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The nucleotide sequence of region 1 of the K5 antigen gene cluster of Escherichia coli was determined. This region
is postulated to encode functions which, at least in part, participate in translocation of polysaccharide across the
periplasmic space and onto the cell surface. Analysis of the nucleotide sequence revealed five genes that encode
proteins with predicted molecular masses of 75.7, 60.5, 44, 43, and 27 kDa. The 27-kDa protein was 70.7%
homologous to the CMP-2-keto-3-deoxyoctulosonic acid synthetase enzyme encoded by the E. coli kdsB gene,
indicating the presence of a structural gene for a similar enzyme within the region 1 operon. The 43-kDa protein
was homologous to botlf the Ctrb and BexC proteins encoded by the Neisseria menmgmd:s and Haemophdus
influenzae capsule gene clusters, respectively, indicating common stages in the expression of capsules in these
gram-negative bacteria. However, no homology was detected between the 75.7-, 60.5-, and 44-kDa proteins and

any of the proteins so far described for the H. influenzae and N. meningitidis capsule gene clusters.

In excess of 70 capsular polysaccharides (K antigens) have
been described on the surface of Escherichia coli (29). On
the basis of a number of physical, chemical, and biochemical
criteria, they have been divided into groups I and II (20).
Group II K antigens are expressed at 37°C but not at 18°C
(20), are linked to phosphatidic acid (PA) at the reducing end
of the polysaccharide (20), and are usually expressed on the
surface of extraintestinal isolates of E. coli, and particular K
antigens are associated with certain infections (21).

The cloning and detailed molecular genetic analysis of a
number of group II K antigen gene clusters identified a
conserved genetic organization consisting of three functional
regions (31, 32). A central region, region 2, which encodes
enzymes for the synthesis and polymerization of specific K
antigens, is flanked by regions 1 and 3. On the basis of
Southern blot analysis and complementation studies, regions
1 and 3 appeared to be constant between different group II K
antigen gene clusters (31, 32, 34, 36).

The cloned K5 antigen gene cluster has been subjected to
a detailed molecular genetic analysis to determine the role
played by the products encoded by regions 1 and 3. Muta-
tions in region 3 result in cytoplasmic polysaccharide un-
linked to lipid (23), a phenotype consistent with the occur-
rence of polysaccharide synthesis on the inner face of the
cytoplasmic membrane (4). Determination of the nucleotide
sequence of region 3 from the cloned K5 and K1 antigen
gene clusters has revealed a single transcriptional unit com-
posed of genes kpsM and kpsT (30, 37). Analysis of the
predicted amino acid sequences of the KpsM and KpsT
proteins indicated that they may make up a dual-component
system for the export of polysaccharide across the cytoplas-
mic membrane in a manner analogous to the periplasmic
binding protein-dependent transport systems of gram-nega-
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tive bacteria (18). Proteins homologous to KpsM and KpsT
have been identified in both Haemophilus influenzae and
Neisseria meningitidis and have been postulated to play an
analogous role in the expression of capsules in these two
bacteria (15, 22). This suggests commonality in the mecha-
nisms of capsule expression in these gram-negative bacteria.

Previous studies on the role of region 1-encoded functions
exploited deletion derivatives of the cloned K1 antigen gene
cluster (6). Such mutations result in PA-linked polysaccha-
ride in the periplasmic space (6), indicating a role for the
region 1 gene products in the translocation of polysaccharide
onto the cell surface. Studies on the cloned K1 and K7
antigen gene clusters identified at least five proteins encoded
by this region (4, 5, 31), one of which, a protein of 60.5 kDa,
is located within the periplasmic space (34).

