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The transcriptional organization and regulation of region 1 expression of the Escherichia coli K5 capsule
gene cluster were studied. Region 1 was transcribed as an 8.0-kb polycistronic mRNA which was processed to
form a separate 1.3-kb transcript encoding the 3'-most gene kpsS. Transcription of region 1 of the E. coli K5
capsule gene cluster was directed from a single promoter 225 bp upstream of a previously unidentified gene,
kpsF. The promoter had —35 and —10 consensus sequences typical of an E. coli o 70 promoter, with no
similarities to binding sites for other o factors. Two integration host factor (IHF) binding site consensus
sequences were identified 110 bp upstream and 130 bp downstream of the transcription start site. In addition,
two AT-rich regions separated by 16 bp identified upstream of the region 1 promoter were conserved upstream
of the region 3 promoter. The kpsF gene was 98.8% identical with the kpsF gene identified in the E. coli K1
antigen gene cluster and confirms that the kpsF gene is conserved among group II capsule gene clusters. An
intragenic Rho-dependent transcriptional terminator was discovered within the kpsF gene. No essential role for
KpsF in the expression of the K5 antigen could be established. The temperature regulation of region 1 expres-
sion was at the level of transcription, with no transcription detectable in cells grown at 18°C. Mutations in
regulatory genes known to control temperature-dependent expression of a number of virulence genes had no
effect on the temperature regulation of region 1 expression. Likewise, RfaH, which is known to regulate
expression of E. coli group II capsules had no effect on the expression of region 1. Mutations in the him4 and
himD genes which encode the subunits of the IHF led to a fivefold reduction in the expression of KpsE at 37°C,

confirming a regulatory role for IHF in the expression of region 1 genes.

In excess of 80 capsular polysaccharides or K antigens on the
surface of Escherichia coli have been described (39). They have
been divided into three groups, I, I, and III, on the basis of a
number of biochemical and genetic criteria (25, 45). Group II
K antigens differ from the other two groups in exhibiting tem-
perature-dependent regulation, with capsule expression at
37°C but not at 18°C (24).

A number of group II capsule gene clusters have been
cloned and subjected to a detailed molecular genetic analysis
(53, 54, 60, 61, 66). These studies revealed that group II cap-
sule gene clusters have a conserved genetic organization con-
sisting of three functional regions (6, 54). A central serotype-
specific region 2, which encodes enzymes for the synthesis and
polymerization of the specific K antigen, is flanked by regions
1 and 3, which are conserved between different group II K
antigen gene clusters (6, 46, 52, 54, 59).

The cloned K5 antigen gene cluster has been subjected to a
detailed molecular genetic analysis to determine the roles
played by the proteins encoded by regions 1 and 3. Mutations
in region 3 result in cytoplasmic polysaccharide unlinked to
phospholipid, which is associated with the inner face of the
cytoplasmic membrane (6, 28). Determination of the nucleo-
tide sequence of region 3 from both the K1 and K5 antigen
gene clusters has identified two genes, kpsM and kpsT, which
are organized in a single transcriptional unit (41, 62). Analysis
of the predicted amino acid sequences of the KpsM and KpsT
proteins suggested that they are members of the ABC trans-
port superfamily (40, 41, 50, 62) and constitute a polysaccha-
ride transport system for the export of polysaccharides across
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the cytoplasmic membrane. In this system, the KpsT protein
acts as an ATPase to energize the transport process mediated
by KpsM, an integral inner-membrane protein (40, 47). Pro-
teins homologous to KpsM and KpsT have been identified in
both Haemophilus influenzae and Neisseria meningitidis and are
believed to play similar roles in the export of polysaccharides in
these two bacteria (20, 27, 40).

Analysis of region 1 of the K5 antigen gene cluster identified
five genes (kpsEDUCS) probably organized in a single tran-
scriptional unit (43). In the K1 antigen gene cluster, an addi-
tional gene, kpsF, has been identified upstream of kpsE, al-
though its function is unknown (11). Mutations in either the
kpsE or -D gene result in periplasmic polysaccharide, suggest-
ing a role for these two proteins in the export of polysaccharide
across the periplasmic space and onto the cell surface (6, 7).
The location of the KpsD protein within the periplasmic space
(69) and the topology of the KpsE protein within the inner
membrane with a large periplasmic domain (55) are in keeping
with these roles. Mutations in either the kpsC or -S gene result
in aggregates of polysaccharide within the cytoplasm and a
reduction in membrane transferase activity (7, 8). It is possible
that these proteins function to modify the polysaccharide prior
to export, perhaps by the addition of phospholipid to the re-
ducing end of the polysaccharide (52). The KpsU protein has
been purified and shown to be a functional CMP-2-keto-3-
deoxyoctulosonic acid (KDO) synthetase enzyme which cata-
lyzes the formation of CMP-KDO (56). This explains why
strains expressing group II capsules have elevated levels of
CMP-KDO synthetase at capsule-permissive temperatures
(18). The elevation of KpsU activity at 37°C compared with
18°C suggests that the expression of region 1 is regulated by
temperature.

