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The colanic acid polysaccharide capsule biosynthetic genes (cps genes) are primarily clustered at one site
located at about 45 min on the Escherichia coli chromosome. The network of proteins involved in regulating the
expression of these genes includes the two positive regulators RcsA and ResB. This work describes the site of
action of these two activator proteins and the promoter of the cps genes. It is likely that the cps genes are
arranged in a single long operon that is at least 13.5 kb. The promoter region was identified with fusions to lacZ
that resulted in regulated expression by the Rcs network of regulatory proteins, and the start site of tran-
scription was identified by primer extension. The operator region was cloned from Kohara phage to multicopy
plasmids and identified by titrating RcsA or RcsB. Sequence analysis of the promoter and operator region
revealed homology to the JUMPstart element found in the untranslated region of many exopolysaccharide
biosynthetic operons. In addition, the deduced amino acid sequence of the amino terminus of the first open
reading frame of the cps operon was found to be homologous to proteins encoded by the exopolysaccharide
biosynthetic operons of Klebsiella pneumoniae and Erwinia amylovora.

Escherichia coli is able to synthesize many different extracel-
lular polysaccharide capsules that can be classified into sero-
type-specific and nonspecific capsules. The specific capsules
are called K antigens, and over 70 biochemically distinct poly-
saccharide structures have been identified (20). The nonspe-
cific capsule is called colanic acid (or M antigen) and is pro-
duced by many enteric bacteria (11). Because colanic acid
appears to be loosely attached to cells, in the past it has been
designated as a slime rather than a capsule. This may be a dis-
tinction that is difficult to make, as there appears to be a con-
tinuum in the degree of attachment of exopolysaccharides,
rather than just two categories. Although colanic acid is nor-
mally synthesized at low levels in most strains, some stimu-
lation can be achieved at low growth temperatures in the
presence of carbohydrate carbon sources (35). In addition, pre-
liminary evidence indicates that desiccation may stimulate col-
anic acid capsule synthesis (15). Because of the desiccation and
low temperature stimulation of capsule synthesis, it is more
likely that colanic acid capsule functions in the natural envi-
ronment, rather than the mammalian host.

In addition to the environmental signals, several regulators
that also affect the level of capsule expression have been iden-
tified. This system of regulators, called the Rcs system (13), has
homologs that have been identified in other bacteria, such as
Klebsiella pneumoniae (1, 27), Erwinia spp. (3, 6, 7, 29), and
Salmonella typhi (19). Because these bacteria are normally
found in diverse environmental backgrounds, they probably do
not respond to the same environmental signals; however, they
do use the same molecular pathway(s) to stimulate expression
of their respective capsule biosynthetic genes.

Capsules produced by E. coli have been divided into two
groups based on structure, map location of the biosynthetic
genes, conditions of synthesis, and other factors (20). Group II
capsule synthesis genes map at 64 min on the chromosome
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near ser and encode capsules such as K1 and K5. The group I
capsules were divided into two subgroups based on their com-
position: group IB capsules contain amino sugars and group IA
capsules do not (21). The biosynthetic genes for the group IA
capsules map near his and rfb at 45 min on the chromosome
and include K30 and colanic acid polysaccharides. Keenleyside
et al. (22) suggested that the genes encoding biosynthesis of
the colanic acid and K30 capsules may, in fact, be allelic and
therefore regulated in similar ways.

The biosynthetic pathway for colanic acid begins with the
synthesis of the component sugars as nucleotide sugar inter-
mediates, and this is followed by assembly, transport, and mod-
ification of the polymer (25). The genes thought to be involved
in the latter steps of assembly, transport, and modification are
called the cps genes. These genes were identified by isolating
nonmucoid derivatives of mucoid strains of E. coli after inser-
tional mutagenesis (14). The level of capsule synthesis is lim-
ited by the level of transcription of the c¢ps genes: when lacZ
fusions were made to some of the cps genes, the level of
transcription correlated with the amount of capsule produced
(38).

The c¢ps genes fall into six complementation groups at two
chromosomal loci. At least some of these cps genes may en-
code biosynthetic enzymes that were assayed by Markovitz
(25). One of the complementation groups (cpsF) maps by itself
at 90 min, and cpsF mutants only reduce capsule synthesis,
suggesting that it is not an essential gene. The other five com-
plementation groups, designated cpsA, c¢psB, cpsC, cpsD, and
¢cpsE, map together at 45 min and are adjacent to the rfb genes
that are involved in lipopolysaccharide biosynthesis. All six of
these ¢ps complementation groups were identified as nonmu-
coid derivatives (of a mucoid lon mutant) that were isolated by
transposon mutagenesis using either Tn/0 or Mulac insertions.
Therefore, it is possible that the complementation groups may
represent five operons rather than five genes. However, be-
cause all of the cps::lac fusions created by Mulac insertions
showed activation in a Jon mutant strain (38) and therefore are
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regulated similarly, it seems more likely that cps4ABCDE rep-
resent a single operon.

The simplest model for the data is that the single operon
represented by cpsABCDE is regulated by the Rcs regulatory
network of proteins. Specifically, the two positive regulators,
RcsA and RcesB, may act as a heterodimer to activate tran-
scription at the single ¢ps promoter upstream of the single cps
operon. This work begins to define the promoter region of the
cps genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli K-12 strains, plas-
mids, and their sources are listed in Table 1. All strains are derivatives of
MC4100 (31) unless otherwise noted. Generally, cells were grown in Luria-
Bertani broth at 37°C with shaking or on Luria-Bertani agar or MacConkey
lactose agar plates. When necessary, media were supplemented with the follow-
ing antibiotics at the indicated concentrations: ampicillin, 125 wg/ml; kanamycin,
30 pg/ml; and tetracycline, 15 pg/ml.

