified from S. pneumoniae
WU?2 chromosomal DNA using primer pair Cps3D-F/Cps3D-R and cloned into
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TABLE 2. Primers used in this study

Primer? Sequence” Description®
Cps2-D2 (+) GGTTCTTATGGAGATTACGGGAA cps2D*990-3018
Cps2-D3 (+) CTCACAGGCAAAATTGGATTTTG cps2D*308-4390
Cps2-E10 (+) ATTTACTTCCTCACATTACATG ps2E343-5364
Cps2-Ell (—) AAACTACTTCGCTCCATCTCTC cps2E0418-63%
Cps2-T1 (—) CTCATGACCATCTGGATTTAC cps2T0449-6468
Cps2-T2 (+) TTATATCATTGGTTCAAAGGGG cps2T649-6481
Cps2-GO (+) CAAGGACATGATGTGGTTTGTTA cps2GR0658088
Cps2-G2 (—) “CATTATAACTATCCATACTAATAA cps2G 0719047
Cps2-I3 (—) CACCTGAATTTGTCCCAATAAC cps2[11900-11854
Cps2-12 (+) *TAAAAATGGATGGGGAAATTCAA cps2[10830-10854
Cps2-14 (+) TTCGATAGTTGAGGATTCAGACTTT cps2011039-11065
Cps2-J1 (+) CTTGTAGTAAAATACTTGCTAAG cps2J13034-13058
Cps2-J12303F TTCTGAAGGGGTTCTTCGATTTGCA cps 21230312327

(+)

Cps2-J2 (—) *CATTTTTCTCCTTTCAATACTCGT cps2J13301-13527
Cps2-J7 (+) *TAAGAACCAATAAGTACGAGTAT cps2K 13522713544
Cps2-J8 (—) *CAATTTTCTAGTTCCTTATATAGT cps2]'2116-12094
Cps2-K1(-) AACTACTCTTACTCCCTTAGCTTTTA cps2K 1462714602
Cps2KORF- **AAAATAGCAGTAGCAGG Cps2K 1356413581

Belll (+)

Cps2KORF- *TTAATCTCTTTCAAAAATA cps2K 1479814780

Kpnl (-)

Cps2-P1 (+) *GAAAGAGATTAATTTAGTATATT cps2P4787-14809
Cps2-P15468R ~ CTTCCTCTACTACACTAAGTATCC cps2p!5468-15445

(,

Cps2-P2 (-) CATGCGTTATGACTGTCTTAGG cps2p'5283-15262
Cps3D-F (+) *GAGGACTGTAGTAAAAT cps3D!012-1029
Cps3D-R (—) *CCCTTATTCTCTGCC cps3D*2152210
CpsL-1 (+) AGGTTATTTCATTATGAAAGG Cps2L 1549615517
CpsL-2 (—) CCGAAAAAATTATCTGTCATCTAG Cps2L, 1039916375
c-upsl GAGCCCATGTTTCTCAATAGG cps2*49470
c-ups2 ATCTTAGTAGACTTCCCGCG cps21373-1352
KM151-2 (-) *GTACTAAAACAATTCATCCA aphA-3%343-2523
KMI151-3 (+) *GAGGAAGGAAATAATAA aphA-31729-1746
LDH-F (+) GTCGGTGATGGTGCTGTAGGTTCATC  [dh!'®+!%
LDH-R (-) GTCGATGTTAGCGTGTGACCAAACAG  Idh"'"%7
Ugd-1 (+) GGGCATTCTTCCATCTAAAAATGA 1gd 48064148088
Ugd-2 (-) GCATTTAAACTTCTCCTCTCAGC ugd48627-148604

“ Forward and reverse primers are indicated by + and —, respectively.

b and **, Kpnl (GGTACC) and BglIl (AGATCT) sites present at the 5’ end.

¢ Superscript numbers indicate the positions of the primer start and end in the
homologous sequence of either type 2 capsule (cps2) (GenBank accession no.
AF026471), type 3 capsule (cps3) (GenBank accession no. U15171), pDL276
aphA-3 (GenBank accession no. AF216803), ldh (TIGR4 sequence) (GenBank
accession no. AE007422), or R6 ugd (GenBank accession no. NC003098).

pCR 2.1-TOPO. The forward primer Cps3D-F includes the Shine-Dalgarno
sequence and start codon of cps3D. The cloned fragment was excised using Kpnl
and inserted between the two fragments in pBX108, resulting in pBX116. Cor-
rect orientation of all three fragments was confirmed by PCR. The resulting
construct was transformed into BX511, and the reaction mixture was plated on
blood agar plates without selection. Strain BX517, containing the allelic ex-
change of ¢ps3D for aphA-3 in BX511, was obtained by screening for loss of Km
resistance, which was then confirmed by PCR.

Repair of ¢ps2E in the cps2K-repaired strains was conducted essentially as
described above for the repair of Acps2K mutants. cps2E, along with the 500 bp
on either side, was PCR amplified from D39 chromosomal DNA and cloned into
pCR 2.1-TOPO. The cloned fragment was excised using EcoRI and ligated into
pJY4164, resulting in pBX145. pBX145 was transformed into BX515 and BX518,
and the reaction mixture was plated on blood agar plates without selection.
Repaired c¢ps2E strains, BX545 and BX546, respectively, were identified by
screening for large, glossy colonies, and repair of the mutations was confirmed by
sequencing.