In this communication, we confirm the presence of a kpsF
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TABLE 1. Strains and plasmids used

S;]ri;i(:ir Relevant property(ies) fgflf; rr?ngcr
Strains

LE392 F~ hsdR514 supE44 supF58 lacY1 galK2 galT2 metBI trpR55 36

L32706 gutQ::Tn5 M. H. Saier

MS101 K-12/K5™ 64

MS102 MS101 hns::Tnl10 64

MS104 MS101 himA 64

MS105 MS101 himD 64

MS106 MS101 rfaH::Tn5 64

MS140 MS101 hha::Tn5 This work

MS150 MS101 A(lac proAB) I. Roberts

MS151 MS101 rimJ This work

MSFE100 MS101 A(kpsE) I. Roberts

DS410 minA minB ara xyl mtl azi thi 16

W3110 F~ IN(rmD-rnE) 1 N~ I. Roberts

2055 (W3110)trpE9851 leu-277 rho-4 35
Plasmids

pCB192 lacZ promoter probe vector 58

pTZ18/19 Phagemid cloning-expression vector 31

pGEMS5Z Phagemid cloning-expression vector Promega

pHV100 luxAB vector for the study of transcription termination 44

pKK223-3 Vector 10

pPCo6 Cloned K5 capsule genes lacking kpsF 43

pGB110 K5 cosmid 53

pH18 HindIII fragment encoding region 1 except kpsF cloned in pUCI8 43

pDSHB 1.4-kb HindIII-BamHI fragment containing putative promoter 5’ to kpsE cloned in pCB192 This study

pDSHcH 1.2-kb Hincll-HindIII fragment containing the region 1 promoter cloned in pCB192 This study

pDSHcS 1.5-kb Hincll-Smal fragment containing the region 1 promoter cloned in pCB192 This study

pDSB1 5.3-kb BamHI fragment cloned in pCB192 This study

pDSB2 1.7-kb BamHI fragment cloned in pCB192 This study

pDS110 2.2-kb EcoRI-Smal fragment cloned in pTZ19R This study

pDS111 2.5-kb EcoRV fragment cloned in pTZ19R containing the kpsF gene This study

pDS130 0.35-kb VspI-Sau3A fragment spanning the region 1 promoter; cloned in pTZ19R This study

pDS200 1.1-kb EcoRI fragment encompassing region 1; cloned in pKK223-3 This study

pDS200T pDS200 with sequence upstream of the Sphl site in kpsU deleted This study

pDS2001 pDS201 with transcriptional terminator inserted at the Hpal site in kpsC This study

pDS300 1.5-kb HindIII-BamHI fragment spanning from kpsF to kpsE; cloned in pHV100 This study

pDS301 1.1-kb Smal-BamHI fragment spanning from kpsF to kpsE; cloned in pHV100 This study

pDS304 0.4-kb HindIlI-Dral fragment from within kpsF; cloned in pHV100 This study

gene as the first gene of region 1 of the K5 capsule gene cluster
and locate the region 1 promoter 5’ to kpsF. We demonstrate
that expression of region 1 is regulated in response to temper-
ature at the level of transcription and that the transcript is
processed to yield a smaller kpsS-specific transcript. A Rho-
dependent transcriptional terminator was identified within the
kpsF gene and may provide a mechanism for regulating tran-
scription of region 1 in response to the physiological status of
the cell.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. Bacteria were routinely grown in L broth supple-
mented with 100 pg of ampicillin or 25 pg of chloramphenicol per ml as re-
quired. The appropriate mutations in known regulatory genes were introduced
into MS101 by P1 transduction (34).

DNA procedures. Recombinant DNA procedures were performed by standard
methods (30). Restriction endonucleases and DNA-modifying enzymes were
purchased from GIBCO BRL. Single-stranded M13 or denatured double-
stranded DNA templates (71) were sequenced by the dideoxy chain-termination
method (57) with [a-thio->>S]dATP and modified T7 DNA polymerase, Seque-
nase version 2.0 (U.S. Biochemicals Corp.). The DNA fragments were analyzed
on buffer gradient gels (3). The DNA sequence was analyzed with the programs
of the Wisconsin Genetics Computer Group (15) at the SEQNET facility.

B-Galactosidase assays. The B-galactosidase activities of cell lysates were
measured by cleavage of the chromogenic substrate O-nitrophenyl-B-p-galacto-
side (ONPG) as described by Miller (34).

Luciferase assays. Bacterial growth and expression of luciferase were mea-
sured as described by Peabody et al. (44). Cultures were grown overnight in L
broth, and 0.1 ml was used to inoculate 15 ml of minimal media (M9) containing
ampicillin (100 pg/ml) thiamine (5 pg/ml), 0.02% glucose, and appropriate
amino acids (40 pg/ml). At an optical density at 600 nm (ODyg,) of 0.1, isopro-
pyl-B-p-thiogalactopyranoside (IPTG) was added to a final concentration of 100
mM. OD was measured at defined intervals thereafter, and culture samples were
diluted to 0.1 ODgq, with SSC (1x SSC is 0.15 M NaCl plus 0.15 M sodium
citrate) buffer. The light emitted by 100 ml of the diluted sample upon the
addition of 10 ml of the luciferase substrate n-decanal (Sigma) was measured in
a Labsystems luminoskan RS.

RNA preparation. RNA was extracted by resuspending a mid-logarithmic-
phase culture in lysis buffer (0.02 M sodium acetate [pH 5.2], 0.5% sodium
dodecyl sulfate [SDS], 1 mM EDTA) and phenol equilibrated with 0.2 M sodium
acetate (pH 5.2), both preheated to 60°C. Following further phenol and chloro-
form extractions, the RNA was precipitated and, when required, was treated with
RNase-free DNase I (Pharmacia).