Strains that express group II K antigens have increased
levels of CMP-2-keto-3-deoxyoctulosonic acid (KDO) syn-
thetase activity at the capsule-permissive temperature (37°C)
compared with either unencapsulated E. coli strains or those
that express group I K antigens (13). In contrast, at the
nonpermissive temperature (18°C), the level of CMP-KDO
synthetase activity is low and essentially constant, irrespec-
tive of encapsulation (13), reflecting the presence of a
CMP-KDO synthetase encoded by kdsB which is involved in
lipopolysaccharide (LPS) biogenesis (16, 17). These findings,
together with the finding of KDO at the reducing termini of
a number of group II polysaccharides, has led to the hypoth-
esis that CMP-KDO synthetase plays an important role in
the expression of group II polysaccharides (14). Studies
using subcloned fragments of the cloned K5 antigen gene
cluster indicated that elevated CMP-KDO synthetase levels
correlate with strains harboring region 1 (14). Whether the
elevated levels of CMP-KDO synthetase are due to a struc-
tural gene within region 1 that encodes a capsule-specific
CMP-KDO synthetase or to increased expression of the
kdsB gene mediated by a regulator encoded within region 1
was hitherto unknown.
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TABLE 1. Plasmids used in this study

Plasmid Relevant characteristic(s) fg;.‘; :i;::
pGB110 K5* cosmid 31
pHEV1  Subclone of 7.7-kb EcoRV-Hincll frag- This study

ment that encodes KS5 region 1 in
pACYC184 (8)
pCE30 Temperature-inducible expression vector 11
pCR3 Subclone of 5.4-kb BamHI fragment This study
from KS region 1 that encodes KpsD,
KpsU, and KpsC in pCE30 (11)
pCR7 Subclone of 1.5-Hincll fragment from This study

KS5 region 1 that encodes KpsS in
pCE30 (11)

In this communication, we report the nucleotide sequence
and organization of region 1 of the K5 capsule genes, the
identification of a CMP-KDO synthetase structural gene
within region 1, and the preliminary characterization of the
five encoded proteins.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. E. coli
LE392 [F~ hsdR51G (mg~ 1) supE44 supF58 lac galK2
8alT22 metBl trpR55] was used as the host for all of the
plasmids described in this report. E. coli DS410 was used as
a source of minicells (39). E. coli IM101 [thi supE A(lac
proAB) F'(traD36 proAB™ lacZAM1S5 lacl%)] was used for
propagation of phages M13mp18 and M13mp19 (26, 40). The
replicative forms of M13mp18 and M13mp19 were used as
vectors to prepare DNA templates for sequence analysis.
The plasmids used in this study are described in Table 1. All
bacteria were grown in L broth supplemented with 100 ug of
ampicillin per ml, 50 pg of chloramphenicol per ml, 50 pg of
tetracycline per ml, or 50 pg of kanamycin per ml where
appropriate.

DNA procedures. For large-scale preparations, plasmid
DNA was purified by the method of Clewell and Helinski (9),
while rapid small-scale purification was performed by the
method of Birnboim and Doly (3). Restriction endonucleases
and T4 DNA ligase were purchased from either Bethesda
Research Laboratories or Pharmacia LKB Biotechnology
and used in accordance with the manufacturer’s instruc-
tions.

Nucleotide sequence analysis. Single-stranded M13 DNA
templates were sequenced by the dideoxy-chain termination
method (33) with [a-33S]thio-dATP and modified T7 DNA
polymerase, Sequenase version 2.0 (USB Corp.). The DNA
fragments were analyzed with buffer gradient gels (2). Nu-
cleotide sequences were analyzed with the Wisconsin (10)
and Lipman-Pearson (25) molecular biology programs on the
Vax VMS Cluster.

Expression of recombinant proteins. Minicells were pre-
pared, labeled, and analyzed as described previously (39),
while in vitro transcription-translation kits were purchased
from Amersham UK Ltd. and used in accordance with the
manufacturer’s instructions.

Nucleotide sequence accession number. The sequence
shown in Fig. 2 has been assigned GenBank accession
number X74567.
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FIG. 1. Restriction map and subclones of the K5 region 1 genes.
Solid lines indicate the DNA present in various plasmids described
in the text. The uppermost map is part of that of pGB110, a cosmid
that encodes K5 capsule production. Lines 1 to 3 indicate the
functional regions within the K5 capsule gene cluster. Boxes E, D,
U, C, and S are the five genes encoded in region 1, and the arrow
denotes the direction of transcription. The closed box below the line
refers to the plasmid vector sequence. Restriction sites are abbre-
viated as follows: B, BamH]I; E, EcoRV; H, HindIll; Hc, Hincll; P,
Pstl; S, Sphl.