Capsule analyses. Indirect capsule enzyme-linked immunosorbent assays
(ELISAs) were performed as previously described (31, 39) with slight modifica-
tions. In brief, duplicate cultures were grown in THY to a density of ~3 X 10°
CFU/ml, and 5 ml of each was centrifuged at 20,000 X g for 10 min. The culture
supernatant was collected and filtered (0.45-pm-pore-size syringe filter; Corn-
ing). The pelleted cells were resuspended in phosphate-buffered saline (PBS)
(342.5 mM NaCl, 6.75 mM KCI, 13.5 mM Na,HPO,, and 4.5 mM KH,PO,) and
heat killed at 56°C for 20 min. All samples were normalized to the same optical
density at 600 nm. Wells of polystyrene microtiter plates (Corning Inc.) were
coated overnight at 4°C with twofold serial dilutions of the samples. Wells were
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washed three times in PBS containing 0.5% Tween (PBST) and blocked for 1 h
with 200 pl of 1% bovine serum albumin (BSA) in PBS (BSA-PBS) at room
temperature. A rabbit polyclonal anti-type 2 antiserum (Statens Serum Institute,
Denmark) adsorbed against a nonencapsulated type 2 derivative, AM1000, was
used for detection of capsule on the cell surface. For adsorption, 250 ml of
AM1000 was grown in THY to a density of ~3 X 10 CFU/ml and heat killed for
45 min at 56°C. The culture was centrifuged, washed once in PBS, centrifuged,
and resuspended in 250 pl of anti-type 2 antiserum diluted 1/10 in PBS. Adsorp-
tion was conducted by rotating the solution overnight at 4°C. AM1000 was
pelleted, and the supernatant containing the adsorbed anti-type 2 antiserum was
filter sterilized (0.22-pm-pore-size syringe filter; Millipore) and stored at 4°C
until use. The adsorbed anti-type 2 antiserum was diluted 1/5,000 in BSA-PBS,
and 100 wl of this solution was added to each well, followed by incubation at
room temperature for 1 h. The wells were washed three times with PBST and
incubated with biotinylated goat anti-rabbit immunoglobulin conjugated to
strepavidin-alkaline phosphatase for 1 h at room temperature. The wells were
washed three times with PBST, followed by development with 1 mg/ml p-nitro-
phenolphosphate in glycine buffer (0.1 M glycine, 1 mM MgCl,, 0.1 M ZnCl,, pH
10.4). Absorbance was measured at 415 nm. Surface accessibility assays were
performed in an identical manner except that the adsorbed type 2-specific anti-
serum was replaced with a nonadsorbed rabbit polyclonal antiserum raised
against a type 19 strain (Statens Serum Institute, Denmark). This antiserum
contains a high titer of antibodies to noncapsular surface antigens and provides
an effective measure of blocking of the surface by the capsule (31). For compet-
itive-inhibition ELISAs, cultures were grown as described above. Assays were
performed as previously described (13). Briefly, wells of microtiter plates were
coated as described above with heat-killed D39 at a density of 3 X 10° CFU/ml
in PBS. Cell lysates used as inhibitors were prepared by growing 10-ml cultures
of each strain to a density of 3 X 10 CFU/ml in THY. Samples were normalized
to the same optical density and centrifuged at 20,000 X g for 10 min. Pellets were
resuspended in 0.1 ml lysis buffer (0.1% sodium deoycholate, 0.01% SDS, 0.15 M
sodium citrate) and incubated at 37°C for 10 min. To the lysed bacteria, 0.9 ml
of SSC (0.15 M NaCl, 0.015 M sodium citrate) was added, and the samples were
incubated at 65°C for 15 min. Twofold serial dilutions of the lysates or culture
supernatants, together with polyclonal anti-type 2 antiserum diluted as described
above, were added to the D39-coated microtiter plates. The remainder of the
procedure was as described above for the indirect ELISAs.

Electron microscopy. Bacteria were prepared for electron microscopy as de-
scribed by Kolkman (38). Briefly, cultures were grown to a density of ~3 X 10°
CFU/ml in THY, and 5 ml of each culture was centrifuged at 20,000 X g for 10
min. The pellets were fixed in 500 wl of a 1% glutaraldehyde—4% formaldehyde
solution for 30 min at 4°C. Fixed samples were further processed by the Uni-
versity of Alabama at Birmingham electron microscopy core facility for micros-
copy. In general, samples were postfixed in 1% osmium tetroxide, washed in
phosphate buffer, dehydrated with ethanol, embedded with Polybed, dried, sec-
tioned, and stained with uranyl acetate.

Protein analyses of Cps2D~P, Cps2D, and Cps2E. Western immunoblots of
Cps2D and tyrosine-phosphorylated Cps2D [Cps2D~P] were performed as pre-
viously described (6). In brief, cultures were grown to a density of ~3 X 108
CFU/ml and centrifuged at 20,000 X g for 10 min at 4°C. The pellets were
resuspended in water at a 50X concentration, and the samples were normalized
to the same optical density at 600 nm. Twenty microliters of the cell suspensions
was used for Cps2D blots, and 10 wl was used for Cps2D~P blots. Samples were
boiled in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer,
and proteins were separated by SDS-10% PAGE. Proteins were transferred to
a nitrocellulose membrane. Cps2D was detected using a polyclonal rabbit
Cps2D-specific antiserum as described previously (64). Cps2D~P was detected
using a monoclonal antibody to phosphotyrosine clone PT-66 conjugated to
horseradish peroxidase (Sigma). ImageJ software (http://rsb.info.nih.gov/ij) was
used for densitometry analyses.

Relative Cps2E protein levels were determined as described previously (15).
In brief, 10 pg of total protein from isolated S. pneumoniae membranes was
separated by SDS-10% PAGE and subsequently transferred to a nitrocellulose
membrane. Cps2E was detected using a polyclonal rabbit antiserum directed
against the C-terminal portion of Cps2E and diluted 1/5,000.

Capsule replacement experiments and linkage analyses to map suppressor
mutations in Acps2K mutants. Em resistance markers were linked to the capsule
locus by insertion of pJD377 (plpA insertion, downstream) and pBX123 (between
dexB and the capsule promoter, upstream) into the D39 chromosome, resulting
in strains BX516 and BX535, respectively. Chromosomal DNAs of BX516 and
BX535 were isolated using a genomic column prep (QIAGEN) and used to
transform the Acps2K mutants BX511 and BX512. Em-resistant transformants
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were screened for the large-colony phenotype indicative of capsule production
and also for loss of Km resistance.

To sequence cps2E, the gene was PCR amplified from chromosomal DNAs of
the Acps2K mutants using primer pairs Cps2-E10 and Cps2-E11. The fragment
was gel extracted (gel extraction kit; QTAGEN) and sequenced at the sequencing
core facility of the Helfin Center for Human Genetics at the University of
Alabama at Birmingham.

Membrane isolations and Cps2E glycosyltransferase assays. Cps2E glycosyl-
transferase activity in isolated membranes was tested as described previously
(37), where Cps2E activity is defined as the ability to transfer [*H]Glc from
UDP-[?H]Glc to an organically soluble product in a reaction conducted at 10°C.
S. pneumoniae membranes were isolated as previously described (15, 16). Mem-
branes containing 10 ug of total protein were incubated in a 100-ul reaction
mixture of 5 mM Tris-acetate (pH 7.5), 10 mM MgCl, and 1 uM UDP-[*H]Glc
(1 Ci/mmol; Sigma) at 10°C for 10 min. The reaction was stopped by the addition
of 1 ml chloroform-methanol (2:1), and the organic phase was extracted using
200 pl pure solvent upper phase (1.5 ml chloroform, 25 ml methanol, 23.5 ml
H,0, and 0.183 g KCI). The amount of radioactivity incorporated into the
organic phase was measured by liquid scintillation counting.

