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Previous studies have shown that the capsular polysaccharide synthesis (cps) locus of the type 19F
Streptococcus pneumoniae strain SSZ was closely linked to a copy of the insertion sequence 1S1202 (J. K.
Morona, A. Guidolin, R. Morona, D. Hansman, and J. C. Paton, J. Bacteriol. 176:4437-4443, 1994). In the
present study, we used plasmid insertion and rescue and inverse PCR to clone 6,322 bp of flanking DNA
upstream of 1S1202. Sequence analysis indicated that this region contains six complete open reading frames
(ORFs) and one partial ORF that are arranged as a single transcriptional unit. Chromosomal disruption of
any of these ORFs in a smooth-type 19F strain leads to a rough (unencapsulated) phenotype, indicating that
this operon is essential for capsule production. The ORFs have therefore been designated cps19f4 to cps19fG,
where cps19f4 is the first gene of the type 19F cps locus. Furthermore, many of the gene products from this
incomplete operon exhibit strong similarities to proteins known to be involved in the production of capsular
polysaccharide, exopolysaccharide, teichoic acid, enterobacterial common antigen, and lipopolysaccharide
from numerous other bacterial species. This has allowed us to propose functions for many of the type 19F cps
gene products. Southern hybridization studies reveal that cps19f4 and cps19fB are conserved among all 12
pneumococcal serotypes tested, whereas genes downstream of cps19fB are conserved among some, but not all,

of the serotypes tested.

Streptococcus pneumoniae (the pneumococcus) is an impor-
tant human pathogen, causing invasive diseases such as pneu-
monia, meningitis, and bacteremia. Morbidity and mortality
from pneumococcal infections remain high, even in regions
where effective antibiotic therapy is freely available. In devel-
oping countries, in excess of 3 million children under the age of
5 years die each year from pneumonia, and S. pneumoniae is
the commonest causative agent. S. pneumoniae also causes less
serious, but highly prevalent infections such as otitis media and
sinusitis, which have a significant impact on health-care costs in
developed countries.

Pneumococci are frequently isolated from the nasopharynx
of healthy people. Virtually all humans are colonized by
pneumococci at some stage, and pneumococcal carriage rates
are higher in young children and where people are living in
crowded conditions. In a proportion of carriers (approximately
15% in one pediatric study carried out in the United States
[16]), the pneumococcus invades tissues and causes disease.
This scenario is more likely in persons who have only recently
become colonized (2).

An important feature of S. pneumoniae is its capacity to
produce a polysaccharide capsule, which is structurally distinct
for each of the 84 known serotypes of the organism. The
polysaccharide capsule is considered to be the sine qua non of
pneumococcal virulence (2). This is based on the observation
that all fresh isolates from patients with pneumococcal infec-
tion are encapsulated, and spontaneous nonencapsulated
(rough) derivatives of such strains are almost completely
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avirulent. Moreover, an early study demonstrated that enzy-
matic depolymerization of the capsular polysaccharide (CPS)
of a type 3 pneumococcus increased its 50% lethal dose
approximately 10°-fold (4). More recently, a similar effect on
virulence of type 3 S. pneumoniae was achieved by transposon
mutagenesis of a gene essential for CPS production (45). The
precise manner in which the pneumococcal capsule contributes
to virulence is not fully understood, although it is known to
have strong antiphagocytic properties in nonimmune hosts (26,
34). Clearly, some CPS serotypes are more effective than
others, as certain types are far more commonly associated with
human disease. Moreover, within a given serotype, virulence
appears to be related to the amount of CPS produced (2),
which also implies that the level of CPS expression can be
regulated. In the immune host, however, binding of specific
antibody to the CPS results in opsonization and rapid clear-
ance of the invading pneumococci. For this reason, vaccines
based on purified CPS have been developed. However, pro-
tection is serotype specific and the present formulation con-
tains CPS from the 23 commonest types. This vaccine is highly
protective in healthy adults against invasive infections caused
by those serotypes included in the vaccine, but protection is
very poor in high-risk groups such as young children, who
mount a poor immune response to several important CPS
types (11).

Although the chemical structures of a number of CPS types
have been determined (26), very little is known about the genes
encoding CPS biosynthesis and expression in S. pneumoniae.
This process would require a complex pathway including
transport into the cell and/or synthesis of the component
monosaccharides, activation of each to a nucleotide precursor,
coordinated transfer of each sugar, in sequence, to the repeat-



VoL. 62, 1994 PNEUMOCOCCAL TYPE 19F CAPSULE GENES 5385
Ec Nc C Hi Ba Hp SpCl HpPs HpCl Hp Ec Cl Nc Hi c Ec Hp Ba Hi
L1 | | LIl Y1 | | [ [ | | J

AT XL
dexB 151202 cpsA cpsB cpsC cpsD cpsE  cpsF cpsG

Ba spal
B InPCR Clal P1/2 | 1 J
PsCl Ec
InPCR EcoRl P3/4 A1 )
EcCl Nc Hi
InPCR Hindlll 5/6 11 11
Hi c
InPCR Clal P7/8 4 1 L 1kb
Ba spCl
c pJCP461 L 11
SpCl PsdC Ec
pJCP462 I I I |
EcCl Nc Hi
pJCP463 11

FIG. 1. (A) Physical map of the chromosome of S. pneumoniae Rx1-19F in the vicinity of the 19F cps locus. Arrows represent potential ORFs,
and the box represents the insertion element IS1202. Gene designations are indicated below the map; genes cps19f4-G are abbreviated to cps4-G,
respectively. Restriction sites are as follows: Ba, BamHI; Cl, Clal; Ec, EcoRI; Hi, HindIIl; Hp, Hpal; Nc, Ncol; Ps, Pstl; Sp, Sphl. (B) Segments
of DNA amplified by InPCR specifying the restriction enzyme and primer pair used. (C) Regions of DNA subcloned into pJCP461, pJCP462, and
pJCP463 by excision and rescue of pVA891 and flanking sequences from various insertion-duplication mutants.

ing oligosaccharide, and subsequent polymerization, export,
and attachment to the cell surface.

Classical genetic studies carried out by Austrian et al. (3)
demonstrated that all of the S. pneumoniae genes required for
biosynthesis and expression of CPS are closely linked on the
pneumococcal chromosome. Indeed, clustering of CPS genes is
a common feature of all bacterial polysaccharide loci studied
so far. Thus, it has been shown that the CPS genes of
Escherichia coli K1, K5, K7, and K-12, Haemophilus influenzae,
and Neisseria meningitidis are all clustered on segments of
DNA 10 to 20 kb in length (12, 23, 39). Within these
gram-negative loci there appears to be a considerable degree
of sequence homology and a conserved genetic organization.
Each locus consists of a central region encoding enzymes for
the biosynthesis of the CPS itself, flanked by regions encoding
proteins involved in translocation of the CPS across the
cytoplasmic membrane (proteins similar to members of the
ABC superfamily of ATP-dependent transport proteins) and
transport through the periplasm onto the cell surface (outer
membrane proteins with porin properties) (12, 23, 39). Also,
regions with putative regulatory functions have been identified
in the meningococcal ¢ps locus (12). In contrast, less is known
of the structure and organization of gram-positive ¢ps loci, and
for pneumococci, only part of a single CPS-related gene
(encoding a putative UDP-glucose dehydrogenase from sero-
type 3) has been sequenced (13).

Characterization of the cps loci would undoubtedly improve
our understanding of the mechanisms of CPS production and
regulation in pneumococci, which would in turn contribute to
an understanding of the pathogenesis of pneumococcal dis-
ease. To date, our studies have concentrated on S. pneumoniae
type 19F, because it is one of the commonest causes of invasive
disease in children. Moreover, type 19F CPS, a linear polysac-
charide with a repeat unit consisting of —4)-B-pD-ManpNAc-
(1—4)-a-p-Glcp-(1—-2)-a-L-Rhap-(1-PO,~— (26), is one of

the poorest immunogens in this group (11). We report here the
complete nucleotide sequence of the first six genes of an
operon essential for type 19F capsule production. We have
been able to assign functions to several of the open reading
frames (ORFs) on the basis of similarities with a variety of
proteins which function in polysaccharide synthesis in a range
of bacterial species. Furthermore, we demonstrate that some
of these genes are highly conserved among different pneumo-
coccal serotypes, while others are serotype specific.