RESULTS AND DISCUSSION

Nucleotide sequence amalysis. Since plasmid pHEVI, a
subclone of pGB110 (Table 1; Fig. 1), was the smallest
subclone capable of complementing all of the deletion and
insertion mutations in region 1 of both the K1 and K5 antigen
gene clusters (data not shown), K5 region 1 must be encoded
on this HindIII-EcoRV fragment (Fig. 1). Appropriate over-
lapping restriction endonuclease cleavage fragments from
this HindIII-EcoRV fragment were subcloned into M13mp18
and M13mpl9, and the entire nucleotide sequence was
determined on both strands. This fragment was 7,721 bp long
and consisted of five open reading frames (ORFs) organized
in a way consistent with a single transcriptional unit (Fig. 1
and 2). Analysis of the sequence 5’ to the first ORF (ORF1)
identified a putative promoter 564 bp 5’ to ORF1 (Fig. 2).
This putative promoter, TCCACAT-17 bp-AATAAT, is a
good match for the consensus sequence TTGACAT-16 bp-
TATAAT (28). The ATG codon of ORF1 was preceded by a
likely Shine-Dalgarno (SD) sequence (Fig. 2) and encoded a
protein with a predicted molecular mass of 42,995 Da. There
was a gap of 23 bp between ORF1 and ORF2, with a likely
SD sequence 6 bp 5’ to the initiation codon (Fig. 2). ORF2
was 1,674 bp long and encoded a protein of 558 amino acids
with a predicted molecular mass of 60,514 Da. There was a
gap of 12 bp between ORF2 and ORF3, with a candidate SD
sequence 7 bp 5’ to the initiation codon (Fig. 2). ORF3 was
738 bp long and encoded a protein of 246 amino acids with a
predicted molecular mass of 27,128 Da. The initiating ATG
codon for ORF4 overlapped the TGA termination codon of
ORFS3 (Fig. 2). ORF4 was 675 bp long and encoded a protein
of 2,025 amino acids with a predicted molecular mass of
75,684 Da. There was a gap of 101 bp between ORF4 and
ORFS, with a candidate SD sequence 5 bp 5’ to the initiation
codon (Fig. 2). ORFS was 1,104 bp long and encoded a
protein of 368 amino acids with a predicted molecular mass
of 43,987 Da. No predicted stem-loop structures were de-
tected in the 100-bp nucleotide sequence 3' to ORF5. How-
ever, a predicted stem-loop structure was present within
ORF4, 3’ to ORF3. This had an 11-bp stem with a single
mismatch and a loop of 4 bp (Fig. 2). A number of potential
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FIG. 2. Nucleotide sequence of the HindIII-EcoRV fragment that encodes region 1 of the E. coli KS antigen gene cluster. The nucleotide
sequence is numbered from 1 at the HindIII site to 7722 at the EcoRYV site, and the predicted amino acid sequence of the five proteins is shown

in the single-letter amino acid code below the nucleotide sequence. The potential

—10 and —35 sequences are denoted by double underlining,

and the Shine-Dalgarno ribosome-binding site for each gene is in boldface. The possible stem-loop structure within the kpsC gene is denoted

by single underlining.

ORFs on the opposite strand which could encode small
proteins with molecular masses ranging from 11.7 to 8 kDa
(data not shown) were identified. No suitable SD sequences
were identified 5' to any of these small ORFs.

Expression of region 1-encoded proteins. Minicell analysis
of plasmid pHEV1 (Fig. 1) revealed the presence of three
non-vector-encoded proteins of approximately 27, 43, and 60
kDa (Fig. 3). This correlates well with the predicted molec-
ular weights of the proteins encoded by the first three ORFs.
To visualize the expression of the proteins encoded by ORF4
and ORFS5, two additional plasmid constructs were made.
First, the 5.4-kb BamHI fragment containing ORF2, ORF3,
and ORF4 (Fig. 1) was subcloned into temperature-inducible
expression vector pCE30 (11) to generate plasmid pCR3
(Table 1). Minicell analysis of pCR3 at 42°C, followed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), revealed the presence of two non-vector-
encoded proteins, a highly expressed protein of approxi-
mately 60 kDa and a less well-expressed protein of approx-
imately 75 kDa (Fig. 4). No nonvector protein corresponding
to the 27-kDa protein could be easily visualized, although
this protein may have been masked by a number of vector-