Northern (RNA) analysis. RNA was electrophoresed under denaturing con-
ditions in a formaldehyde agarose gel and was transferred to a Hybond N filter
(Amersham) according to the manufacturer’s protocol. DNA probes were pre-
pared from PCR products or restriction endonuclease fragments purified from
agarose gels with a Sephaglass BandPrep kit (Pharmacia). Radiolabelled probes
were generated by random hexanucleotide primer extension by using the Klenow
fragment of DNA Polymerasel (GIBCO BRL) in the presence of [*?P]dCTP.
Filters were hybridized and washed at high stringency according to the Amer-
sham protocol. Filters were stripped of hybridized probe by boiling in 0.1% SDS.

Primer extension. Oligonucleotide primers were 5'-end labelled with
[y->P]ATP by using T4 polynucleotide kinase (Promega). Each labelled oligo-
nucleotide was hybridized with total cellular RNA extracts and used as a primer
by avian myeloblastosis virus reverse transcriptase (Promega) as described by the
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manufacturer. The resulting cDNAs were analysed on sequencing gels adjacent
to a DNA sequencing ladder generated from the same oligonucleotide. The
primers used were RT7 (5'-GCGAACAGAGGTAATTAGATATGG-3') and
RT9 (5'-GTCAGTCCATGCTTATATGCAGG-3').

RNase protection. Radiolabelled RNA probes were synthesized by using the
Promega Riboprobe system, a modification of the procedure described by Mel-
ton et al. (32). K5 DNA was cloned into vector pTZ18 or pTZ19 (31) down-
stream of the T7 promoter and was linearized with an appropriate restriction
endonuclease. This DNA template was used to synthesize high specific activity
RNA probes by incorporation of [a->*P]JUTP according to the Promega protocol.
Full-length transcripts were purified by electrophoresis through and excision
from polyacrylamide sequencing gels. The RNA was eluted in 2 to 3 volumes of
Tris-EDTA-0.1% SDS-1 mM EDTA-proteinase K (10 mg/ml) at 37°C over-
night and extracted with phenol and then chloroform before being precipitated
with ethanol. The purified probe was hybridized with 50 to 100 g of total RNA
at 40°C for at least 6 h and digested with RNase One (Promega) at 25°C, and the
undigested products were analyzed on a sequencing gel adjacent to a DNA
sequencing ladder.

Protein analysis. Protein samples were prepared by boiling cultures in gel load-
ing buffer prior to analysis by SDS-polyacrylamide gel electrophoresis (PAGE)
(29). Western blotting (immunoblotting) was performed as previously described
(65). Bound antibody was detected with the ECL Western blotting system (Am-
ersham) according to the manufacturer’s instructions. When appropriate, the
signals were quantified with scanning densitometry by using a Bio-Rad GS-700
Imaging Densitometer with transparency frame 4200164. Minicells were pre-
pared from strain DS410 as described previously (53), and the [**S]methionine-
radiolabelled proteins were visualized by autoradiography after SDS-PAGE.

Nucleotide sequence accession number. The nucleotide sequence of the entire
ORF upstream of kpsE of the K5 antigen gene cluster has been deposited with
EMBL under accession no. X95264.

RESULTS AND DISCUSSION

Identification of a kpsF gene upstream of region 1 of the K5
antigen gene cluster and location of the region 1 promoter. An
open reading frame (ORF) terminating 71 bp upstream from
the kpsE gene of region 1 of the K5 antigen gene cluster has
been identified previously (42). Plasmid constructs carrying
only the 3’ end of this ORF express a K5 capsule, suggest-
ing that this ORF is not essential for K5 capsule production
(42, 43). To locate the promoter upstream of kpsE, a HindIII-
BamHI fragment (Fig. 1) was cloned into the promoter probe
vector pCB192 (58) to form plasmid pDSHB (Table 1; Fig. 1).
No B-galactosidase activity could be detected in strains har-
boring pDSHB (data not shown), suggesting that the promoter
for region 1 was not present on this fragment. To confirm this,
an RNase protection assay was performed with a radiolabelled
antisense RNA probe spanning this region (probe 1 in Fig. 1).
The RNA probe was fully protected by transcripts present in
RNA extracted from either LE392(pDS200), which contains
sequences 5’ to the HindIII site (Fig. 1), or strain MS101 (data
not shown). This confirmed that there are no promoters within
this region.

Therefore, the nucleotide sequence of the entire ORF up-
stream of kpsE and region 1 of the K5 antigen gene cluster was
determined (Fig. 2). This revealed a gene 98.7% identical to
the kpsF gene identified upstream of kpsE in the K1 antigen
gene cluster (12, 13), confirming that this gene is conserved
between different group II capsule gene clusters. The G+C
ratio of this DNA was 49%, which is typical for that reported
for E. coli (38) and similar to the rest of the K5 region 1 (43).
The predicted amino acid sequence of the encoded protein was
95% identical to that of the KpsF protein identified in the K1
antigen gene cluster, suggesting that KpsF may play a con-
served role in the expression of group II K antigens. Expres-
sion of the KpsF protein was confirmed by minicell analysis of
plasmid pDS111, a subclone of the 2.5-kb EcoRV fragment
containing the entire kpsF gene (Fig. 1; Table 1). This encoded
a protein of the predicted molecular mass (35 kDa), whereas
pDS110, which has the 3’ end of kpsF deleted (Fig. 1; Table 1),
encoded a truncated protein of 22 kDa (Fig. 3).