(A preliminary report of this work was presented at the
American Society for Microbiology Fourth International Con-
ference on Streptococcal Genetics, Santa Fe, N.M., May 1994
[17a].)

MATERIALS AND METHODS

Bacterial strains and plasmids. The S. pneumoniae strains
used were Rx1, a nonencapsulated, highly transformable de-
rivative of type 2 strain D39 (41), and SSZ, a type 19F strain
obtained from Chi-Jen Lee, Center for Biologics, Food and
Drug Administration, Bethesda, Md. A derivative of Rx1
expressing type 19F capsule (designated Rx1-19F) was con-
structed by transformation of Rx1 with DNA from strain SSZ,
as described elsewhere (32). Rx1-19F-B1 is a derivative of
Rx1-19F in which the major OREF in the single copy of 1S1202
(which is closely linked to the cps locus) has been interrupted
by insertion-duplication mutagenesis, using pVA891 (32).
Clinical isolates belonging to types 19A, 19B, and 19C were
also obtained from Chi-Jen Lee; other clinical isolates were
from the Women’s and Children’s Hospital, Adelaide, South
Australia. Pneumococci were routinely grown in Todd-Hewitt
broth with 0.5% yeast extract or on blood agar. When appro-
priate, erythromycin was added to media at a concentration of
0.2 pg/ml.

E. coli K-12 DH1 (18) and DH5a (Bethesda Research
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BamHI -35
GGATCCTTTTAATATGACTATTCTACCAAATGGGACATTTTCACGTTCGATTTACTAAAGACATTATCACATTCGAATTACATTAAAGATGCAGATAGTAAAAAAAATGTAGACATTACC
cps19fA—>

-10 MSRRFKKSRSQKVYKRSVNTIVLLTI
GTAAMAAAGTGATATAATCGTATGATGTTCAAGGTATAGGTGTTAATCATGAGTAGACGTTTTAAAAAATCACGTTCACAGAAAGTGAAGCGAAGTGTTAATATCGTTTTGCTGACTATT
YLLLVCFLLFLIFKYNILAFRYLNLVITALVLLVALLGL.L
TATTTATTGTTAGTTTGTTTTTTATTGTTCTTAATCTTTAAGTACAATATCCTTGCTTTTAGATATCTTAACCTAGTGATAACTGCGTTAGTCCTACTAGTTGCCTTGCTAGGGCTACTC
LI I YKKAEKFTIFLLVFSILVSSVSLFAVQQFVGLTNRLN
TTGATTATCTATAAAAAAGCTGAAAAGT TTACTATTTTCCTGTTGGTGTTCTCTATCCTTGTCAGCTCTGTGTCGC TCTTTGCAGTACAGCAGTTTGTTGGACTGACCAATCGTTTAAAT
ATSNYSEYSISVAVLADSDIENVTQLTSVTAPTGTDNEN.I
GCGACTTCTAATTACTCAGAATATTCAATCAGTGTCGCTGTTTTAGCAGATAGTGATATCGAAAATGTTACGCAAC TGACGAGTGTGACAGCACCGAC TGGGACTGATAATGAAAATATT
QKLLADTIKSSQNTDLTVNQSSSYLAVYKSLTIAGETEKATIUVL
CAAAAACTACTAGCTGATATTAAGTCAAGTCAGAATACCGATTTGACGGTCAACCAGAGTTCGTCTTACTTGGCAGTTTACAAGAGTTTGATTGCAGGGGAGAC TAAGGCCATTGTCCTA
NSVFENTITIESEYPDYASKTIKKTIYTEKGEFTEKEKVEAPEKTSEKNDQ
AATAGTGTCTTTGAAAACATCATCGAGTCAGAGTATCCAGACTACGCATCGAAGATAAAAAAGATTTATACCAAGGGATTCAC TAAAAAAGTAGAAGC TCC TAAGACGTCTAAGAATCAG
SFNIYVSGIDTYGPTISSVSRSDVNTILMTVNRDTEKEKTILLTT
TCTTTCAATATCTATGTTAGTGGAATTGACACCTATGGTCCTATTAGTTCGGTGTCGCGATCAGATGTCAATATCCTGATGAC TGTCAATCGAGATACCAAGAARATCCTCTTGACCACA
TPRDAYVPIADGGNNOQKDKLTHAGIVYGVDSSIHTLENLYSG
ACGCCACGTGATGCCTATGTACCAATCGCAGATGGTGGAAATAATCAAAAAGATAAATTAACCCATGCAGGCATTTATGGAGTTGATTCGTCCATTCACACCTTAGAAAATCTCTATGGA
VDINYYVRLNFTSFLKMIDLLGGVDVHNDO QETFSALHGEKTFH
GTGGATATCAATTACTATGTGCGATTGAACTTCACTTCTTTCTTGAAAATGATTGAC TTATTGGGAGGGGTAGATGTTCATAATGATCAAGAGTTTTCAGC TCTACATGGGAAGTTCCAT
FPVGNVHLDSEQALGFVRERYSLADGDRDRGRNGO QOQKVTIVA
TTCCCAGTAGGGAATGTCCATCTAGACTCTGAGCAGGCTCTAGGTTTTGTACGTGAACGCTACTCACTAGCCGATGGAGACCGTGATCGTGGTCGCAACCAACAAAAGGTCATTGTAGCA
I TQKLTSTEVLKNYSSILQGLQDSLQTNMPTIETMIDLVNT
ATTATTCAGAAGTTAACTTCTACAGAGGTTTTGAAAAACTATAGTAGTATTC TTCAAGGATTGCAGGATTC TCTTCAAACAAATATGCCGATTGAGAC TATGATAGATTTAGTGAATACT
QLESGGNYEKVNSQDLEKGTGRMVLPSYAMPDSNLYVMETLDD
CAGTTGGAAAGTGGGGGGAATTATAAAGTAAATTC TCAAGATTTAAAAGGGACAGGTCGGATGGTTCTTCCTTC TTATGCAATGCCAGACAGTAACC TCTATGTGATGGAAATAGATGAT