encoded proteins with similar molecular weights (Fig. 4).
Second, to visualize the protein encoded by ORFS, the
1.5-kb Hincll fragment from region 1 (Fig. 1) was subcloned
into pCE30 to generate plasmid pCR7 (Table 1). Analysis of
this plasmid in an in vitro transcription-translation system at
42°C revealed a single nonvector protein of 44 kDa (Fig. 5).
Why the ORF4- and ORF5-encoded proteins could be iden-
tified only with an expression vector is unclear. Analysis of
the codon usage of ORF4 and ORFS5 showed it to be typical
for E. coli (data not shown). One possibility is that the
predicted stem-loop structure 3’ to the third ORF acts in part
as a transcriptional terminator, thereby reducing transcrip-
tion of the last two downstream ORFs. Such a system has
been described for the papB operon in E. coli, where a
stem-loop structure 3’ to the papA gene reduces transcrip-
tion of the remaining downstream genes, thereby allowing
differential gene expression within the papB operon (1). It is
not clear whether this is also the case for expression of
region 1-encoded proteins.

Analysis of the predicted amino acid sequences. In keeping
with the nomenclature of Silver et al. (35), we propose that
the 43-kDa protein be referred to as KpsE, the 60.5-kDa



VoL. 175, 1993

5310 5330 5350 5370 5390

AATCTATT
NLFTVLOQWLOQLOQRRUHLOQOQRNGYLWAPGLTLHWK § A
5410 5430 5450 5470 5490

I LXPPFLQTATNRLTSTPFSRRCTAASACVYVWGVEKGETE
$510 5530 5550 5570 5590

Q QWRAEAQRKSTLTPLWRMETDGTPFTLRSSGLGSDLLTP
5610 5630 5650 5670 5690

PLSLVLDIEXKTRGTIYYDATRTPSDILEVTLLNSHSQLTLAMZQ
5710 5730 5750 5770 5790

Q M RAEKLRQRLVES ST KLSZEKYNLGADTFSLZPAEARAKTHD
5810 5830 5850 5870 5890

X XK I I1LVPGQVEDDASTIKTOGTVSIZEKSNLETLLRTY
5910 5930 5950 5970 5990

RERNPHAYII11YXKPHPDVLYVGNRIEKGNTIPTETLTIAEL
6010 6030 6050 6070 6090

ADYQALDADTITIQCTIQRADEVHTMTSLSGFEALTL
6110 6130 6150 6170 6190

HGXKQ©VYHCYGLPFJYAGWGLTVDEHHTCPRRESQKLT
6210 6230 6250 6270 6290

TGATTGTT
I ADLTIYQTLTIVYZPTYTIHPTLLOQPTISVEEANMETYLI!I
6310 6330 6350 6370 6390

Q TPRKPMFTITRIEKIKAGRVYVIRYYRIKLTIMXFCKVRTFG G
6410 6430 6450 6470 6490

-

6510 6530 6550 6570 6590

M GPFFSDVAEWLESTLGRNAVNVYVVYVFNGGDRTFYCR
6610 6630 6650 6670 66!