Analysis of capsule transcripts. RNA was isolated from 50-ml S. pneumoniae
cultures using a previously described hot-acid-phenol procedure (27). Serial
twofold dilutions of RNA samples were used in slot blot analyses to determine
the relative amounts of transcripts. Detection of transcripts and densitometry
were performed as previously described (6). PCR probes were digoxigenin la-
beled (Roche), and the amount of labeling was visualized using Pierce Super-
Signal chemiluminescent substrate. ImageJ software was used for densitometry
analyses. The intensity of each band was normalized to lactate dehydrogenase
(ldh) transcripts, and these ratios were compared for the parent and mutant
strains.

Capsule immunoblots. Fractionation of S. pneumoniae into cell wall and pro-
toplast fractions was performed as previously described with minor modifications
(73). This method results in minimal cross contamination of fractions (6). In
brief, S. pneumonie cultures were grown to a density of ~3 X 108 CFU/ml, and
cells were sedimented at 20,000 X g for 10 min at 4°C. Pellets were suspended in
protoplast buffer (20% sucrose, 50 mM MgSO,, 50 mM Tris [pH 7.4]) at 1/100
the original culture volume. Forty units of mutanolysin (Sigma) was added to
each milliliter, and the sample was incubated overnight at room temperature (the
S. pneumoniae autolysin LytA is also active under these conditions). After incu-
bation, the formation of protoplasts was confirmed by light microscopy. Proto-
plasts were sedimented at 10,000 X g for 10 min. The supernatant containing the
cell wall fraction was filtered (0.22-pm-pore-size syringe filter; Millipore), and
the sedimented protoplasts were resuspended in protoplast buffer in a volume
equal to the cell wall extract. For samples concentrated 2- or 10-fold, pellets were
suspended in 1/200 or 1/500 of the original culture volume.

The fractions were further processed and analyzed for capsule and teichoic
acids in immunoblots as previously described (6). In brief, 20 pl of sample
containing either cell walls or protoplasts was combined with 10 pl of buffer B1
(50 mM EDTA, 0.5% Tween 20, 0.5% Triton X-100, 50 mM Tris [pH 8]
[QIAGEN]) and 2 ul of Qiaprotease (20 pg/pl; QIAGEN) and incubated at
37°C for 30 min. Ten microliters of SDS-PAGE loading dye was added to each
sample, followed by heating at 100°C for 8 min. The samples were separated by
SDS-10% PAGE and then transferred to nitrocellulose membranes. Capsular
polysaccharides were detected using a rabbit polyclonal antiserum against the
type 2 capsule (Statens Serum Institute, Denmark) that had been adsorbed
against the nonencapsulated AM1000 (as described above) and diluted 1/1,000.
The presence of teichoic acid (C-polysaccharide) in the cell wall fractions was
detected using a rabbit polyclonal antiserum diluted 1/5,000 (Statens Serum
Institute, Denmark).

Isolation and characterization of capsule produced by Acps2K mutants. Cul-
tures (250 ml) of D39 and a Acps2K mutant, BX511, were grown to mid-
exponential phase in chemically defined media (59) containing 0.0005% choline
chloride, 0.25% sodium bicarbonate, and 0.073% cysteine-HCI. The polysaccha-
ride isolation procedure was based on previously described methods (28, 68) with
modifications, as described below. Cultures were centrifuged at 20,000 X g for 10
min, and the pellet was resuspended in 5 ml of water. Water-saturated phenol
was added to a final concentration of 1%, and the suspension was incubated
overnight at room temperature. Microscopy was used to confirm lysis of the
bacteria. Cellular debris was pelleted by centrifugation at 20,000 X g for 30 min
at 4°C. The supernatant was collected, and ethanol and sodium acetate were
added to final concentrations of 60% and 7.2%, respectively, to precipitate the
polysaccharide. The solution was centrifuged at 20,000 X g for 30 min at 4°C. The
resulting pellet was dissolved in 5 ml of water, and the pH was adjusted to 7.5
with 1 M NaOH. Forty units of DNase (Promega) and 40 pg of RNase
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(QIAGEN) were added, and the suspension was incubated at 37°C for 4 h. Fifty
units of proteinase K (QIAGEN) was then added, and the sample was incubated
at 37°C overnight. Low-molecular-weight contaminants were removed by dialysis
at 4°C overnight using 6,000- to 8,000-molecular-weight-cutoff dialysis tubing.
Additional debris was removed by centrifugation (20,000 X g for 10 min at 4°C),
and the supernatant containing the partially purified polysaccharide was col-
lected and stored at 4°C.

The phenol-sulfuric acid method was used to determine total hexose present
in the polysaccharide sample (4). A methylpentose assay was used to determine
the amount of rhamnose present in the extracted polysaccharide samples (24).
Carbazole and m-hydroxydiphenyl assays for measurement of total hexuronic
acids (9, 26) were used to assess the GIcUA content in extracted polymer and
whole cells. For whole cells, 10 ml of S. pneumoniae cultures was grown to a
density of ~3 X 108 CFU/ml and centrifuged at 20,000 X g for 10 min at 4°C.
Pellets were resuspended in 500 pl of water. Serial dilutions of lysates were
analyzed for total uronic acid as described previously (9, 26).

RESULTS

Cps2K exhibits UDP-GIcDH activity. To determine whether
¢ps2K encoded an authentic UDP-GIcDH, the gene was cloned
from the S. pneumoniae capsule type 2 strain D39 into the
expression vector pQE-40 and expressed in E. coli, as de-
scribed in Materials and Methods. To facilitate purification of
the recombinant protein, it was expressed with an N-terminal
His, tag. UDP-GIcDH activity was assayed spectrophotometri-
cally by following the reduction of NAD™ to NADH during the
oxidation of UDP-Glc to UDP-GIcUA, as described in Mate-
rials and Methods. The observed activities for bovine Ugd and
Cps2K were 0.36 and 0.21 pmol NADH/min/pg purified pro-
tein, respectively (activity for the vector control E. coli strain
was 0.0032 pmol NADH/min/pg total protein). As described
below, repair of an S. pneumoniae D39 cps2K deletion mutant
with ¢ps3D, the S. pneumoniae type 3 UDP-GIcDH (2, 23),
complemented the defect, further confirming the function of
Cps2K.