cps19fB—
SSLAVVKAAIQDVMEGR®* MIDIHSHTIVFDVDDGEPEKSRETES
AGTAGTTTAGCTGTAGTTAAAGCAGCTATACAGGATGTGATGGAGGGTAGATGAAATGATAGACATCCATTCGCATATCGTTTTTGATGTAGATGACGGTCCCAAGTCAAGAGAGGAAAG
KALLAESYRQGVRTIVSTSHRREKGMFETPEEKTIAENTFLG QYV
CAAGGCTCTCTTGGCAGAATCCTACAGGCAGGGGGTGCGAACCATTGTCTCTACCTCTCACCGTCGCAAGGGCATGTTTGAAACTCCGGAAGAGAAGATAGCAGAAAACTTTCTTCAGET
REIAKEVADDLVIAYGAETLIYYTLDALERKTLEKEKETLIPTLNDS
TCGGGAAATTGCAAAAGAAGTGGCAGATGATTTAGTCATTGC TTATGGCGCAGAGATATACTATAC TCTGGATGC TC TAGAAAAGC TAGAAAAAAAAGAAATTCCTACCCTTAATGATAG
RYALIEFSMHTSYRQIHTGLSNTILMLGITPVIAHTIERYD DA
TCGTTATGCCTTGATTGAGTTTAGCATGCATACTTCCTATCGTCAGATTCATACGGGATTGAGCAATATTTTGATGTTGGGAATCACGCCAGTAATTGC TCATATTGAACGTTATGATGC
LENNEKRVRELTIDMGECYTOQINSYHVSKPEKEFFGET«KTYEKTFHME KHEK
TTTGGAGAATAACGAAAAACGTGTTCGTGAACTGATTGATATGGGGTGC TATACTCAGATAAATAGTTATCATGTTTCAAAACC TAAGTTCTTTGGTGAAAAATATAAATTCATGAAAAA
RARYFLERDLVHVYVVASDMHNLDSRPPYMQQAYDTITIAEKTE KT YG®G
GAGAGCTCGGTATTTTTTGGAACGTGATTTAGTTCATGTAGTTGCAAGTGACATGCACAATTTAGACAGTAGACCTCCATATATGCAACAGGCATATGATATCATTGC TAAGAAATATGG
cps19fC-
AKKAKELFVDNPRKTITIMDQLTI* MKEQNTLETIDVLQLSF
AGCGAAAAAAGCAAAAGAAC TTTTTGTAGATAATCCCAGGAAAATTATAATGGATCAATTAATTTAGGAGAAAATATGAAGGAACAAAACAC TTTGGAAATCGATGTATTGCAACTATTC
RALWKRKLVYVILLVAIITSSVAFAYSTFVIKPETFTSMTRIY
AGAGCTTTATGGAAAAGAAAGTTGGTCATTTTATTAGTGGCAATTATAACTTCTTCAGTTGCTTTTGCCTACAGTACTTTTGTTATCAAACCTGAGTTTACTAGTATGACTCGGATTTAT
VVNRDQGEKSGLTNQDLQAGSSLVKDYRETITILSQDVLETE./V
GTAGTTAACCGTGATCAGGGAGAGAAGTCTGGTTTAACCAATCAAGAC TTGCAGGCAGGATCATCCTTGGTTAAAGACTATCGTGAAATTATCCTATCGCAGGATGTTTTGGAGGAAGTT
VSDLKLDLTPKDLANKIKVYTVPVDTRTIVSVSVSDRVPETEHA
GTTTCTGATTTGAAACTAGATTTGACGCCAAAAGATTTGGC TAATAAAATTAAAGTAACAGTACCAGTTGATACCCGTATTGTCTCTGTTTCAGTTAGTGATCGAGTTCCTGAAGAGGCA
SRIANSLREVAAQKTITISITRYVSDVTTLEEARPATSPSSPN
AGCCGTATCGCTAACTCTTTGAGAGAAGTAGCTGCTCAAAAAATTATCAGTATTACTCGTGTTTCTGATGTGACAACACTGGAGGAGGCAAGACCGGCGACATCACCGTCTTCGCCAAAT
I KRSTLIGFLAGVIGTSVIVLILELLDTRVKRPKDTIEDTL
ATTAAACGCAGTACACTAATTGGTTTTTTGGCAGGAGTGATTGGAACTAGTGTTATAGTTCTTATTCTTGAACTTTTGGACACTCGTGTGAAACGTCCGAAAGATATCGAAGATACACTG
cps19fD—

QM TLLGTIVPNLNEKTLEK®* MPTLETIAQKEKLETFTIKEKAEEFVYY
CAGATGACACTTTTGGGAATTGTACCAAAC TTGAATAAGTTGAAATAGGAGAGAGGAATGCCGACATTAGAAATAGCACAAAAAAAAC TGGAGTTCATTAAGAAGGCAGAAGAATATTAC

NALCTNIOQLSGDI KLIKVYISVTSVNPGEGKTTTSVNTIARSTFA
AATGCCTTGTGTACAAATATACAGTTGAGCGGAGATAAACTAAAAGTAATTTCCGTTACTTCTGTTAACCCTGGGGAAGGAAAAACAACTACTTCCGTAAATATAGCAAGGTCGTTTGCG

FIG. 2. Nucleotide and amino acid sequences of the 19F CPS locus. The nucleotide sequence from the BamHI site upstream of cps19f4 to the HindIII
site within ¢ps19fG is shown. The amino acid translation for each OREF is represented by a single-letter code above the first nucleotide of each codon.
Possible ribosome binding sites are underlined, and putative —10 and —35 promoter regions upstream from cps19f4 are doubly underlined.
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RAGYKTLLIDGDTRNSVMSGFFEKSREKTITGLTETFLSGTAD
CGTGCAGGCTATAAAACTCTTTTGATCGATGGCGATACTCGAAATTCAGTTATGTCAGGATTTTTTAAATC TCGTGAAAAAATTACAGGGC TAACGGAATTTTTATC TGGGACAGCTGAT
LSHGLCDTNIENLFVVQSGTVSPNPTALLOQSKNFNDMIET
TTATCTCACGGTTTATGTGATACAAATATTGAAAATTTATTTGTAGTTCAATCGGGCACTGTATCACCAAACCCTACAGCC TTGTTACAAAGTAAAAATTTTAATGATATGATTGAAACA
LRKYFDYTIIVDTAPIGIVIDAAIITQKCDASTILVTATGESV
TTGCGTAAATATTTTGATTATATCATTGTTGATACAGCACCTATTGGAATTGTTATTGATGCGGCAATTATCACTCAAAAGTGTGATGCGTCCATC TTGGTAACAGCAACAGGTGAGGTG
NKRDVQKAKQOQLEQTGKLFLGVVFNKLDTISVDKYGVYGEF.]Y
AATAAACGTGATGTCCAAAAAGCGAAACAACAATTAGAACAAACAGGGARACTGTTCCTAGGAGTTGTTTTTAATAAATTAGATATC TCGGTTGATAAGTATGGAGTTTACGGTTTCTAT
cps19fE—~
G NYGKEK* MDEKGLKIFLAVLQSIIVILLVYFLSFUV
GGAAATTATGGTAAAAAATAATTTAGGAAAGATTC TATGGATGAAAAAGGATTGAAAATTTTTTTGGCAGTATTACAGAGTATTATTGTCATTTTATTGGTTTATTTTCTTAGCTTTGTT
RETELERSSMVILYLLHFFVFYFSSYGNNFFEKRGYLVETFHN
AGAGAGACAGAACTTGAACGTTCTTCGATGGTTATACTATACCTTCTCCACTTTTTTGTATTCTATTTTAGTTCCTATGGTAACAATTTTTTTAAAAGAGGGTACC TAGTTGAGTTTAAT
STIRYITFFFAIAISVLNGFIAERFSISRRGMVYLLTLEG!I
AGTACCATAAGATATATTTTTTTCTTTGCAATAGCTATAAGTGTATTAAACGGTTTTATAGCGGAACGGTTTAGTATCTCTAGAAGAGGAATGGTATACCTC TTAACTTTAGAAGGAATA
SLYLLNFLVEKKYWKHVFFNLKNSKEKTILLLTVTKNMETKVLD
TCCTTATACTTGTTAAATTTCTTAGTAAAGAAATATTGGAAGCATGTC TTTTTTAATCTAAAAAATAGCAAGAAAATTTTACTGTTAACAGTAACGAAAAATATGGAAAAAGTTC TTGAT
KLLESDETLSMWKLVAVSVLDKSDFQHDEKTIPVIEEKET KTITIETFA
AAATTGCTAGAATCTGATGAACTTTCATGGAAATTGGTAGCAGTAAGTGTTTTGGATAAATC TGATTTTCAACATGATAAAATACCTGTAATTGAAAAGGAAAAAATTATTGAATTTGCA
THEVVDEVFVNLPGESYDTIGETITISRFETMGIDVTVNLEKAEF
ACGCATGAAGTTGTGGATGAGGTGTTTGTCAATC TTCCAGGAGAGAGC TACGATATTGGAGAAATTATC TC TAGGTTTGAGACAATGGGGATAGATGTAACTGTAAATC TTAAAGCATTT
DKNLGRNKQIHEMVGLNVVTFSTNFYKTSHVISKRTILDTIEC
GATAAGAATTTGGGTCGCAATAAACAAATTCATGAGATGGTAGGATTGAATGTAGTCACTTTCTCTACAAATTTTTATAAAACTAGTCATGTGATTTCAAAGAGAATTCTCGATATTTGT
GATIGLTILFAIASLVLVPLIRKDGGPAIFAQTRTIGTNGR RH
GGTGCCACTATTGGCCTTATTCTTTTTGCTATAGCTAGTCTAGTTTTAGTTCCATTGATTCGTAAAGATGGCGGACCAGC TATTTTTGC TCAAACTCGTATAGGGACAAATGGTCGACAT
FTFYKFRSMRIDAEATIKEQLMDO QNTMOQGGMFEKMDNDPRVT
TTTACCTTTTATAAATTCCGTTCGATGCGGATCGATGCTGAAGC TATCAAAGAACAGTTGATGGATCAAAATACGATGCAAGGTGGTATGTTTAAGATGGACAATGATCCTCGTGTTACA
K1 G6GRFIRKTSLDELPQFWNVFIGDMSLVGTRPPTVDETYVDQ
AAAATTGGTCGCTTTATTCGTAAAACCAGTTTAGATGAGTTACCCCAGTTTTGGAATGTCTTTATAGGAGATATGAGTTTGGTGGGGACACGTCCACCTACAGTAGACGAGTATGTTCAG
Y TSEQKRRLSFKPGITGLWQVSGRSKITDFDDVVKLDVA.Y
TATACTTCAGAACAGAAACGTCGACTCAGC TTTAAACCTGGTATTACAGGTTTATGGCAGGTTAGCGGCCGTAGTAAAATAACCGATTTTGACGATGTTGTAAAATTAGATGTGGCTTAT
cps19fF—
IDNWTIWKDIETILLKTVKVVFMRDGAKS®* MRDRIOQLLGVT
ATTGATAATTGGACAATCTGGAAAGATATTGAAATTTTGC TTAAAACTGTTAAAGTTGTATTTATGAGAGATGGAGCGAAGTGAGGAATGAGGGATAGAATCCAACTTTTAGGTGTAACA
IDLLTMNETIDSVEQYVLEKRPLHLMGVYNADEKTINROQCHTDE
ATTGATTTGCTTACGATGAATGAAACGATAGATAGTGTAGAACAATATGTATTAGAAAAAAGACCAC TACACTTGATGGGGGTGAATGC TGATAAAATTAATCAGTGTCATACAGATGAG
K1 KKTIVNESGITINADGASVVLASKFLGTPVPERVYVAGTIDLHM
AAAATCAAAAAAATCGTTAATGAGTCAGGAATCATTAATGCGGATGGAGCATCAGTTGTTCTTGCAAGTAAGTTTTTAGGAACGCC TGTTCCTGAACGAGTAGCGGGTATTGATTTGATG
QCLLELSNKKGYSVYFFGAKEEVLQDMLEKYFEKRDYPNLTIV
CAATGTCTTTTAGAGTTGTCAAATAAAAAAGGATATTCAGTTTACTTTTTTGGAGCAAAAGAAGAAGTTTTGCAAGATATGC TCAAAGTATTTAAGAGAGATTATCCAAATTTGATAGTT
1 GHRNGYFSEEDEQAIQEDTIREKNPDFUVFIGITSPEKTE KETVYI
ATTGGACACAGAAATGGCTATTTTTCTGAAGAGGATGAACAAGCTATTCAAGAAGATATTCGTGAAAAGAACCC TGATTTTGTGTTTATTGGAATTACGTCTCCTAAAAAAGAATATATT
1 QKFMDSGVNSVFMGVGGESFDVLSGHTIQRAPLUWMOQEKSNLE
ATTCAAAAATTTATGGATAGTGGCGTCAATTCGGTATTTATGGGAGTTGGCGGTAGTTTTGATGTCTTGTC TGGTCATATCCAACGAGCACC TCTATGGATGCAAAAGTCAAATTTAGAG
WLFRVANEPKRLFKRYFVGNTISFTIGKVYVLEKAKRGLVEKY®*
TGGTTATTCCGTGTAGCTAATGAGCCTAAACGTCTCTTTAAACGTTATTTTGTAGGGAATATTTCATTCATAGGAAAAGTTTTAAAAGCAAAAAGAGGTGTAAAATATTGAACCAGACAG
cps19fG—~
MIRLIQKVELDATIKETFKKTICEENDTIDFFLRGGSVLGAVEK.SY
AGATGATTCGCTTAATTCAAAAAGTTGAATTAGATGCTATAAAAGAGTTTAAAAAAATCTGTGAAGAGAATGATATAGATTTTTTCCTCCGCGGTGGTAGTGTACTTGGTGCAGTCAAAT
DGFIPWDDDMDTIAVPREAYDKLPSVFKDRTITIAGEKYQVLTY
ACGACGGCTTTATTCCATGGGATGATGATATGGATATCGCTGTCCCTCGTGAAGCATACGACAAACTTCCAAGTGTTTTCAAAGATAGAATTATCGC TGGGAAATATCAGGTTCTTACTT
QYCDTLHCYFPRLFLLEDERKRLGLPRNTNLGLHLTIDTITIP
ATCAATACTGTGATACGTTGCATTGCTACTTTCCTCGACTATTCCTTTTAGAAGATGAAAGAAAACGTTTGGGC TTGCCACGAAATACCAATC TAGGATTGCATTTGATTGATATCATTC