HRQYLAYYOQTPKETFTPGWLRDLHKROQYDFDTTITLTCTFSG G
6710 6730 6750 6790

D CRPLUHKEAMMEKRMWAKAKGTIRTFLAFETEGYTLRTPQOQTFI
6810 6830 6850 6870 6890

TVEEGGVNAYSSLPRDPDTFYRIKLPDMMPTPHVEN
6910 6930 6950 6970 6990

TTAAAACCT
L KPS TMXRTIGHAMMWYJYLMGWHYRHETFTPRYRHIHTIEKS
7010 7030 7050 7070 7090

F S PWYEARCUWVYVRAYWRIEKGOQLYZ KVTQRIXKVLZPRLMN
7110 7130 7150 770

7190

ELDQRYYLAVLQVYNDSQIRNHSSYNDVRDYTIN
7210 7230 7250 7270 290

EV MY SF SRKAPIKES ST YTLVIKHHPMDRGHRLYRTPLI
7310 7330 7350 7370 7390

TTAAACGGT TAT
K RLSKEYOGLGETRTILYJVHDLTPMPETLTLTR RHEAMKAVVT
7410 7430 7450 7470 7490

I NS TAGTI SALTIMHNIEKPLIKYVMGNALYDTIKGLTYOQG
7510 7530 7550 7570 7590

ATT T T TTAAGAAGTT T
HLHQFWQADTFIKPDMEKTLTFIEKIEKTFRGYTLLVEKTQVNAVY
7610 7630 7650 7670 7690

TTAT TTAGATAT

AMTATT
7710
‘TACTAATATATATTAGATATC

FIG. 2—Continued.

FIG. 3. SDS-PAGE analysis of proteins encoded by plasmids
pHEV1 and pACYC184. Minicells were isolated from strain DS410
carrying pHEV1 (A) or pACYC184 (B) and labelled with [>S]me-
thionine, and the labelled polypeptides were separated by SDS-
PAGE, which was followed by autoradiography. The numbers on
the left refer to molecular mass markers in kilodaltons.
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FIG. 4. SDS-PAGE analysis of proteins encoded by plasmids
pCR3 and pCE30. Minicells were isolated from strain DS410 carry-
ing pCR3 (A) or pCE30 (B) and labelled with [**S]methionine, and
the labelled polypeptides were separated by SDS-PAGE, which was
followed by autoradiography. The numbers on the left refer to
molecular mass markers in kilodaltons.

protein be referred to as KpsD, the 75.7-kDa protein be
referred to as KpsC, and the 44-kDa protein be referred to as
KpsS. We propose that the 27-kDa protein, which has not
been identified previously, be referred to as KpsU. Analysis
of the predicted amino acid sequence of KpsE showed the
absence of a typical N-terminal signal sequence (Fig. 2). The
hydropathy plot (24) revealed KpsE to be a relatively
hydrophilic protein with N- and C-terminal hydrophobic
domains (data not shown). Since both of these domains
consist of approximately 20 amino acids in an o-helical
configuration, they are of sufficient size to span the inner
membrane and potentially act as membrane anchors for this
protein. Comparisons, done with the sequence alignment
program of Lipman and Pearson (25), between the predicted
amino acid sequences of KpsE and BexC of H. influenzae
and CtrB of N. meningitidis revealed that KpsE was 22.1%
identical and 73.2% homologous to BexC over 359 amino
acids and 26.8% identical and 73.2% homologous to CtrB
over 355 amino acids. In addition, the hydropathy plots of
the BexC and CtrB proteins are similar to that of KpsE,

A B

46—

FIG. 5. SDS-PAGE analysis of proteins encoded by plasmids
pCR?7 and pCE30. The proteins encoded by plasmids pCR7 (A) and
pCE30 (B) were detected with an in vitro transcription-translation
system at 42°C, separated by SDS-PAGE, and subjected to autora-
diography. The numbers on the left refer to molecular mass markers
in kilodaltons.
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having hydrophobic N and C termini (15, 22). These proteins
have been implicated in the export of polysaccharides in
these two microorganisms and have been located within the
cell envelope (15, 22). The finding that deletion mutants of
the K1 antigen gene cluster which are predicted to lack the
kpsE gene have polysaccharide within the periplasmic space
(6) would support the role of the KpsE protein in the export
of polysaccharide through the cell envelope. Together, these
data suggest that there are common steps in the translocation
of polysaccharides in these gram-negative bacteria.

Analysis of the predicted amino acid sequence of the
KpsD protein revealed a typical signal sequence (Fig. 2). A
60-kDa periplasmic protein, previously termed KpsD, has
been identified as a region 1 gene product important in the
export of group II polysaccharides (36). No significant
homology was detected between the predicted amino acid
sequence of KpsD and the BexA, BexB, BexC, or BexD
protein of H. influenzae or the CtrA, CtrB, CtrC, or CtrD
protein of N. meningitidis. However, between residues 234
to 302, KpsD was 25% identical and 67% homologous to
PgpB of E. coli. The PgpB protein of E. coli is phospha-
tidylglycerophosphate B phosphatase, which hydrolyzes
phosphatidylglycerophosphate, PA, and lysophosphatidic
acid (19). Although the homology between these two pro-
teins is low, it is localized to the hydrophilic domain of
PgpB, which is thought to interact with PA (19). Since group
II K antigens are linked to PA at the reducing terminus (12,
20, 23), it is possible that the KpsD protein interacts with
polysaccharide in the periplasm via PA. In addition, between
residues 101 and 200, KpsD was 29.3% identical and 67%
homologous to the ExoF protein of Rhizobium meliloti. This
is a periplasmic protein that is involved in the export of
succinoglycan, a cell surface polysaccharide of R. meliloti
(27). However, in the absence of a clearer picture of the
functional role of ExoF in succinoglycan export, the signif-
icance of this homology is unclear.