cps2K deletion mutants exhibit severe reductions in capsule
synthesis and fail to transfer polymer to the cell wall. In-frame
deletion mutants of S. pneumoniae D39 were generated by
allelic replacement of ¢ps2K with an aphA-3-containing frag-
ment encoding resistance to Km, as described in Materials and
Methods. Multiple independent cps2K mutants were derived in
separate transformation reactions with D39. In contrast to the
large, glossy colonies of the encapsulated D39 parent, all of the
resulting Km-resistant transformants exhibited a small, rough
colony morphology (Fig. 2A). When individual colonies were
plated to determine CFU/colony, the numbers were the same
for the parent and mutant strains (~4 X 10’ CFU/colony).
However, microscopic observation revealed fewer bacteria per
chain for the mutants. Thus, an overall lower number of bac-
teria were present in each colony, suggestive of a possible
growth defect (discussed further below). Using a polyclonal
antiserum to the type 2 polysaccharide in indirect and compet-
itive-inhibition ELISAs, no capsule was detectable using intact
cells, cell lysates, or culture supernatants from two indepen-
dent ¢ps2K mutants (data not shown). Further, no surface-
localized capsule was detectable by electron microscopy (Fig.
2B). Consistent with a severe reduction in capsule synthesis,
whole cells of the ¢ps2K mutants exhibited the same high
reactivity as a nonencapsulated mutant (AM1000, Acps24 to
Acps2H) in ELISAs with a polyclonal antiserum containing a
high titer of antibodies to noncapsular surface antigens (Fig.
2C). In this surface accessibility assay, binding of the antibod-



3374 XAYARATH AND YOTHER

Cps’

A.

Cps*

B. D39 (Cpst) BX511 (Acgps2K) C.
g ! -39
o -4~ AMI000 (Cps?)
i ~0-BX511 (Acps2K)
= )
go.
8
a
< o . . .
A 0 10 20 30
Dilution /X
; E.
Cps* Cps- Acps2K Acps2K
D39 AM1000 BX511  BX512 10X
CW P CW P CW P CW P CW P
—

—

——
—
| —— —] [

FIG. 2. Phenotypes of Acps2K mutants. (A) S. pneumoniae sero-
type 2 parent strain D39, the nonencapsulated D39 derivative
AM1000, and the Acps2K mutant BX511 streaked for isolation on
blood agar. (B) Electron micrographs of D39 and the Acps2K mutant,
BX511. The arrow indicates the capsule. (C) Indirect ELISA for sur-
face accessibility using whole cells and a polyclonal antiserum to sur-
face antigens. Results are the means (= standard errors) from two
independent cultures assayed in the same experiment and are repre-
sentative of two experiments. (D) Capsule immunoblots of cell wall
(CW) and protoplast (P) fractions reacted with polyclonal antiserum
against type 2 capsule. (E) Capsule immunoblots for BX512. Prior to
fractionation to yield cell walls and protoplasts, the bacterial samples
were concentrated 2- and 10-fold more than in panel D. The loadings
in this panel therefore represent 2-fold (2X) and 10-fold (10X) more
sample than in panel D. The smear in the protoplast lanes results from
the heavily overloaded capsule-containing protoplast sample. The lack
of capsule in the similarly overloaded cell walls is evident.

ies is blocked in proportion to the amount of cell-associated
capsule (31).

To further assess capsule production in the ¢ps2K mutants,
isolated cell fractions were examined in immunoblot analyses
with the type 2-specific antiserum. These analyses revealed the
presence of low levels of high-molecular-weight polymer on
the membrane-containing protoplast fractions, but no polymer
was detected on cell wall fractions (Fig. 2D), even when the
latter were concentrated 2- or 10-fold (Fig. 2E). Teichoic acid
was present in similar amounts in the cell wall fractions of the
parent and mutant strains (data not shown), confirming that
fractionation of the mutants had released the peptidoglycan

J. BACTERIOL.

from the cell and that synthesis of teichoic acid was not af-
fected by the mutations.

The reduction in capsule was further demonstrated by
assaying total hexose and methylpentose (for rhamnose) in
polymer extracted from whole cells. In the cps2K mutants,
the levels of both sugars were approximately 5% of the
parental levels (Table 3). The presence of capsular polysac-
charide in cell wall fractions was examined by using the
methylpentose assay to assay for rhamnose. Here, the cps2K
mutant BX511 was not different from the nonencapsulated
strain (Table 3). Using a carbazole or m-hydroxydiphenyl
assay to measure total uronic acid, GIcUA was undetectable
in whole cells or extracted polymer from the Acps2K mu-
tants (data not shown).

To confirm that the small amounts of capsule produced by
the Acps2K mutants were not due to undetectable levels of
GIcUA arising from the activity of a non-Cps2K UDP-GIcDH,
we deleted ugd in both the parent D39 and the Acps2K mutant
BXS511. This gene is identified in the genome sequence of
strain R6, a derivative of D39 (33). It is located outside the
capsule locus and is predicted to encode a UDP-GlcDH with
40% identity and 61% similarity to Cps2K. The phenotypes of
the ugd deletion mutants of D39 and BX511 were identical to
those of their respective parents (data not shown), indicating
that this gene does not contribute to capsule synthesis in these
strains.

¢ps2K deletion mutants contain suppressor mutations. The
alterations in capsule synthesis following deletion of cps2K
were more severe than what had been anticipated at the outset
of this study. To confirm that these effects were not due to any
polar or feedback effects on transcription of the capsule locus,
RNA slot blot analyses were performed. The probes used were
specific for ¢ps2C and cps2M, which lie upstream and down-
stream, respectively, of cps2K (Fig. 1B). For both independent
¢ps2K mutants, transcription was unchanged from that of the
parent D39 (data not shown). In addition, the levels of two
capsule proteins, Cps2D and Cps2E, as well as the level of
Cps2D tyrosine phosphorylation, were unchanged in the mu-
tants (shown for Cps2D and Cps2D~P in Fig. 3). The presence
of Rha in the mutant polymer (described above) indicated that
proteins encoded by the downstream genes ¢ps2LMNO and
necessary for synthesis of TDP-Rha (a precursor for subunit
assembly) were present. The results of experiments described
in the next section further indicated that the c¢ps2K deletions
did not affect translation of the downstream region.