LDGAPNHSVLRKTIYFCKVYWYRTFLAS...

CTTTAGATGGAGCACCAAATCATTCGGTTTTAAGAAAGATTTACTTTTGTAAAGTATACTGGTATCGTTTTTTAGCAAGCTT
HindIT1

FIG. 2—Continued.
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TABLE 1. Summary of S. pneumoniae cps19f ORFs

Nucleotide Amino Predicted

. Mean
ORF position in  acids molecular Predicted hydropathy G?C"
sequence  (no.) size P index?
Cps19fA 169-1615 481 53,572 8.86 0.04 381
Cps19fB  1616-2347 243 28,352 7.58 —0.46 38.0
Cps19fC ~ 2356-3048 230 25,497 9.34 0.11 382
Cps19fD  3058-3741 227 24,947 8.69 -0.13 345
Cps19fE  3751-5124 455 52,595 9.51 0.14 332
Cps19fF  5128-5871 247 28,155 8.93 -0.19 33.6
Cps19fG°  5883-end 146 17,183 7.08 -0.12 35.7

¢ According to Kyte and Doolittle (24), as implemented in PROSIS.
b Percent guanine plus cytosine (G+C) of coding region.
¢ OREF is truncated.

Laboratories, Gaithersburg, Md.) were grown in Luria-Bertani
broth (29) with or without 1.5% Bacto Agar (Difco Laborato-
ries, Detroit, Mich.). When appropriate, chloramphenicol,
ampicillin, or erythromycin was added to the growth medium
at a concentration of 25, 50, or 10 pg/ml, respectively.

Bacterial transformation. Transformation of E. coli with
plasmid DNA was carried out with CaCl,-treated cells as
described by Brown et al. (7). The encapsulated strain Rx1-19F
was transformed, with chromosomal or plasmid DNA, as
described previously for D39 (5, 47). Transformants were
selected on blood agar containing 0.2 g of erythromycin per
ml.

Assessment of encapsulation. Production of capsule by
pneumococci was assessed by quellung reaction, using mono-
specific antisera obtained from Statens Seruminstitut, Copen-
hagen, Denmark.

DNA manipulations. S. pneumoniae chromosomal DNA
used in Southern hybridization experiments was extracted and
purified as previously described (36). Plasmid DNA was iso-
lated from E. coli by the alkaline lysis method (31). Analysis of
recombinant plasmids was carried out by digestion of DNA
with one or more restriction enzymes under the conditions
recommended by the supplier. Restricted DNA was electro-
phoresed in 0.8 to 1.5% agarose gels with a Tris-borate-EDTA
buffer system, as described by Maniatis et al. (29).

InPCR. The method used for inverse PCR (InPCR) was that
described by Ochman et al. (35). Briefly, chromosomal DNA

Cpsl1l9fA T
BsLytR M

Cpsl9fA EAPKT NQ
BsLytR KEVSI KD

Cpsl9fa NNQ 'E AGI
BsLytR KGT ps SYA

NIYV TYGPISSV
SVLI --ERDGDK

INFECT. IMMUN.

(5 ng) was digested to completion with an appropriate restric-
tion enzyme. The cleaved DNA was then self-religated at 16°C
for 16 h at a concentration of 10 pg/ml. An amplification
reaction (35 cycles, 50°C annealing temperature) was per-
formed with 1 pg of ligated DNA and 50 pmol of each
appropriate primer. Each InPCR product was cloned, and the
ends were sequenced to permit design of primers for further
rounds of InPCR.