To locate the site of transcription initiation upstream of
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FIG. 1. Analysis of region 1. The top line is a restriction map of an 11-kb
EcoRI fragment from pGB110 (the shaded box encodes cos4 sequences). This
encodes region 1 (kpsF, -E, -D, -U, -C, and -S) and was subcloned to make
pDS200. P, the proposed promoter; Hp/t, site of insertion of the rn transcrip-
tional terminator (9) in kpsC; open boxes, genes (with their designations and the
proposed transcripts indicated below); bold lines, the restriction fragments and
PCR products used as probes in Northern analysis; lines with arrowheads to the
left, antisense RNA probes used in RNase protection assays. Sequences up-
stream of the Sphl site in kpsU were deleted from pDS200 to create pDS201. At
the bottom, the promoter region is enlarged to show the fragments assayed for
promoter activity (pDSHB, pDSHcS, and pDSHcH) or transcription termination
(pDS300, -301, and -304). The DNA fragments cloned in pTZ19 to demonstrate
expression of KpsF in minicells and generate antisense RNA probes are shown
(pDS110, pDS111, and pDS130). The locations of primers RT7 and RT9 used to
map the transcription start point are indicated by arrowheads. Abbreviations: B,
BamHI; Bs, BsaBI; D, Dral; E, EcoRI; EV, EcoRV; He, Hincll; H, HindIII; Hp,
Hpal; Nco, Ncol; Sa, Sall; Sau, Sau3A; S, Smal; Sp, Sphl; V, Vspl.

kpsF, primer extension was performed with oligonucleotide
RT7 (Fig. 1 and 2), which is complementary to the 5" end of
the kpsF gene. This identified three potential transcriptional
start points, approximately 40, 90, and 220 bp upstream of the
gene (data not shown). To confirm that these represented
three separate transcriptional initiation start sites and were not
a result of stalling of the reverse transcriptase, an RNase pro-
tection experiment was performed by using radiolabelled an-
tisense RNA probe 2 (Fig. 1). This was generated as a runoff
transcript from plasmid pDS130, which contains a 0.35-kb
VspI-Sau3A fragment spanning the region 1 promoter (Fig. 1)
cleaved with BsaBI. Only a single RNA fragment of 260 nu-
cleotides was protected by RNA from MS101 (data not
shown), the size of which was consistent with transcription
initiating from the most 5" of the three possible start sites.
The start site was mapped to 225 bp upstream of the ATG
codon of kpsF by primer extension (Fig. 4) with primer RT9
(Fig. 1), which annealed 100 bp downstream of the estimated
start site (Fig. 2). Upstream of the transcriptional initiation site
are regions similar to the —35 and —10 consensus sequences
for an E. coli ¢’® promoter (Fig. 2). No similarities with bind-
ing sites for other o factors were identified. Two integration
host factor (IHF) binding site consensus sequences (19) are
located 110 bp upstream and 130 bp downstream of the start
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10 30 50 70 90
GATCTTTATATAAAATAAACTTGGGTGCATAACGCCATCAGGTCTTAAACACTCCCGAATCATCAATAAACATCCCCCGCTAACAARACACAGTTCAGTT

110 130 150 170 190
CACATAACATCCCTGTTATCCCACACATATCTGCTGGCCGAACGACGCCAGTGCGCGTACGGAGGCAAGAGCAGCCCTGCACATGGCAGCGCTTGTGGTA

210 230 250 270 HincII 290
ACCTGGTTTAATCCGGTGAAAGAGGCGTTTTACATGCATCTGCCAGCAGCCGGAAAAACCAAAAAAGTGGCGCTGGTTGACTGTATGCGTAAATTGCTGA

310 330 350 370 390
CCATCCTGAACGCAATGCTCAGARAGAACGAAGAGTGAAATGAATCGTAGCATCATGTTGCTCCATAATTTT TACGTTCAAGACAGTTGATTATCGGCGC

410 430 450 470 490
ATATGACTCAAAAAGAGCCTGATGATTGCCTCTTTTCCATAGGCTCTTTCTCTGAAGTGAAGGAAGGCCCGGARGARAGCACTCGCTGGCATACGTGACT

510 530 550 570 590
CCAGCTCAACCGGAGATAATCACCATTGTTATTTTTCTATTTAATAATAATCTCCTGAAAAATAGATATAGCAAAAATACAATCCGGCCAGATTTAATTC

610 630 650 670 690
CGCATTCATTACCAGAAATAATCAACACTACAACTATTATATCATTCAATAGTCACCGCTAAAATTTTATTATTTTCCTCTTCTT TACATAGAAATTATC

710 730 750 770 790
AACCTGTTTATTATGCCGAATTTAAATAATTAATCACAAAACAATATCACCATTATTTGCGTGT TTTATTTATTAATAACATAGTCATACGTTCTTTTTIT

870 BsaBI 890
TCCTAAATTCCTIGTTCATAATG

810 830 850
TACAAGAAAATAATCAA’I"IGATAAAT’IGTI"I"I"I‘GG’MJAAGTAGGAAACA’I‘T

910 |'> 930 950 970 990
TAGGAGTGTGTTAAATAGGTGGGCAARATTTGGTTCCCTTTCTCGCCTGTAATATCGCAGCGTCTTCGCACCTCCATGAGACATTGCGACTTAATAAGAA