We next undertook repair of the cps2K deletions to confirm
that the observed phenotype was due to only the mutation we
constructed. Clones containing the entire c¢ps2K gene and the
500-bp flanking regions were used to transform the cps2K
mutants. Transformants in which the allelic exchange of cps2K
and aphA-3 had occurred were identified by screening for loss
of Km resistance and then confirming the presence of cps2K by
PCR. Unexpectedly, repair of the cps2K deletion only partially
restored capsule production. The colonies of the repaired mu-
tants, though larger than those of the ¢ps2K deletion mutants,
were still extremely small. Using cell lysates in competitive-
inhibition ELISAs, only 0.1% of the antibody-reactive capsular
material produced by the parent was detectable with the
cps2K-repaired strains (Fig. 4A), and no capsule was detect-
able in culture supernatants of these strains (Fig. 4B). Consis-
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TABLE 3. Hexose and methylpentose levels in cps2K mutants

Level (ug/108 CFU)

. Methylpentose
Strain Hexose, isolated P
polymer Isolated Cell wall
polymer
D39 (Cps™ parent) 67209(67)  0.67(0.67) 0.736 (0.727)
BX511 (Acps2K) 0.35 = 0.01(035)  0.037(0.034)  0.01 (0)
AM1000 (Cps~) 0.004 = 0.001(0)  0.003 (0) 0.01 (0)
BX515 (cps2K ND? ND 0.0156 (0.0056)

repair of BX511)

“ Polymers isolated from 250-ml cultures were assayed for both hexose and
methylpentose, and cell walls isolated from a 250-ml culture were assayed for
methylpentose. The hexose values represent means *+ standard errors for two
independent cultures. Values in parentheses are after the subtraction of the
Cps~ value for AM1000.

> ND, not determined.

tent with this low level of capsule, reactivity of the repaired
mutants in the surface accessibility assay remained high, al-
though it was less than that of both the nonencapsulated strain
AM1000 and the ¢ps2K deletion mutant (Fig. 4C). In immu-
noblot analyses, the full range of high- to low-molecular-weight
polymer was observed in both the protoplast and cell wall
fractions (Fig. 4D). Analysis by the methylpentose assay dem-
onstrated the presence of rhamnose in the cell wall fraction of
the repaired strain (Table 3, BX515). The UDP-GlcDH gene
of S. pneumoniae serotype 3, cps3D, was also used to repair the
¢ps2K deletion. This repair resulted in the same phenotype as
that obtained using ¢ps2K (data not shown). These results
suggested that the ¢ps2K deletion mutants contained suppres-
sor mutations that affected proper capsule synthesis.
Suppressor mutations map to ¢ps2E. To determine whether
the suppressor mutations were linked to the capsule locus,
linkage analyses were performed using derivatives of the par-
ent D39 as donors. These strains contained an Em resistance
marker either upstream or downstream of the capsule locus,
and chromosomal DNA from each was used to transform the
¢ps2K deletion mutants. Our expectation for these experiments
was that transformation of the entire capsule locus would re-
pair the ¢ps2K deletion and any other mutation(s) that might
be contained in this region, resulting in a parental capsule
phenotype if no other mutations were present elsewhere in the
chromosome. To screen for the parental phenotype, Em-resis-
tant transformants were examined for the presence of large,
glossy colonies, which are indicative of capsule production.
Approximately 2% of the Em-resistant transformants obtained
with the upstream insertion and approximately 1% of those
obtained with the downstream insertion exhibited large colo-
nies. All of the large-colony Em-resistant transformants exam-
ined were Km sensitive, denoting repair of cps2K. ELISAs and
immunoblot analyses of the Km-sensitive isolates demon-
strated that full capsule production, including release of cap-
sule into the culture supernatant and transfer to the cell wall,
had been restored (Fig. 5). These results indicated that the
suppressor mutations were located in or near the capsule locus.
To map the suppressor mutations, we used as recipients the
¢ps2K mutants in which the deletion had been repaired using
¢ps2K and the 500-bp flanking regions. These strains should
contain only the suppressor mutations, and their repair should
result in parental capsule synthesis. Restriction enzyme-di-
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FIG. 3. Cps2D and Cps2D~P in Acps2K mutants. Cps2D and
Cps2D~P were detected in Western immunoblots. Cps2D~P/Cps2D
ratios were normalized to those of the parent D39 to obtain percent
values. The Cps™ strain was AM1000, in which cps24 to cps2H are
deleted. The independent Acps2K mutants were BX511 (lane 1) and
BX512 (lane 2).

gested chromosomal DNAs from the D39 derivatives contain-
ing the Em resistance markers flanking the capsule locus were
used to transform the recipients. Em-resistant transformants
were then screened for the large-colony phenotype. As shown
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FIG. 4. Capsule production by cps2K-repaired mutants. (A and B)
Relative capsule amounts were determined by competitive inhibition
ELISA for cell lysates (A) and culture supernatants (B). Results are
shown for the Acps2K mutant BX511 and its derivative BX515 ob-
tained by repair of ¢ps2K only. Results are the means (*+ standard
errors) from two independent cultures assayed in the same experiment
and are representative of two experiments. Identical results were ob-
tained for the independent Acps2K mutant BX512 and its respective
derivative BX518. (C) Indirect ELISA for surface accessibility using a
polyclonal antiserum to surface antigens. Results are the means (*+
standard errors) from two independent cultures assayed in the same
experiment and are representative of two experiments. BX515 was
significantly different from AM1000 and BX511 (P = 0.002 and 0.003,
respectively, by a paired ¢ test to compare dilutions 1/8 to 1/32). BX511
and AM1000 were not different. (D) Capsule immunoblots reacted
with type 2-specific polyclonal antiserum. BX515, ¢ps2K repair of
BX511; BX518, ¢ps2K repair of BX512. CW, cell wall fraction; P,
protoplast fraction.
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FIG. 5. Capsule production by cps2K mutants repaired by capsule locus replacement. (A and B) Relative capsule amounts were determined
using intact cells (A) and culture supernatants (B) in indirect ELISAs. Results are shown for the Acps2K mutant BX511 and its derivative BX519,
obtained by replacement of the entire capsule locus. Results are the means (= standard errors) from two independent cultures assayed in the same
experiment and are representative of three experiments. Identical results were obtained for the independent Acps2K mutant BX512 and its
respective derivative BX522. Capsule levels for the D39 derivative BX516, containing an Em marker downstream of the capsule locus and used
to replace the entire capsule locus, were identical to those for D39 (data not shown). (C) Capsule immunoblots reacted with type 2-specific
polyclonal antiserum. CW, cell wall fraction; P, protoplast fraction. D39::Em, BX516 donor for capsule replacements; Cps replacement for left
CW/P fractions, BX519 (BX511 repair); Cps replacement for right CW/P fractions, BX522 (BX512 repair).

in Fig. 6A, fragments containing the region between cps2D and
¢ps2T could restore the parental phenotype in two indepen-
dent mutants, suggesting that the suppressor mutations were
located in this region. We therefore PCR amplified and se-
quenced this region from three independent cps2K deletion
mutants. For each, a different point mutation was identified in
¢ps2E. This gene encodes a 455-amino-acid protein previously
demonstrated to be the glycosyltransferase responsible for the
addition of Glc-1-P onto a polyprenol carrier to initiate repeat
unit synthesis (15). The c¢ps2E mutations contained in the
Acps2K mutants BX511, BX512, and BX533 were G303V,
G292R, and D425R, respectively.