Southern hybridization analysis. Chromosomal DNA (2.5
ng) was digested with appropriate restriction enzymes, and the
digests were electrophoresed on agarose gels in Tris-borate-
EDTA buffer. DNA was then transferred to a positively
charged nylon membrane (Hybond N*; Amersham Interna-
tional) as described by Southern (42), hybridized to digoxige-
nin-labelled probe DNA, washed, and then developed using
anti-digoxigenin-alkaline phosphatase conjugate (Boehringer,
Mannheim, Germany) and 4-nitroblue tetrazolium—X-phos-
phate substrate according to the manufacturer’s instructions.
Digoxigenin-labelled lambda DNA, restricted with HindIII,
was used as a DNA molecular size marker.

Plasmid insertion and rescue. The first stage of plasmid
insertion and rescue involves cloning an appropriate fragment
of pneumococcal DNA into pVA891 (which encodes chloram-
phenicol and erythromycin resistance but cannot replicate in S.
pneumoniae [27]) and using this construct to transform Rx1-
19F. Recombination between the pneumococcal DNA insert
and the homologous region of the pneumococcal chromosome
results in integration of the plasmid sequences. Plasmid se-
quences along with flanking DNA were then recovered by
digestion of chromosomal DNA (5 pg) with an appropriate
restriction enzyme and self-religation of the cleaved DNA (at
a concentration of 10 pg/ml), followed by transformation into
E. coli DHS5a, selecting for either chloramphenicol or erythro-
mycin resistance. Pneumococcal DNA was subsequently sub-
cloned into pPGEM7Zf(+) (Promega Corp., Madison, Wis.) for
further analysis.

DNA sequencing and analysis. Nested deletions of pneumo-
coccal DNA cloned into pGEM7Zf(+) were constructed by
the method of Henikoff (19), using an Erase-a-base kit (Pro-
mega). This DNA was transformed into E. coli DH5¢, and the
resulting plasmid DNA was characterized by restriction anal-
ysis. Double-stranded template DNA for sequencing was pre-
pared as recommended in the Applied Biosystems sequencing

QSSSYLAV IAGETK ----NSVFENIIESEYPDYAS KKIY GF RV
ERRK---K LLTILT LVLGTGGYAYYLWHKAASTVA HESI S - RD
\4 MTVNR KKILLTT VAD
T MTVNP NTTDMVSIPRD TKII -
-vDss1I LY DI R F FLKM V HNDQ
GTQMTV FL PV K VINM FRDV gI NSTF

Cps19£A ALHGKFHHFPV[@NV Dsgcp YSLAR GR Qﬁvﬂ@m‘su:v
BsLytR --YDGYSHGKJE I TYNGKHA LAY TIRMRKED P RGOF GRODRQR o) GANISS

Cpsl19fA LKNYSSILQGLQDSL MPIE
BsLytR ITKFGDMFKVVENNV LTFD

Cpsl9fA SN VME AVVKAAIQDV GR
BsLytR NG YYQ SDITKELKES -K

LVNTQLE GNYKVNSQ RMVLPSYAMPD
IQ8DY-- ARKHIKQHELKGTETKI--------

FIG. 3. Alignment of Cps19fA, from amino acid position 160 to the C-terminal end, with the B. subtilis LytR protein (BsLytR) (25), as
determined using the default settings of the program CLUSTAL (20). Identical residues are boxed; similar residues are shown in boldface. —,

absence of a residue.
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FIG. 4. Hydropathy plots of Cps19fA, Cps19fC, and Cps19fE,
generated by the method of Kyte and Doolittle (24). Numbers on the
x axis indicate amino acid position. Positive numbers on the y axis
indicate hydrophobic regions.

manual. The sequences of both strands were then determined
using dye-labelled primers on an Applied Biosystems model
373A automated DNA sequencer. The sequence was analyzed
by using DNASIS and PROSIS Version 7.0 software (Hitachi
Software Engineering, San Bruno, Calif.). The program
BLASTX (1) was used to translate DNA sequences and
conduct homology searches of the protein databases available
at the National Center for Biotechnology Information, Be-
thesda, Md. Amino acid sequence alignments were performed
with the program CLUSTAL (20).

Nucleotide sequence accession number. The nucleotide se-

Cpsl9fB|MIDIHSHIVFDVDDGP§8 E L
SaCpsA |[MIDIHSHIVFDVDDGPKT gL I
Cpsl9fB REIAKEVAD Yy
SaCpsA KHETEKRFE Yy
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quence described in this paper has been deposited with
GenBank under accession number U09239.

RESULTS AND DISCUSSION

Genomic mapping of the type 19F cps locus. We have
previously shown by cotransformation studies that type 19F
capsule production was closely linked to a copy of IS1202 in S.
pneumoniae Rx1-19F. This copy of 1S1202 appears to have
inserted in an intergenic region of the chromasome (32),
bordered at one end by the putative pneumococcal dexB gene,
as shown in Fig. 1A. This finding, coupled with the very close
linkage observed between CPS production and 1S1202, sug-
gested that the ¢ps locus is located upstream of the insertion
sequence.

Numerous attempts to isolate low-copy-number cosmid
clones from this region proved unsuccessful, indicating that
this region of the pneumococcal chromosome is very unstable
in E. coli. Therefore, as a preliminary step in isolating this
region, we generated a physical map that would enable us to
choose appropriate enzymes for plasmid rescue of pneumo-
coccal DNA (see below) and to verify the identity of any
subsequent DNA fragments obtained in this manner. Figure
1B shows the restriction enzymes and primer pairs used to
obtain the four indicated InPCR products. Sequential rounds
of InPCR and genomic mapping by Southern hybridization,
using the InPCR products as probes (data not shown), gener-
ated the physical map spanning approximately 17 kb of the
Rx1-19F chromosome, as shown in Fig. 1A.

Isolation of CPS genes. Since large chromosomal fragments
from this portion of the pneumococcal genome appear to be
unstable in E. coli, we developed an alternative strategy to
obtain DNA for sequence analysis. This involved rescue by
transformation into E. coli of the pVA891 replicon, from
insertion-duplication mutants of S. pneumoniae (see below),
such that it transferred with it small regions of flanking
chromosomal DNA (2 to 3 kb). This approach permitted the
isolation of the three consecutive portions of the Rx1-19F
chromosome, covering a region of 6.3 kb, shown in Fig. 1C.
The first clone was obtained by rescue of pVA891 from strain
Rx1-19F-B1, in which plasmid pVA891 had been inserted into
the ORF of IS1202, as previously described (32). These
segments of pneumococcal DNA were subsequently subcloned
into pGEM7Zf(+) to give plasmids pJCP461, pJCP462 and
pJCP463, from which nested deletions were generated to
obtain the complete sequence of 6,322 bp shown in Fig. 2. The

AESYRQGVRTIIVSTSHRRKGMFETPHE A L
HESYRQGVRIIIVSTSHRRKGMFETPHD F s
LEKLE IPTL DSRﬂALIEFSﬂ YR
LEKLK IPTLNNTKFALIEFS WK D

Cps19fB ﬂLSﬂﬂLNLGITPa AHIER ALENNE
SaCpsA LS LMLGITP AHIER ALENOK
Cpsl19fB [KKRARYFLHR - VASDMHNLD ‘
SaCpsA |KKRARYFLHENLVHFVASDMHNLDOVIRPP

Cps19fB Q
SaCpsA H

& OMGCYTQINSYHV (¢] FM
NMGCYTQINSFHI N RF
YIQ AKKY[QARKAK VONPRKIIMD
FLAN CRDFGKERAN IENAQSILKN

FIG. 5. Alignment of Cps19fB with S. agalactiae CpsA (SaCpsA) (40), as determined using the default settings of the program CLUSTAL (20).