1010 1030 NcoI 1050 —1oz0 1090
GGTGATAAGTCCTGCATATAAGCATGGACTGACCATGGTTTTATATTCATTAAAAATTTTGTTACAACCCATTGATTTAGCATAAATAAATTATAGTGGG
RT9
1110 1130 1150 1170 1190 Ssau3a

TTCGGGTTTGTTGTGACTGTGGCATTATTTCCGTGCAAAGGAGCTGATATGTCTGAAAGACATTTACCTGATGACCAGAGCAGTACTATCGATCCATATC
M $ ERHLPDOD QS ST I D FRY L
RT7

1210 1230 1250 1270 1290
TAATTACCTCTGTTCGCCAGACTCTGGCAGAACAAAGCGCAGCATTACAAAACTTGTCTAAACAACTGGATTCCGGGCAGTACCAGCGTGTCCTTAATTT
I T SVROQTULAEZ®QSAALQNILSI KU QLDZSGOQY QRVILNTIL
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FIG. 2. Nucleotide sequence of the 5’ end of the kpsF gene and upstream regions. Italics, selected restriction enzyme sites; arrows, primers RT7 and RT9 used to
determine the transcript start point; underlining, potential —35 and —10 regions; arrow, the first nucleotide transcribed; overlining, sequences matching the consensus
IHF binding site; boxed areas, the conserved AT-rich regions that are also present in the region 3 promoter; boldface, Shine-Dalgarno sequence preceding kpsF;

single-letter code, the predicted amino acid sequence of KpsF.

site (Fig. 2). IHF is a histone-like DNA-bending protein (19),
and binding of IHF at these sites would change the DNA
conformation and thereby alter the efficiency of transcription
and/or mediate the action of other regulatory factors. To de-
termine if IHF played any role in the expression of region 1,
Western blot analysis with antisera to the KpsE was performed
on lysates of strains MS104 and MS105. These strains have
mutations in the himA and himD genes, respectively, which
encode the two subunits of IHF (Table 1). Strain MSFE100,
which has the kpsE gene deleted, was included as a negative

200
92.5
69

46
30

14.3

FIG. 3. Expression of KpsF in minicells. The proteins expressed by minicells
harboring the following plasmids were analyzed by SDS-PAGE: pDS111, encod-
ing KpsF (solid arrow) with a predicted molecular mass of 35.6 kDa (lane 2);
pDS110, encoding a truncated KpsF (open arrow) with a predicted molecular
mass of 22.1 kDa (lane 3); and pTZ19 (lane 4). The molecular masses of markers
(lane 1) are indicated in kilodaltons.

control (Table 1). The intensity of the signal obtained was
quantified by scanning densitometry. Equal loading of protein
was confirmed by scanning densitometry of the same gel
stained with Coomassie blue (data not shown). Expression of
KpsE was reduced fivefold in MS104 and sixfold in MS105
strains and was absent in MSFE100 (Fig. 5), suggesting that
although IHF is not essential for expression of region 1, it does
play a regulatory role. These results are in accordance with
previous results which showed that a functional IHF is not
essential for group II capsule expression (64). Alignment of the
nucleotide sequence upstream of kpsF with that upstream of

FIG. 4. Primer extension reactions were performed with oligonucleotide
RT9 (Fig. 1 and 3) annealed with RNA extracted from MS101 (lane 1), LE392
(pDS200) (lane 2), and LE392(pKK223-3) (lane 3), all grown at 37°C. The
products were analyzed by gel electrophoresis adjacent to a DNA sequencing
ladder generated with the same primer. The bands observed with LE392
(pDS200) and MS101 show that transcription starts at cytosine residue 924
(marked in Fig. 3).
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85
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FIG. 5. Western blot analysis of KpsE expression. In each case, 50 pg of total
cell protein was loaded and separated by SDS-PAGE prior to transfer and
Western blotting with KpsE antisera. Lanes: 1, MS101; 2, MS104; 3, MS105; and
4, MSFE100.

region 3 revealed two conserved AT-rich sequences (Fig. 2)
located at the same distance upstream of the respective tran-
scription start sites. However, the JUMPstart sequence located
5’ to the kpsM gene in region 3 and postulated to play a role in
regulation of group II capsule expression by RfaH (64) was not
present upstream of region 1, suggesting that expression of this
region is not regulated by RfaH. This was confirmed by West-
ern blotting, which showed no detectable difference in the
levels of KpsE expression in strains MS101 and MS106 (data
not shown).