To confirm that the mutations in cps2E were responsible for
the altered capsule phenotype observed in the repaired cps2K
mutants, allelic exchange of a parental copy of cps2E for the
mutated cps2E was performed with two of the independent
mutants. Clones containing the entire ¢ps2E gene and the
500-bp flanking regions were used to transform the repaired
¢ps2K strains. Transformations were plated in the absence of
selection, and colonies were screened for the large, glossy
parental phenotype. Approximately 10% of the colonies were
large. Sequence analyses confirmed the repair of the cps2E
mutations in several large-colony transformants. ELISA, sur-
face accessibility, and immunoblot analyses demonstrated pa-
rental levels of capsule in these isolates (Fig. 6B to E). Con-
sistent with the reduced numbers of bacteria on agar plates, the
¢ps2K mutants and the repaired ¢ps2K mutants (both of which
contained a cps2E mutation) exhibited altered growth patterns
(Fig. 7A). In contrast, growth of the cps2E deletion mutant
KA1521 and the doubly repaired cps2K cps2E mutant BX545
was like that of the parent D39 (Fig. 7B). Thus, the capsule and
growth phenotypes in the cps2K-repaired mutants were due to
the cps2E suppressor mutations, and repair of both the cps2K
deletion and the c¢ps2E point mutation restored the full paren-
tal phenotypes. These results confirmed that no other muta-
tions or downstream effects of the ¢ps2K deletions were re-
sponsible for the observed phenotypes.

To determine the effects of the suppressor mutations on
Cps2E activity, isolated S. pneumoniae membranes were used
as a source of enzyme activity for in vitro assays. As shown in
Fig. 7C, Cps2E activity for the ¢ps2K and repaired cps2K mu-

tants BX511 and BXS515, respectively, was not detectable
above the background level observed with the cps2E deletion
strain KA1521. In contrast, parental levels of activity were
observed with the doubly repaired cps2K cps2E mutant BX545.
Cps2E protein levels of the mutant and repaired strains were
unchanged from that of the parent (data not shown). cps2E
deletion mutants do not make capsular polysaccharide that is
detectable by ELISA (15) or immunoblotting (data not
shown). Thus, capsule synthesis in the ¢ps2K and repaired
cps2K mutants, each of which contains a cps2E mutation, must
be due to a low level of in vivo Cps2E activity.

¢ps2K deletion mutants consistently contain suppressor mu-
tations, which are located in cps2E or elsewhere within or near
the capsule locus. To determine whether suppressor mutations
were necessary for the isolation of ¢ps2K deletion mutants, we
generated 18 additional ¢ps2K mutants in independent reac-
tions. For all, the colony morphologies and capsule ELISA
analyses were similar to those for the original ¢ps2K mutants
(data not shown). Sequence analyses of these mutants revealed
cps2E mutations in 15 of the strains. All 15 mutations differed
from those isolated originally. The locations of the mutations
for these 15 strains are given in Table 1 (strains BX532, BX539,
BX547 to -549, BX554, BX555, BX605 to -607, BX609 to -612,
and BX635). The three remaining cps2K mutants could be
restored to the parental phenotype by transformation with the
complete capsule locus, indicating the presence of suppressor
mutations in this region. The mutations in two of the mutants
were localized by linkage and sequence analyses. One of these
mutants, BX551, contained a transition mutation located 4
base pairs downstream of the —10 sequence in the predicted
capsule promoter located upstream of c¢ps24. A twofold reduc-
tion in the amount of capsule transcript was observed for this
mutant by RNA slot blot analysis (data not shown). The sec-
ond mutant had a 1-kb insertion located in cps2L. This gene
encodes the Glc-1-P thymidylyltransferase that converts Glc-
1-P to TDP-Glc in the first step of TDP-rhamnose synthesis
(34, 43). The insertion is expected to be polar on cps2MNO, the
remaining genes in the capsule locus that are required for
the final three steps in TDP-Rha synthesis. Cps2E activity in
the ¢ps2L suppressor mutant was similar to that in the parent
strain (Fig. 7B, strain BX556). The location of the suppressor
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FIG. 6. Localization of suppressor mutations in Acps2K mutants.
(A) Restriction fragments of BX535 (D39 containing an Em marker
upstream of the capsule locus) were used to transform BX518, a
cps2K-repaired strain. Em-resistant transformants were screened for
large, smooth colonies to denote repair of the suppressor mutation.
Vertical lines indicate the region expected to contain the mutation
based on the ability of the fragments to restore the parental phenotype.
Numbers are Em'-smooth transformants/total Em" transformants ex-
amined in two independent transformations. (B) Indirect capsule
ELISAs of intact cells for derivatives in which both ¢ps2K and cps2E
have been repaired. Results are shown for BX545, the c¢ps2K- and
cps2E-repaired derivative of BX511. Identical results were obtained
for BX544, the doubly repaired derivative of BX512. Results are the
means (= standard errors) from two independent cultures assayed in
the same experiment and are representative of three experiments.
(C) Indirect capsule ELISAs of culture supernatants, as in panel B.
(D) Indirect ELISAs for surface accessibility using a polyclonal anti-
serum to surface antigens. Results are the means (= standard errors)
from two independent cultures assayed in the same experiment and are
representative of two experiments. (E) Capsule immunoblots reacted
with type 2-specific polyclonal antiserum. CW, cell wall fraction; P,
protoplast fraction. BX544, cps2K and cps2E repair of BX512; BX545,
cps2K and cps2E repair of BX511.

mutation in the third non-cps2E mutant has not been deter-
mined.

In both the original and subsequent experiments to con-
struct ¢ps2K deletions in the parent D39 strain, the number of
isolates obtained was small (=1 Km-resistant isolate per 10°
recipients). This result was consistent with the necessity to
transform the rare spontaneous mutants that contained cps2E
or other suppressor mutations that allowed for survival in the
presence of a ¢ps2K deletion. To determine whether the fre-
quency of obtaining cps2K deletion mutants could be en-
hanced, we used as recipients isolates already containing cps2E
mutations, which had been derived by repair of a ¢ps2K dele-
tion. Here, ~500 Km-resistant isolates were obtained per 10°
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recipients. Both D39 and the recipients already containing
cps2E mutations were transformed with donor DNA contain-
ing an Em resistance marker unlinked to the capsule locus at
high efficiency (~500 to 800 Em-resistant isolates per 10° re-
cipient for each strain), indicating that they were equally com-
petent for transformation. Thus, deletion of ¢ps2K is detrimen-
tal to the cell, and such mutants can be isolated only in the
presence of suppressor mutations that reduce or eliminate
capsule synthesis.