Identical residues are boxed; similar residues are shown in boldface.
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JYHvIKHEHTSMTRI Y
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RMExoP NLSKYAEHHPTPVNSJMLDTO---IASA LKSGELAL DKLKLSENDTILNPPRSP

Cpsl19fc [TvPp : RVAEEASRYANSIRH g:o. ----8ITRVSOVTTLHEHARPAT
SaCpsB |V|SILKDTRV ANPIRMSQK VIR HAAV 9K I[K - - - - Av|1{d ITTLHKGNLPK
RmEXoP |[VDMVKEWLKTATGLFSGQHADVTEEAARNGRROKAAAITNOQSLAVERVIRSSVVAVAFRSS
cpsi19fc gFP Rs m] VIGTSVIVLYILEL- KRPD o LGIVP
SaCpsB S JKN IVGAGLSTIVLV{IMGI - DRVINTEHD I HKVILGLTSLGIVE
RmExoP DHLLAATHARGYASAYTDQLNANFEATERASVWLOHRLTDLQORSQAAAL------- EV
Cpsl9fC K

SaCpsB -

RmExXoP AHFR

FIG. 6. Alignment of Cps19fC with S. agalactiae CpsB (SaCpsB) (40) and R. meliloti ExoP (RmExoP) from amino acid positions 20 to 250 (15),
as determined using the default settings of the program CLUSTAL (20). Identical residues are boxed; similar residues are shown in boldface. —,

absence of a residue.

sequence across the EcoRlI site was obtained by sequencing the
cloned InPCR HindIII P5/6 product (Fig. 1B).

Examination of the compiled sequence, shown in Fig. 2,
reveals the presence of six potential ORFs (nucleotides 169 to
5871) that are arranged as an operon. A seventh, incomplete
OREF (nucleotides 5883 to 6322) also forms part of this operon
and lies at the end of the sequence data available. This genetic
organization is represented in Fig. 1A. An almost perfect
consensus promoter sequence (TAGACA-17 bp-TATAAT) is
situated 30 bp upstream of the first ORF. Each of the ORFs is
preceded by a ribosome binding site (Shine-Dalgarno se-
quence), and they are all closely coupled, being separated by 1
to 15 nucleotides. Five of the ORFs are in the same reading
frame. The terminus of IS1202 (nucleotide position 82) is
located 87 bp upstream of the start codon of the first ORF.

Insertion-duplication mutagenesis of CPS genes. In order to
determine whether these ORFs are involved in type 19F
capsule production, the chromosomal copies of the potential
genes were individually disrupted in the encapsulated strain
Rx1-19F and the phenotype of each construct was scored for

type 19F capsule production by the quellung reaction. To
achieve this, a small internal segment of each ORF (nucleo-
tides 895 to 1221 for cps19fA4, 1944 to 2258 for cps19fB, 2380 to
2998 for cps19fC, 3126 to 3519 for cpsI9fD, 3941 to 4544 for
cps19fE, and 5225 to 5725 for cps19fF) was cloned into plasmid
pVAB891. Subsequent clones were transformed into Rx1-19F,
and the cells were plated onto blood agar plates containing
erythromycin. As the pVAS891 replicon cannot function in
pneumococci, erythromycin-resistant transformants are the
result of a homologous recombination event directed by the
cloned fragment of pneumococcal DNA that leads to the
integration of the pVA891 plasmid into the host chromosome
and consequent disruption of the gene of interest. Further-
more, the cloned segment of pneumococcal DNA is duplicated
and flanks the integrated copy of pVAS891.

Disruption of each of the six complete potential ORFs at the
correct location in the chromosome was confirmed by South-
ern hybridization analysis of each insertion-duplication mutant
generated (data not shown). All six mutants exhibited a rough
phenotype and did not produce a type 19F capsule, as judged

Cps19fD P AQ EF I -Hd dok sv v|g R
sacpscC TRLE IJVD RO AK KT -IR JHsKENKILAT gTs AL
RmMExoP ~ RLSRIVVDAPRSTF---JAHTF KOACDOMUAGSES A1 AgA TAANFAAA
Cps19£D RAQYKTLLIDGDTRNSVMS SREHN HHL SqQMADLsHG IE Q
saCpsC QAGAKTLLIDADTRNSVMS ATGTIH N dNADLIGDI vp vvjp
RmExoP  LLAASGKRTLLIO KPGLTQMITPAPR BT sWPAJIRVDOQRTKHYATIL P
Cps19£fD VSPN---{PTALLQOSK OMIHTYRKYFDYIIVDTAPL DAAIITQ as1L{
SaCpsC ---PTALLONA MIBAIRNIFDYIIOpHHPI DAAINJANAJR-WFYF
RmMEXOP GASHORHQSNHL PAMANTI HNARNAF D Vv ALA DAKAFAPLADGILHY
cps19fD TATQE QKAKQQLEQTGKLHLGWV IS-V GVYG----F-- ---
SaCpsC SNPSR T

RmMEXOP VEWGRTP RDLLHSEPLINSKVLGVI MNEL SDFDGAEKYRH YVE
Cpsl19fD ------ GKK

SaCpsC

RmExoP  NTITENTAA

FIG. 7. Alignment of Cps19fD with S. agalactiae CpsC (SaCpsC) (40) and R. meliloti ExoP (RmExoP) from amino acid positions 542 to 786
(15), as determined using the default settings of the program CLUSTAL (20). Identical residues are boxed; similar residues are shown in boldface.

-, absence of a residue. The shaded amino acids frequently align with
PIR | S18080, A32812, S18148, B42465; SWISSPROT | P05682, P3185

a region in the ORFs available under the following accession numbers:
6, P18197, P21590; GENPEPT | X75356.
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TABLE 2. Homology of Cps19fE with other proteins

% Identity”
Protein

SaCpsD? LT2RfbP¢ XcXps2a? RmExoY® RnExoY/ RIPss®
Cps19fE 45.6 314 24.1 37.0 370 34.0
(270) (486) (464) (200)* (200)" (206)"
SaCpsD 29.2 36.0 31.7 333 38.1
(274) (125) (123) (123) (126)
LT2RfbP 26.7 50.5 51.0 343
(490) (198)" (198)" (210)*
XcXps2a 335 325 422
(197)" 197" (199)*
RmExoY 86.7 338
(226) (207)
RnExoY 33.0
(209)

2 Determined using FASTA, as implemented in PROSIS. Numbers in paren-
theses indicate amino acid sequence length over which the similarity occurs and
is in most cases over the entire length of the protein.

b S. agalactiae CpsD (40).

¢ Salmonella enterica serovar typhimurium strain LT2 RfbP (22).

4 X. campestris Xps2a protein = GumbD (14).

¢ R. meliloti ExoY (33).

f Rhizobium species ExoY (17).

& R. leguminosarum Pss (6).

% The alignment occurs at the C terminus of the ORF indicated on the left.

by the quellung reaction. This operon is thus essential for the
synthesis of type 19F CPS, and we have therefore designated
the ORFs cpsI9f4 to cpsl19fG. We have previously demon-
strated that insertion-duplication mutagenesis of the ORF
within I1S7202 (immediately upstream of cpsI9f4) does not
interfere with type 19F capsule production (32).

Characterization of cps19f4-G. An analysis of each ORF
detected in the DNA sequence presented above is described
below. The locations and several properties of each ORF are
given in Table 1.

Residues 160 to 481 of Cps19fA exhibit significant homology
(27.6% identity) to the entire Bacillus subtilis lytR gene product
(25). An alignment of the two protein sequences is shown in
Fig. 3. LytR is a basic protein that acts as a transcriptional
regulator of lyt4BC (autolysin) expression and is thought to be
membrane bound via an N-terminal anchoring domain.
Cps19fA is also basic and, as can be seen from the hydropho-
bicity plot in Fig. 4, contains three hydrophobic segments
(amino acid positions 16 to 44, 46 to 68, and 74 to 97) near its
N terminus which may be membrane-anchoring domains.
Interestingly, the predicted LytR protein lacks this hydropho-
bic region of the sequence but has a single hydrophobic region
(amino acid positions 12 to 35) near its N terminus. We
therefore suggest that Cps19fA may play a role as a regulator
of capsule gene expression.

The cpsI9fB gene product has 63.8% identity with the
product of the Streptococcus agalactiae (group B streptococcus)
cpsA gene (40), and their alignment can be seen in Fig. 5. The
S. agalactiae cpsA gene has been shown to be involved in the
production of type III CPS in group B streptococci (40). No
other significant sequence similarities were detected, and the
functions of these gene products are not known.