Transcriptional organization of region 1 of the KS antigen
gene cluster. In Northern blots of RNA extracted from
LE392(pGB110) grown at 37°C, the radiolabelled region
1-specific DNA probe A (Fig. 1) hybridized to a large tran-
script of approximately 8.0 kb and to two bands corresponding
to the positions of the two rRNA species (Fig. 6A, lanes 1 and
2). Such bands are commonly observed in Northern blots in
which the probe binds to a larger transcript and in which large
amounts of prokaryotic RNA are loaded onto the gel (37). A
radiolabelled kpsS-specific DNA probe (Fig. 1) hybridized
strongly to a small transcript of approximately 1.3 kb and
weakly to the larger 8.0 kb transcript (Fig. 6B, lane 1) among
RNA from LE392(pDS200) grown at 37°C. The detection of a
1.3-kb RNA transcript suggests either that there may be two
transcriptional units within region 1 or that transcription orig-
inates 3’ to the kpsS gene on the opposite DNA strand, thereby
generating an antisense RNA molecule. The presence of two
transcriptional units within region 1 would require a large
transcript originating from the promoter upstream of kpsF and
terminating 3’ to kpsC and a second kpsS-specific transcript
originating from a promoter located either within the inter-
genic gap between the kpsC and -S genes or in the 3’ end of the
kpsC gene (Fig. 1). Indeed, previous studies of region 1 of the
K1 antigen gene cluster suggest that the kpsS gene may be a
transcriptional unit separate from the remainder of region 1
(13, 63). To attempt to identify a promoter in this region, a
5.3-kb BamHI fragment corresponding to DNA probe A (Fig.
1) was cloned into plasmid pCB192 upstream of the lacZ gene,
creating pDSBL1 (Fig. 1). No detectable B-galactosidase activity
was expressed by strains carrying this plasmid (data not
shown), indicating that a promoter is not located within this
region. To assay for transcription in the opposite direction, the
adjacent 1.7-kb BamHI fragment which spans into kfiD, the
last gene in region 2 of the K5 capsule gene cluster (45) (Fig.
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1), was cloned into pCB192, creating pDSB2 (Table 1). No
detectable B-galactosidase activity was expressed by strains
carrying this plasmid (data not shown).

To confirm that expression of kpsS is dependent on tran-
scription of the upstream genes, two additional plasmids were
constructed. The transcriptional terminator rnTIT2 (9) was
inserted into the kpsC gene (Fig. 1) to generate plasmid
pDS200T (Fig. 1), and sequences upstream of kpsC were de-
leted to make plasmid pDS201 (Fig. 1). Northern blot analysis
with a radiolabelled kpsS-specific DNA probe with RNA
from cells harboring pDS201 and pDS200T demonstrated that
expression of the small 1.3-kb kpsS-specific transcript was abol-
ished (Fig. 6B, lanes 2 and 3). To demonstrate that the inter-
genic space between kpsC and -S is transcribed, reverse-tran-
scriptase PCR was performed on RNA extracted from LE392
(pDS200). A 2.0-kb fragment was amplified (data not shown),
confirming that the intergenic space is transcribed.

Taken together, these data suggest that a separate transcript
for kpsS does not originate from a promoter 5’ to the gene. It
would appear that the smaller kpsS-specific message is derived
by processing of the larger RNA molecule which spans the
entire region 1.

Temperature regulation of region 1 transcription. To identi-
fy whether temperature-dependent expression of region 1 pro-
teins is regulated at the level of transcription, Northern blots
were performed on RNA extracted from LE392(pGB110)
grown at 37 and at 18°C. A large RNA transcript of 8.0 kb
detectable at 37°C was absent at 18°C (Fig. 6A, lanes 1 and 2),
indicating that transcription of region 1 is regulated by tem-
perature. Two additional experiments confirmed this conclu-
sion. First, in an RNase protection assay, antisense RNA probe
1 (Fig. 1) was fully protected by RNA extracted from LE392
(pDS200) or MS101 grown at 37°C but degraded completely
when hybridized to RNA extracted from cultures grown at
18°C (data not shown). Second, a HinclI-HindIII fragment pre-
dicted to contain the region 1 promoter was cloned into
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FIG. 6. (A) Northern blot analysis with probe A, which spans region 1 (Fig.
1). In all cases, 50 pg of total RNA was loaded into each track. An 8.0-kb region
1-specific transcript (thin arrow) among RNAs extracted from LE392(pGB110)
grown at 37°C (lane 1) and at a much reduced level at 18°C (lane 2) was detected.
Solid arrows, rRNA bands. No transcripts were detected from LE392 grown at
37°C (lane 3). (B) Northern blot with probe S, a PCR product encoding kpsS
(Fig. 1). Among RNAs from LE392(pDS200) grown at 37°C (lane 1), the kpsS
probe hybridized strongly to an approximately 1.3-kb transcript (open arrow),
although larger transcripts were faintly detected. This kpsS-specific transcript
was abolished by deletion of sequences upstream of kpsC, LE392(pDS201) (lane
2), or by insertion of a transcriptional terminator in kpsC, LE392(pDS200T)
(lane 3). No transcripts were detected from LE392(pKK223-3) (lane 4). Solid
arrows, the artifactual bands often observed at the position of the rRNA. The
sizes of the hybridizing mRNA molecules are given in kilobases.
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FIG. 7. Assays for transcriptional termination. Open symbols, ODg values
on the left-hand scale; closed symbols, the luminescence values on the right-hand
scale. A, pHV100; O, pDS300; <, pDS301; and +, pDS304. IPTG was added at
time zero to induce the lac promoter.

pCB192 to generate plasmid pDSHcH (Fig. 1; Table 1). Plas-
mid pDSHcH was introduced into MS150, and 3-galactosidase
activity (Miller units) was assayed from cells grown at 37°C
(996 = 43) and 18°C (236 = 5) (values are the means of four
readings * standard deviations). This confirmed that transcrip-
tion from the region 1 promoter is regulated in response to
temperature.

Mutations in regulatory genes known to be involved in the
temperature regulation of virulence genes were introduced
into MS101 (Table 1), and their effect on region 1 expression
was monitored by Western blotting with antisera to the KpsE
protein. Mutations in the sns gene which affects DNA topology
(23) and is a pleiotropic regulator implicated in the tempera-
ture regulation of virulence gene expression in Shigella flexneri
(48), in the rimJ gene, which is involved in thermoregulation of
the pap operon (67), or in the hha gene, which influences DNA
topology and regulates virulence genes in response to temper-
ature (14, 21, 33) had no effect on expression of region 1 as
measured by RNA dot blots and Western blotting (data not
shown).