Deletion of cps2H or cps2] also selects for isolates that
contain ¢ps2E mutations. To determine whether other muta-
tions that affected polymer assembly would be detrimental to
the cell, in-frame deletions of ¢ps2J and cps2H, which encode
the putative Wzx flippase and Wzy polymerase, respectively,
were constructed as described in Materials and Methods.
These mutants should synthesize complete repeat units that
are either retained on the cytoplasmic face of the membrane
(flippase mutants) or translocated to the outer face of the
membrane but not polymerized (polymerase mutants). The
Km-resistant transformants obtained exhibited the small,
rough colony morphology indicative of nonencapsulated mu-
tants. Based on the results for the c¢ps2K mutants, we se-
quenced ¢ps2E in independent mutants from each construc-
tion. All contained mutations. The Acps2H mutants BX552
and BX505 contained a point mutation resulting in an amino
acid change (L199F) and a 1-base-pair deletion resulting in a
premature stop at residue 244, respectively. The Cps2E alter-
ations in the Acps2/ mutants BX667, BX668, and BX669 were
G411R, 12658, and G371A, respectively. For the Acps2H mu-
tant BX552, the level of Cps2E protein was similar to that of
the parent strain, whereas Cps2E activity was not detectable in
the in vitro assay, as observed for the original cps2K mutants
(data not shown). As discussed below, the suppressor mutation
in the c¢ps2H mutant is located in an extracytoplasmic loop of
Cps2E, whereas the suppressor mutations of the original cps2K
mutants are located in a cytoplasmic region.

DISCUSSION

In both gram-positive and gram-negative bacteria, capsule
synthesis by the Wzy-dependent mechanism likely initiates on
the Cs; lipid undecaprenyl-phosphate (Und-P), the same lipid
acceptor that is used to initiate synthesis of peptidoglycan, LPS
O-antigen repeat units in gram-negative bacteria, and teichoic
acids in gram-positive bacteria. In S. pneumoniae, synthesis
initiates by transfer of Glc-1-P to a polyprenyl-P whose size and
properties are consistent with Und-P (15). By analogy with
peptidoglycan synthesis, the Und-P acceptor is expected to be
recycled from the outer to the inner face of the cytoplasmic
membrane following transfer of the linked polymer to another
lipid-linked subunit or acceptor. The cellular levels of Und-P
are low (40), and thus the amounts and ratios of different
polymers on the cell surface may be limited by the pool of
available Und-P. The results of the present study lead to sev-
eral conclusions regarding Wzy-dependent capsule synthesis in
S. pneumoniae, as discussed below.

Lack of the terminal GlcUA of the side chain alters the
ability to transfer the type 2 capsule to the cell wall. The
lack of cell wall polymer in the Cps2K mutants could reflect
a requirement for recognition of GIcUA by one or more
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FIG. 7. Growth and Cps2E glycosyltransferase activity. (A and B) Growth curves of BX512 (Acps2K), BX518 (cps2K repair), BX545 (cps2K and
cps2E repair), and KA1521 (Acps2E) compared to that of the parent D39. Cultures were diluted 1/10 from a THY culture and grown in THY.
Absorbance readings were taken at the indicated time points. (C) Isolated membranes were used to measure incorporation of [*H]Glc from
UDP-[?H]Glc to an organically soluble product, indicative of transfer of Glc-1-P to a polyprenol carrier (15). Membranes contained 10 p.g of total
protein and equivalent levels of Cps2E, as determined by Western blotting (not shown). Similar results were obtained for BX512 and its respective

repaired derivatives.

enzymes in the capsule pathway, an alteration in the sec-
ondary structure of the polymer such that it no longer serves
as a substrate for one or more enzymes, or an insufficient
level of polymer substrate for transfer. The shift to predom-
inantly high-molecular-weight polymer in the Cps2K mutants is
consistent with continued polymerase activity in the absence of
chain termination and suggests that both the flippase and poly-
merase are active in the absence of the GIcUA residue, al-
though we cannot exclude the possibility that their activities
are not optimal. Low levels of polymer substrate do not inher-
ently preclude transfer to the cell wall, as we have shown
previously that deletion of ¢ps2C or ¢ps2D results in the syn-
thesis of very small amounts of mainly low-molecular-weight
polymer that is effectively transferred (6). Although it has been
reported that Cps2C has a role in transfer of polymer to the
cell wall (42), cps2C and cps2D deletion mutants exhibit pa-
rental ratios of cell wall to membrane-associated polymer (6),
demonstrating that it is not required for this function. The
Cps2K mutants were unchanged with regard to Cps2D pro-
duction and tyrosine phosphorylation, and thus this system was
not responsible for the observed reduction in capsule levels or
the failure to transfer polymer to the cell wall. The absolute
requirement for GIcUA may therefore lie with the enzyme or
enzymes necessary for transfer of the polymer from Und-P to
the cell wall. Such enzymes have not been identified in any
gram-positive bacteria, and not enough genes are present in
the capsule loci to encode enzymes unique to this function.
Mutations eliminating side chain assembly, transport, or
polymerization are obtained only in the presence of suppres-
sor mutations. The lethality of the cps2K, cps2J, and cps2H
mutations may have resulted from sequestration of Und-P in
the capsule pathway and either preclusion of its turnover for
utilization in essential pathways or destabilization of the mem-
brane due to an accumulation of lipid-linked intermediates.
This effect is most easily explained for the Wzx flippase (cps2J)
mutants, which would be expected to accumulate single-repeat
units on the inner face of the cytoplasmic membrane. For the
¢ps2K mutants, the effect appears to reflect either directly or
indirectly the inability to transfer polymer to the cell wall. It
has not been established whether polymer transfer from Und-P
to the cell wall occurs directly or via an intermediate acceptor
or whether membrane-bound polymer in the parent strain is

retained on Und-P or transferred to another acceptor. The
high levels of membrane-bound polymer that accumulate in
the parent strain apparently without harm (Fig. 2D) (6) indi-
cate that either this level of Und-P sequestration is not lethal
or the membrane-bound polymer is not linked to Und-P. The
lethality of the ¢ps2K mutations and the severe reductions in
membrane-bound polymer in these mutants is consistent with
the latter and a failure to transfer the polymer from Und-P to
another membrane acceptor in the mutants. In the Wzy poly-
merase (cps2H) mutants, lipid-linked intermediates should ac-
cumulate only if single-repeat units cannot be transferred from
Und-P to the cell wall or another acceptor. The fact that
isolation of these mutants required suppressor mutations sug-
gests that transfer of single-repeat units either did not occur or
was very inefficient. Our previous studies demonstrated that
short polymers can be transferred to the cell wall (6). The
present results therefore suggest either that the linking enzyme
cannot efficiently recognize and/or transfer a single, lipid-
linked repeat unit or that the missing polymerase is involved in
the transfer.