Both the hydropathy plot (data not shown) and Gravy
score analysis (24) (value, —0.22) of the predicted amino acid
sequence of the KpsU protein are consistent with a cytosolic
location. Protein sequence data base searches revealed
44.3% identity between KpsU and the CMP-KDO syn-
thetase protein encoded by the E. coli kdsB gene, and taking
conservative amino acid changes into account, the two
proteins are 70.7% homologous. Comparison of the respec-
tive nucleotide sequences demonstrated 63.5% identity over
540 bp. The interpretation that KpsU is a functional CMP-
KDO synthetase enzyme is supported by the finding that the
predicted N-terminal amino acid sequence of the KpsU
protein is in agreement with the N-terminal sequence of the
purified capsule-specific CMP-KDO synthetase (32a). The
identification within region 1 of a structural gene that en-
codes a second CMP-KDO synthetase enzyme explains the
increased levels of this enzyme at capsule-permissive tem-
peratures in strains that express group II K antigens or carry
subcloned region 1 of the K5 antigen gene cluster. The
relatively high DNA homology between the kdsB and kpsU
genes suggests that the two genes are products of a gene
duplication. The predicted amino acid sequence of KpsU
was also 21.1% identical and 66.1% homologous to the
CMP-N-acetylneuraminic acid synthetase encoded by K1
antigen region 2 (41). This is perhaps not surprising, since
both enzymes catalyze the generation of CMP sugar nucle-
otides. The presence of kpsU, which encodes a second
CMP-KDO synthetase enzyme, in addition to that encoded
by kdsB, which functions in LPS biogenesis, may allow
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independent temperature regulation of group II capsule
expression.

The hydropathy plot (data not shown) and Gravy score
(24) (value, —0.21) of KpsC revealed a hydrophilic protein.
This, combined with the lack of an obvious signal sequence,
is consistent with a cytosolic location for this protein.
Protein data base searches identified 38.1% identity and
75.9% homology between KpsC and the LpsZ protein of R.
meliloti over 312 amino acids. LpsZ is a cytoplasmic protein
which plays a poorly defined role in modifying rhizobial LPS
(7). In the absence of a clearer picture of the role of LpsZ,
the significance of this homology is unclear.

The predicted amino acid sequence of the KpsS protein
does not contain an N-terminal signal sequence (Fig. 2).
Analysis of the hydropathy plot revealed a hydrophilic
protein lacking pronounced hydrophobic domains (data not
shown). Data base searches showed no significant homology
to any other proteins. Mutations within the kpsS gene of the
K1 antigen gene cluster result in a decrease in endogenous
sialyltransferase activity (38), and it has been postulated that
the KpsS protein interacts with both the sialyltransferase
enzyme and other K1-encoded proteins to form a multicom-
ponent enzyme complex associated with the inner mem-
brane (38). It is not clear whether this is also the case for K5
antigen expression. However, since kpsS appears to be
conserved between different group II K antigen gene clusters
(32), KpsS must be involved in a common stage in the
expression of these polysaccharides. Therefore, determina-
tion of the nucleotide sequence and preliminary character-
ization of the predicted amino acid sequences of the encoded
proteins have begun to shed light on the genetic organization
of this region and on the possible functions of the encoded
proteins. However, determination in more detail of the
precise roles of the individual proteins encoded by region 1
requires the generation of a battery of well-characterized
nonpolar mutations within this operon. Detailed biochemical
analysis of the phenotypes of such mutants will then allow
the role of these proteins in capsule expression to be
elucidated.
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