Identification of a kpsF intragenic transcriptional termina-
tor. The observation that MS150 cells carrying pDSHcH ex-
pressed high levels of B-galactosidase activity compared with
those for pDSHcS (Table 1; Fig. 1) at 37°C (996 + 43 and
117 = 4, respectively) was surprising, since pDSHcS contains
only an additional 300 bp of the kpsF gene (Fig. 1). This sug-
gests that significant transcriptional termination occurs in this
region of the kpsF gene. To confirm this, restriction enzyme
fragments were cloned into the transcriptional termination
vector pHV100 (44). This vector allows transcriptional termi-
nators to be identified by cloning fragments between the lac
promoter and the uxAB genes of Vibrio harveyi (44). The
presence of a transcriptional terminator reduces lux4B gene
expression which can be assayed by a reduction in biolumines-
cence (22). Both the 1.5-kb HindIII-BamHI fragment spanning
from kpsF to kpsE (pDS300 [Fig. 1]) and the 415-bp HindIII-
Dral fragment from within the kpsF gene (pDS304 [Fig. 1])
demonstrated significant transcriptional termination activity
when cloned into pHV100 (Fig. 7). However, when the 1,120-
bp Smal-BamHI fragment (Fig. 1) was cloned in pHV100 to
generate plasmid pDS301 (Fig. 1), it showed no significant
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transcriptional termination activity (Fig. 7). This suggests that
the transcriptional terminator is located within the 330-bp
HindIlI-Smal fragment (Fig. 1).

To investigate whether transcriptional termination was Rho
dependent, the plasmids pDSHcH and pDSHcS were intro-
duced into strain W3110 and the isogenic rho mutant strain
2055 (Table 1), and the ratio of B-galactosidase activity was
measured. In W3110, the ratio of B-galactosidase activity from
pDSHCcH (650 = 25) to that from pDSHcS (217 = 7) was 3:1.
In the rho strain, the ratio of B-galactosidase activity from
pDSHCcH (606 = 16) to that from pDSHcS (580 * 15) was 1:1.
This demonstrates that the transcriptional termination occur-
ring within the kpsF gene is Rho dependent. Analysis of the
sequence in this region identified a cytosine-rich, guanosine-
poor region characteristic of Rho-dependent terminators (2).
Such intragenic terminators have been described previously
and enable Rho to prevent continued elongation when the
mRNA is not being actively cotranslated (1). This provides a
mechanism to prevent the synthesis of untranslated transcripts
during times of physiological stress (51). It is possible that the
presence of this Rho-dependent terminator allows the tran-
scription of region 1 to be modulated in response to the phys-
iological state of the cell, such that under conditions of phys-
iological stress expression of region 1 is reduced.

Functions of KpsF in expression of group II capsules in
E. coli. The identification of kpsF as the first gene in both the
K1 and the K5 capsule gene clusters suggests a conserved role
in the expression of group II capsules. Three homologs to the
KpsF protein were identified by database searches. The GutQ
protein, as previously reported for the K1 KpsF protein (11),
was 41% identical over 292 amino acids. Two homologs, ORF
328 from E. coli (EMBL accession no. U18997), which was
41% identical over 307 amino acids, and a hypothetical KpsF
protein from H. influenzae (EMBL accession no. U32841),
which was 50% identical over 308 amino acids, were also de-
tected.

A hydropathy plot of the predicted amino acid sequence of
the E. coli K5 KpsF suggests that it is a cytoplasmic protein
with no domains of significant hydropathy (data not shown).
KpsF and all three homologs share the features of a nucleotide
binding domain, namely, a glycine-rich loop preceded by a
hydrophobic beta-strand. This region is similar to the Walker
A ATP-binding site; however, the spacing of the hydrophobic
patch and conserved glycines is more in keeping with dinucle-
otide (NAD/FAD) binding motifs (67). The significance of this
possible dinucleotide binding fold for the function of the KpsF
protein is unclear.

The predicted amino acid sequence of KpsF was 70% ho-
mologous over a stretch of 69 amino acids to a number of
glutamine-dependent amidotransferases (data not shown).
These enzymes catalyze the transfer of an amino group from
glutamine to fructose-6-P to form glucosamine-6-P, which is
the first step in the hexosamine biosynthetic pathway required
for the synthesis of extracytoplasmic polysaccharides (17). Glu-
tamine-dependent amidotransferases can be divided into two
functional domains. The N-terminal domain of 200 amino ac-
ids is postulated to be involved in amide transfer, whereas the
remaining 400 amino acids are involved in sugar phosphate
binding (17). The short stretch of homology between KpsF and
this family of enzymes suggests that KpsF is unlikely to act as
a functional glutamine-dependent amidotransferase enzyme.
However, the homology between KpsF and these enzymes is
located in the C-terminal domain and may reflect a sugar
binding site.