The cps19fC gene product has 46% identity with the S.
agalactiae CpsB protein (40), and 22.5% identity with the
N-terminal portion of the Rhizobium meliloti ExoP protein
(15). Figure 6 shows an amino acid sequence alignment of the
cps19fC gene product with the other two proteins. Inspection
of the Cps19fC protein’s hydropathy plot indicates that this
protein has two hydrophobic segments located at its N and C
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termini (Fig. 4). The ExoP protein functions in the export of
succinoglycan, the major exopolysaccharide of R. meliloti (15).
Hence, we suggest that Cps19fC is membrane associated and
functions in the export of type 19F CPS.

The cpsI9fD gene product has strong homology (59.2%
identity) with the S. agalactiae cpsC gene product (40). In
addition, the Cps19fD protein exhibits homology (29.9% iden-
tity) to the C-terminal portion of the R. meliloti ExoP protein
(15). Figure 7 shows the alignment of Cps19fD with the amino
acid sequences of the two other proteins. The S. agalactiae
¢psC gene product is truncated with respect to Cps19fD. The
Cps19fD protein is relatively hydrophilic (Table 1) and has no
major hydrophobic segments (results not shown). As stated
above, the ExoP protein functions in the export of an exo-
polysaccharide, and so we infer that Cps19fD functions in the
export of the type 19F CPS. Cpsl19fC and Cps19fD are
homologous to the first and last thirds of ExoP, respectively.
This may indicate that ExoP has multiple functional domains
which are encoded by separate genes in streptococci. We have
also detected limited amino acid sequence homology between
Cps19fD and a large number of other ORFs in the databases.
This is centered on the motif GxGKTTTS (Fig. 7, shaded
region). These ORFs have a number of functions, but they do
not assist in clarifying the significance of the motif. The motif
is similar to that associated with ATP- and nucleotide-binding
proteins, although we have not detected similarity to members
of those families of proteins.

The cpsI9fE gene product is relatively hydrophobic (Table
1), and it exhibits strong homology with two families of
proteins (Table 2). Three are known glycosyltransferases. The
first of these is the galactosyltransferase encoded by the S.
agalactiae cpsD gene (40), which shows 45.6% identity to the
cps19E gene product. The second is the Salmonella enterica
serovar typhimurium strain LT2 rfbP gene product (22), which
is an undecaprenyl-phosphate galactosephosphate transferase
and catalyzes the initial step in O-antigen biosynthesis. The
third is the Xanthomonas campestris xps2a(gumD) gene prod-
uct, which is a glucose transferase and catalyzes the first step in
xanthan gum synthesis (21). The alignment of the amino acid
sequences of these proteins is shown in Fig. 8. The N-terminal
halves of the proteins have little similarity. The S. agalactiae
CpsD OREF is truncated at both the N and C termini relative to
Cps19fE, although examination of the CpsD coding region
indicates that several frameshifts would increase its size (un-
published observations). Examination of the hydrophobicity
plot of Cps19fE (Fig. 4) revealed that the N-terminal portion
of the protein has three hydrophobic segments which may be
potential membrane-spanning domains; this suggests that
Cps19fE is anchored to the bacterial membrane. This region of
the hydropathy plot is very similar to that of Cps19fA (Fig. 4).
Interestingly, although the N-terminal portions of Cps19fE,
RfbP, and Xps2a have little amino acid sequence homology,
the hydropathy plots for these regions are very similar (Fig. 9).

The C-terminal half of Cps19fE also shows some sequence
homology to the exoY and pss gene products of three Rhizo-
bium species (Table 2). The ExoY protein is needed for the
addition of galactose to the lipid carrier that initiates the
synthesis of the succinoglycan subunit of this organism’s ex-
opolysaccharide; the ExoF protein is also needed for this step
(14). These proteins also show a high degree of homology with
the C-terminal halves of S. agalactiae CpsD, RfbP, and Xps2a
proteins (Table 2). The amino acid sequence alignments for
these proteins are also shown in Fig. 8. The hydropathy plots
for ExoY and Pss proteins (Fig. 9) revealed the presence of a
hydrophobic segment near their N termini. This is also present
at the beginning of the C-terminal halves of Cps19fE, S.
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FIG. 8. Alignment of the amino acid sequences of Cps19fE, Salmonella enterica serovar typhimurium strain LT2 RfbP (LT2RfbP) (22), X.
campestris Xps2a protein = GumD (XcXps2a) (14), S. agalactiae CpsD (SaCpsD) (40), R. meliloti ExoY (RmExoY) (33), Rhizobium species ExoY
(RnExo0Y) (17), and R. leguminosarum Pss (RIPss) (6), as determined using the default settings of the program CLUSTAL (20). Identical residues
are boxed; similar residues are shown in boldface. —, absence of a residue.

agalactiae CpsD, RfbP, and Xps2a. The conservation of the
carboxy-terminal halves of the latter proteins with those en-
coded by the discrete exoY and pss genes implies that Cps19fE,
S. agalactiae CpsD, RfbP, and Xps2a may be bifunctional
proteins. Glucksmann et al. (14) have suggested that ExoF
(which appears to function at the same step as ExoY [38]) may
perform the role of the N-terminal portion of RfbP. Recently,
the RfbP protein has been shown to have a role in O-antigen
synthesis other than that provided by its galactosyl-transferase

activity (44). We suggest that the nonconserved, hydrophobic,
N-terminal-half Cps19fE, S. agalactiae CpsD, RfbP, and Xps2a
proteins may function in interacting with the respective lipid
carrier of each species and in transferring specific sugars to the
lipid carrier. This is consistent with the absence of galactose
from type 19F CPS and xanthan gum. The C-terminal halves of
Cps191fE, S. agalactiae CpsD, RfbP, and Xps2a proteins and of
ExoY and Pss proteins may represent a conserved domain
which is involved in the initiation of polysaccharide subunit
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FIG. 9. Comparison of the hydropathy plots of Cps19fE-related proteins. Hydropathy plots of the indicated proteins (designated as described
in the legend to Fig. 8) were generated by the method of Kyte and Doolittle (24), as implemented in PROSIS. Numbers on the x axis indicate amino

acid positions for Cps19fA, LT2RfbP, and XcXps2a. The plots of SaCpsD, RmExoY, RnExoY, and RIPss are aligned with the homologous portion
of Cps19fE. Positive numbers on the y axis indicate hydrophobic regions.
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Cps19fF R-D QL@G;@TI LTMN-ETIDSVE v---Laganx-@n @INQCH@EMK
BsTagA QTET|IHNIPYVNSNITSFI-DYLE--KHYI---DQKIGAVIS PEIAFAAIKDRDYF
ECRffM NNNTTAPT-YTLRQLUQLIGWRDMQHALDYLFADGQLKQG vA MLTIEDNAEVR
LT2RffM [MTNNAAAHO-YSLRGQYPLIGWRDMSHALNYLFADGQLKQGTUVAINAHKLLTAEDNPEVR
Cps19fF KIV[NHYc ADga --L LGTHYP

BsTagA  DVLSS|NAILHADEIGVV- -MMSRL TNNRLOQ SR

EcRffM  ELINAAEFKYADQT RSVRKKYPOAQV-

LT2REfM ALIAAAEFKYADJT RSIR PQAQV]-

Cps19fF QDu:.KVFxR LIVIGHR) s HoA1 JH RE IGI 3
BsTagA JVIRGVVSKISSH IKIAQYSOGY[V--gDRTLVARQIARANPD vALGYHH K
EcREfM HAVAQTEAKLRNQW-INVNIV[dSQD K QLF@ HASGAQ JVITvaMds PHoHIIM
LT2REEM E‘ﬁmAQTEAKLRTQw- vNIVidsQD TAHORQALFARIHASGAKIVITVAMGS PXQELLY
Cps19fF QKFMDSGVNSVIMGVGGSFD IQRAH- dk S VAN L YFVGN
BsTagh  HNYRHLFPKAVSIHJUGGSFD dNVHRAH- SWMIR FYRLIL - -MLSI
ECREfM  XDCRLVHPDALYMGVGHETYDVF vHRAHK gWdTLG LLS IKRQ-----
LT2RffM RDCREVHPHALYMGVGQTYDVF VRRABK QW -{gNLG LLS ITRQ-----
Cps19fF ISFIG Ax@c:@- ———————————

BsTaghA  PKYAL JEERNKKTFY|PKPEKDHTKQI

ECREfM  ------ RLIURYLRWHY- - ----- TGNL

LT2REfM - ------ MRLLRYLRWHY- - ----- TGDL

FIG. 10. Alignment of the amino acid sequences of Cps19fF, B. subtilis TagA (BsTagA) (30), E. coli K-12 RfM (EcRffiM) (8), and Salmonella

typhimurium LT2 RfM (LT2RffM) (27), as determined using the default
similar residues are shown in boldface. —, absence of a residue.

synthesis, as described by Reed et al. (37). However, there are
insufficient data for any of the systems described above to allow
us to assign functions to the two domains conclusively. To-
gether, these observations suggest that Cps19fE is a glycosyl-
transferase with as yet undetermined sugar specificity.