Secondary mutations, some of which were localized to the
initiating glycosyltransferase, have similarly been noted in
studies examining Pseudomonas aeruginosa LPS flippase (wzx)
mutants (12), Xanthomonas campestris xanthan gum mutants
(35), and Salmonella enterica serovar Typhimurium LPS mu-
tants that failed to polymerize O-antigen subunits due to the
lack of an abequose branch (74). Effects on cell viability re-
sulting from the accumulation of lipid-linked subunits were
also observed in these studies and in the characterization of E.
coli LPS mutants (12, 49, 74). In contrast, mutations in S.
agalactiae that resulted in lack of the side chain terminal sialic
acid in the type III capsule led to reductions in capsule amount
(~20% of parental levels) that could be fully restored by
complementation (17). Thus, either these mutations were not
lethal or any secondary mutations that occurred did not have
an apparent phenotype in the complemented strain. In con-
trast to our observations, essentially all of the S. agalactiae
polymer was transferred to the cell wall for both the parent and
mutant strains, possibly precluding the necessity of a secondary
mutation.

Cps2E may have functions in addition to the initiation of
repeat unit formation. The high frequency of suppressor mu-
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FIG. 8. Predicted topology of Cps2E determined using the TMpred
program from the ExXPASy Proteomics website (http://www.expasy.org
/tools). Numbers denote amino acid number. X, locations of mutations
in original Acps2K mutants. A or ¥, locations of mutations contained
in additional Acps2K mutants. Numbers in parentheses represent the
numbers of mutants with the same mutation. * and A, amino acid
changes found in Acps2H and Acps2J mutants, respectively. The DXD
motif in the cytoplasmic domain is indicated.

tations in ¢ps2E is perhaps surprising considering the other
potential targets where mutations could theoretically abolish
capsule production. In vitro, Cps2E catalyzes the addition of
Glc-1-P to Und-P as well as the reverse reaction (15). The
retention of Cps2E activity in a ¢ps2L suppressor mutant,
which would lack the ability to synthesize the TDP-Rha pre-
cursor and therefore fail to add Rha to Und-P-P-Glc, suggests
that either the Cps2E reverse reaction occurs in vivo or the
accumulation of Und-P-P-Glc is not toxic. Thus, mutations in
the glycosyltransferase that catalyzes addition of the first Rha
to the repeat unit, as well as mutations affecting TDP-Rha
synthesis [cps2LMNO] or polar mutations in essentially any
part of the locus, could be effective in relieving the stress
induced by the cps2K, cps2J, or cps2H mutations. Yet, only 3 of
our 26 suppressor mutations occurred outside cps2E. Muta-
tions in other genes may therefore not be sufficient to prevent
lethality, or Cps2E may provide many effective targets for
disrupting capsule synthesis if it has roles beyond that of repeat
unit initiation. Consistent with this possibility is the presence of
a large extracytoplasmic domain in addition to the cytoplasmic
region that contains the glycosyltransferase activity necessary
for repeat unit initiation (Fig. 8). Approximately 20% of the
suppressor mutations were located in the extracytoplasmic
loop, which exhibits no conserved domains suggestive of puta-
tive functions. Most of the suppressor mutations were located
in the cytoplasmic domain in residues conserved among Cps2E
homologues in S. pneumoniae and other bacteria. However,
none were in residues known to be important in glycosyltrans-
ferase activity, such as the DXD motif characteristic of UDP-
sugar binding sites (10, 19).

Cps2E belongs to a family of proteins that is structurally
similar and includes initiating glycosyltransferases used for the
syntheses of LPS O antigens, xanthan gum exopolysaccharide,
and capsules (62). The extracytoplasmic loop is present in
Salmonella enterica WbaP, which initiates LPS O-antigen syn-
thesis by the addition of galactose-1-P to Und-P, but is absent
in the Cps2E homologues of all S. pneumoniae serotypes that
lack Glc in their polymers and therefore must initiate repeat
unit formation with other sugars (8). This domain appears not
to be essential for transfer of the S. pneumoniae capsule to the
cell wall, as it is lacking in the CpsE homologue of serotype 4,
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which exhibits cell wall-associated capsule (6, 54). We noted,
however, that the repaired cps2K mutants that retained cps2E
suppressor mutations failed to release capsule from the cell. It
is not yet know whether this observation is a direct effect of the
cps2E mutation or relates to the low level of capsule produced.

The S. enterica WbaP protein is bifunctional, with the C-
terminal cytoplasmic domain containing the glycosyltrans-
ferase activity and the N-terminal domain proposed to be im-
portant in releasing Und-P-P-galactose from WbaP and
preferentially allowing the release of completed subunits (62).
Such a role could fit with the phenotypes observed for the
Cps2K mutants and the frequent occurrence of suppressor
mutations in Cps2E; i.e., if the repeat unit remains associated
with Cps2E until complete, the lack of GIcUA would block
synthesis, resulting in the accumulation of lipid-linked repeat
units on the inner face of the cytoplasmic membrane. Suppres-
sor mutations in Cps2E that relaxed the requirement for a
complete repeat unit could allow some synthesis to continue.
As discussed above, however, the lack of GlcUA would still be
an impediment to capsule synthesis due to its requirement for
transfer to the cell wall.

Conclusions. The results of these studies demonstrate that
the inability to properly assemble the capsule can be detrimen-
tal to the cell, and mutants affected in the assembly process
may carry suppressor mutations that affect the phenotypes
observed. Although we began the studies with a focus on the
role of the side chain, the results strongly point toward Cps2E,
the initiating glycosyltransferase, as a central player in the
control of polymer assembly. Identifying the further roles of
Cps2E and determining the requirements for cell wall associ-
ation of the polymer are essential to fully understanding the
capsule assembly process. The use of ¢ps2K and other deletions
to readily generate mutations in cps2E provides a unique
means for potentially identifying proteins with which Cps2E
interacts and for characterizing a class of glycosyltransferases
that is widespread in nature. In addition, the ability to block
capsule synthesis at intermediate stages by targeting function-
ally equivalent enzymes present in many bacteria could provide
a novel therapeutic approach to bacterial infections that would
be effective because of loss of an important virulence factor
and detrimental effects on cell viability.
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