It has been reported that insertion of a kanamycin resistance
gene cassette into the kpsF gene of the K1 capsule gene cluster
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resulted in small K1 bacteriophage plaques and, therefore, that
the KpsF protein is involved in the transport of K1 polysac-
charide (11). However, previous observations that bacteria
with a cloned copy of the K5 capsule gene cluster lacking a
functional kpsF gene still produced a capsule comparable to
that of wild-type KS strains appear to conflict with this role for
the KpsF protein (7, 8, 43). The mapping of the region 1
promoter upstream of the kpsF gene for the K5 capsule gene
cluster, together with the recent identification of the region 1
promoter from the K1 capsule gene cluster at the same loca-
tion (13), suggests that the observed phenotype seen with the
insertion mutant in the kpsF gene of the Kl antigen gene
cluster is as a result of polarity on transcription of downstream
region 1 genes.

To preclude the possibility that the lack of a detectable
phenotype in E. coli strains harboring the K5 capsule gene
cluster lacking a functional kpsF gene was due to complemen-
tation by the gutQ gene on the chromosome, plasmid pPC6,
which contains the K5 capsule gene cluster minus just kpsF (7),
was introduced into strain L32706 (Table 1), which has a mu-
tation in the gutQ gene. The introduction of pPC6 resulted in
a capsule indistinguishable from that of MS101 when analyzed
by immunoelectron microscopy (data not shown), suggesting
that GutQ was not acting in trans to complement the kpsF
deletion. This does not preclude the possibility that ORF 328
complements the kpsF deletion.

The GutQ protein has been postulated to act as a regulator
of expression of the glucitol operon (70). To identify whether
the KpsF protein had a similar regulatory role on region 1
expression, plasmid pDS111, carrying a functional copy of the
kpsF gene, was introduced into strain MS150 harboring plas-
mid pDSHcH, and B-galactosidase activity was measured. The
presence of the kpsF gene in multicopy had no effect on tran-
scription from the region 1 promoter at either 37 or 18°C (data
not shown), indicating that KpsF itself does not regulate tran-
scription of region 1. The lack of an obvious function for KpsF
is in agreement with the recent findings of Cieslewicz and Vimr
(13), who likewise could not assign a ready function to the
KpsF protein of the K1 capsule gene cluster.

Conclusions. The kpsF gene has been identified as the first
gene of region 1 of the K5 capsule gene cluster. It was found to
be homologous to the kpsF gene reported in region 1 of the K1
antigen gene cluster (11), suggesting that this gene is main-
tained between different group II capsule gene clusters and
that the KpsF protein plays a conserved role in the expression
of group II polysaccharides. No obvious function could be
assigned to the KpsF protein, and deletion of the kpsF gene
had no detectable effect on K5 antigen expression. Region 1
was transcribed as a single transcriptional unit from a pro-
moter 225 bp 5’ to the kpsF gene. The large transcript was
processed to yield a smaller transcript of 1.3 kb specific for the
kpsS gene which is at the 3’ end of the transcript. The process-
ing of mRNA has been implicated in the differential expression
of a number of bacterial genes (4, 5, 26). The major F1845
fimbrial subunit gene of E. coli is located downstream of the
other assembly genes but is expressed at high levels from a
stable 1.3-kb processed transcript (4). This processing is inde-
pendent of the two major endoribonucleases RNaselll and
RNaseE (4). The lack of either an RNaselll or RNaseE con-
sensus sequence (5) 5’ to kpsS suggests that the processing of
the kpsS-specific transcript is also independent of these two
endoribonucleases. The generation of a separate kpsS tran-
script may enable differential expression of KpsS from the
other region 1 gene products. Control of the level of the KpsS
protein might enable regulation of capsular polysaccharide
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expression via a role for KpsS in the modification of the poly-
saccharide prior to export (52).

An intragenic Rho-dependent transcriptional terminator
was identified within the kpsF gene. This terminator may per-
mit transcriptional regulation of region 1 in response to phys-
iological stress in a manner analogous to that suggested for
other intragenic terminators (51). In this system, under condi-
tions of physiological stress in which the RNA message is not
translated efficiently, transcription of region 1 would cease at
the terminator within the kpsF gene and reduce the level of
expression of region 1. The observation that mutations in re-
gion 1 lead to reductions in membrane transferase activity (7,
8) means that the overall effect could be to reduce capsule
expression under physiologically stressful conditions.

The transcription of region 1 was regulated by temperature,
with no transcription at 18°C being detectable in Northern
blots. This is in contrast to the promoter probe data, which
showed that significant promoter activity was still taking place
at 18°C. A likely explanation for this discrepancy is the copy
number of the plasmid and the presence of multiple copies of
the region 1 promoter. The regulation of region 1 transcription
in response to temperature was not mediated by either the ins,
rimJ, or hha gene products, all of which have been implicated
in temperature-dependent regulation of gene expression in
other systems. Likewise, expression of region 1 was not medi-
ated by RfaH, which is required for expression of region 3 at
37°C (64) and the expression of rfa genes (49).

Two AT-rich sequences located at the same relative position
upstream of the region 1 and region 3 transcription initiation
sites were conserved. These conserved sites could potential-
ly mediate the coordinated regulation of regions 1 and 3 and
may define operator sites at which a regulatory protein binds.
The observation that two IHF binding site consensus se-
quences were located upstream from the transcription start
point and that mutations in the himA and himD genes reduced
the level of expression of region 1 indicates a role for IHF in
mediating expression of region 1. Although the binding of IHF
is not essential for region 1 expression, it may facilitate the
action of other regulatory proteins. Experiments are current-
ly under way to identify the regulator(s) of region 1 transcrip-
tion.
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