The cps19fF gene product has homology (31 to 33% iden-
tity) with three other proteins, namely, the B. subtilis tagA gene
product which is needed for cell wall teichoic acid biosynthesis
(30) and the E. coli K-12 and Salmonella enterica serovar
typhimurium strain LT2 rffM gene products, which are putative
UDP-N-acetyl-D-mannosaminuronic acid transferases, in-
volved in the synthesis of enterobacterial common antigen (8,
27). An alignment of their amino acid sequences (Fig. 10)
shows several areas which are highly conserved. Since the type
19F CPS contains N-acetyl-D-mannosamine, we propose that
Cps19fF is the transferase which catalyzes the addition of this
sugar in the synthesis of the type 19F polysaccharide.

The cpsI9G gene (incomplete, positions 5887 to 6322)
encodes a truncated protein which exhibits 38% identity with
the amino-terminal end of the LicD protein of H. influenzae,
which is encoded by the licD gene of its lipopolysaccharide
locus (46). Figure 11 shows an alignment of the truncated
Cps19fG with LicD. However, the precise function of LicD is
unknown.

Conservation of pneumococcal cps loci. In view of the level
of conservation of cpsI9fB, cpsI9fC, cps19fD, and cpsI9E

settings of the program CLUSTAL (20). Identical residues are boxed;

between S. pneumoniae type 19F and related genes in group B
streptococci, we have used various probes to look for the
presence of similar genes in other S. pneumoniae serotypes.
Each of the type 19F genes sequenced to date were used to
probe (at high stringency) Southern blots of restricted chro-
mosomal DNA from representative pneumococci belonging to
several other clinically important serotypes, as well as other
members of serogroup 19 (Table 3). Large variations in the
hybridization patterns were obtained with the different gene-
specific probes. All serotypes tested hybridized with cps19f4
and cpsI9fB, but not all serotypes hybridized to cpsl9fC,
cps19fD, cps19fE, cps19fF, and cps19fG. Within group 19, types
19B and 19C exhibited hybridization patterns identical to that
of 19F. However, type 19A does not appear to have sequences
closely related to those of cps19fC, cps19fD, cpsI9fE, cps19fF,
and cps19fG. Of the other serotypes, type 14 appears the most
similar to type 19F, while types 2, 6, and 19A are the least
similar. There did not appear to be any consistent correlation
between hybridization pattern and the chemical structure of
the various polysaccharide serotypes.

These data support the suggestion that pneumococcal cps
loci have similar overall genetic organizations. Within these
loci, however, some functions have been highly conserved
between different serotypes, while others are serotype specific,
as would be expected given the differences in the polysaccha-
ride composition and structure of each serotype.

Cpsl9fG I IQKVE--- DAIK KK EN DF sV VKYOGFIPWDDD IAV
HiLicD K TLREQQLV NILD HA RH HY TL IRHKGFIPWDDD VYM

Cpsl9fG
HiLicD

E DRLP
D QRFV

KDRIIAG
QE--THE

YQY
VE -

ez
HE RS

FIG. 11. Alignment of the amino-terminal portion of Cps19fG with

[*A'4
NI

Cps19fG
HiLicD

HSVLRKIYF
DPKIICSFM

jE:EAQKTchAKI

W
RRTHRR

HCYFPRLFLL KRLGLPRNTNLGLHL

TQITEIAGKKSAM-F

EBER

RFLAS
SCKKR

el

the amino-terminal portion of H. influenzae LicD (HiLicD) (46), as

determined using the default settings of the program CLUSTAL (20). Identical residues are boxed; similar residues are shown in boldface. -,

absence of a residue.
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TABLE 3. Hybridization of 19F CPS genes with other
pneumococcal CPS loci

Hybridization with probe®:
type
cpsIHA cpsI9B cpsl19fC cps19D cpsIHE cpsl9F cpsl¥G

19F
19B
19C
14

3

4
18C
23F
2

6
19A

2 DNA fragments from nucleotide positions 336 to 1468, 1571 to 2380, 2380 to
2998, 3126 to 3739, 3682 to 4979, 5225 to 5725, and 5969 to 6322 were labelled
with digoxigenin and used as probes for cps19f4-, cps19fB-, cps19fC-, cps19fD-,
cps19fE-, cps19fF-, and cps19fG-related sequences, respectively. +, hybridization
at high stringency; —, no hybridization.

Sero

[+ ++ +

L+ +++++++
L+ ++++4+++

+++ A+t
R s

Conclusions. We have used sequential rounds of insertion-
duplication mutagenesis, followed by excision and rescue of
plasmid DNA and flanking sequences, to isolate a region of
chromosomal DNA derived from a type 19F strain that is
essential for capsule production. We have characterized a
region of DNA containing six complete ORFs and one incom-
plete ORF (designated cps19f4-G), which are arranged as a
single transcriptional unit. Insertion-duplication mutagenesis
of each of these ORFs in the type 19F chromosome results in
a nonencapsulated phenotype. Interruption of the ORF imme-
diately upstream of cps19f4, however, has no effect on capsule
production. Thus, we believe we have isolated the first six
genes (and part of the seventh gene) of the pneumococcal type
19F cps locus. Although the size of the locus is currently
unknown, we are using further rounds of pVA891 insertion
and rescue to isolate additional downstream sequences. The
effect of ORF interruption on capsular phenotype is being used
to determine which of the additional downstream genes are
involved in CPS biosynthesis, thereby delineating the cps locus.

Clues to the possible function of some of the gene products
have been provided by comparisons with known proteins
whose sequences have been deposited with databases (as
described above). However, confirmation of the importance of
each gene product for CPS production, and elucidation of the
function of each protein, will require characterization of the
phenotypic impact of in-frame deletions in the respective
ORF. The insertion-duplication mutants generated in the
present study are not suitable for this purpose because of the
likelihood of polar effects. Nevertheless, this procedure is
appropriate for determining whether or not a given ORF is
part of an operon essential for capsule production.

These studies provide a first step towards a better under-
standing of the complex genetic and biochemical processes
required for the production of CPS by S. pneumoniae. At
present, the only other sequence accessible on GenBank for
pneumococcal capsule genes is that of a portion of the
UDP-glucose dehydrogenase gene from type 3 (13). During
review of our manuscript, however, Dillard and Yother (9)
published data on the genetic organization of a segment of S.
pneumoniae type 3 DNA sufficient to transform an unrelated
strain to type 3 capsule production. They proposed that the
region contained four genes encoding the UDP-glucose dehy-
drogenase, a polysaccharide synthase, a UTP:glucose-1-phos-

PNEUMOCOCCAL TYPE 19F CAPSULE GENES 5395

phate uridyltransferase, and a phosphomutase (9). Sequence
data supporting this were presented at the American Society
for Microbiology Fourth International Conference on Strep-
tococcal Genetics (10). In the present study, we demonstrated
that cps19fA-, cps19fB-, cps19fC-, and cps19fD-specific probes
all hybridized at high stringency to type 3 DNA. However, it is
not yet possible to compare the type 3 and type 19F sequences,
as the former is not accessible on GenBank. Interestingly,
Dillard and Yother (10) demonstrated a significant degree of
sequence homology between the type 3 locus and portions of
the hyaluronic acid biosynthesis (has) locus of group A strep-
tococci reported by Van de Rijn et al. (43). Thus, there appear
to be close evolutionary relationships between pneumococcal
¢ps loci and analogous loci of both group A and group B
streptococci. '
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