DNA manipulations. Lambda phage DNA was purified from the Kohara
phage by the procedure described by Silhavy et al. (31). The phage DNA was
digested with EcoRI, and all resulting DNA fragments were ligated with either
pUCI8 or pUCI09 that also was digested with EcoRI. Restriction endonucleases
and other enzymes were purchased from either Bethesda Research Laboratories,
Promega, or New England Biolabs and used according to the manufacturers’
instructions. Ligation mixes were transformed into JM101 so that color screening
for the cells that harbored plasmids with inserts could be performed on lactose
MacConkey agar plates. DNA purification using the alkaline-sodium dodecyl
sulfate method (31) was performed, and DNA was analyzed on 1.0% agarose
gels. The resulting plasmids are shown in Fig. 1.

Subcloning of the 3.0-kb cps promoter region in pST103 was performed with
Hincll, Sall, Nrul, and EcoRI. The plasmid subclones and brief descriptions of
how they were constructed are listed in Table 1.

Sequencing of DNA was performed by the dideoxy-chain termination method
(30) by using the Sequenase (version 2.0; U.S. Biochemical Corp.) sequencing
kit. The sequence was analyzed by using the Genetics Computer Group package
(9), and database searches were performed with Genetics Computer Group and
BLAST software. The accession number in GenBank for the sequence shown in
Fig. 3 is U52666.

Primer extension. RNA was isolated from an exponentially growing strain
(SG20250) overexpressing RcsA from a multicopy plasmid (pATC400) using a
hot-phenol extraction procedure (method II) of Hinton (17). Primer extension
analysis was performed by the extension of the 3P-, 5'-end-labeled oligonucleo-
tide 5'"CACGCTACCGCCCCTGGC (cps8) using the avian myeloblastosis virus
reverse transcriptase primer extension system (Promega) following the manu-
facturer’s protocol. The DNA sequencing was performed with the same end-
labeled oligonucleotide (cps8).

Genetic manipulations. A titration assay was performed to determine which of
the seven pST plasmids and the subclones from pST103 contained regions where
limiting positive regulators bound. The plasmids were transformed into a lon
cpsBilacZ strain (SG20780), plated on lactose MacConkey agar media, and
incubated at 37°C for 12 to 15 h. Plasmids that were able to titrate RcsA or ResB
resulted in pink colonies, and those unable to titrate these products were red.

In order to obtain the newly created fusions in single copies in cells so that
more consistent regulation results could be obtained, two of the cps::lacZ plas-
mid fusions (pDG3 and pVS137) were transferred to the lambda derivative
ARS45 (32) and plaques were screened in an resC137 mutant (VS20306) for
recombination. This strain was chosen because previous results have shown that
the cps genes are transcribed well in this rcsC137 mutant background (4), and the
fusions resulted in high levels of activity in an rcsC137 strain when they were on
multicopy plasmids. Therefore, the fusions were expected to be transcribed in
this host when found on lambda phage grown lytically (or lysogenically). Lac*
plaques were purified and used for further study. The NRS45 derivatives Acpsl
and Acps2 integrate into the chromosome at the attachment site for lambda so
that lysogens have the wild-type cps genes in addition to the fusion.

RESULTS

Identification of cps region on Kohara phage. Trisler and
Gottesman (38) previously mapped the cpsABCDE genes to 45
min on the E. coli chromosome. To identify a more precise
location for these genes and to identify a source of DNA for
cloning, rescues of ¢ps mutations by using phage in the Kohara
set (23) were conducted. Kohara phages 350 to 363, which
cover the 45-min region of the chromosome, were used to
rescue the nonmucoid phenotype in strains that had insertions
in several locations in the c¢ps gene cluster. These cps mutant
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cells were also lon mutants, so that when rescue occurred, the
cells would become mucoid. Figure 1 shows that phage 353
rescued a cpsB mutation, phage 354 rescued cpsD and cpsE
mutations, and phage 355 rescued a cpsE mutation. No rescue
of ¢psC was seen with any phage, and no attempt to rescue a
cpsA mutation was made.

Cloning of ¢ps region to plasmids. The three Kohara phages
that rescued the cps mutations were used as sources of DNA
for cloning the promoter-operator region of the cps genes.
EcoRI fragments from the phage were cloned into pUC18 and
pUCI19 vectors (Fig. 1). The seven resulting plasmids, pST101
to pST107 were tested for complementation of the same cps
mutations that were rescued by the phage. No complementa-
tion of the mutations was observed. Two explanations for this
are (i) that the genes span the EcoRI sites or (ii) that the cps
mutations may be polar and therefore genes downstream of
the mutation are not expressed. The shorter segments of DNA
seen on the plasmids may be too short to complement the
inactive set of genes.

Identification of operator region. To identify plasmid clones
that carry the promoter-operator region of the c¢ps genes, the
clones were analyzed for titration of a limiting positive regu-
lator (RcsA or ResB) for transcription of the chromosomal cps
genes in a lon mutant strain. The rationale for this assay is that
if RcsA or RcesB binding sites are present on a multicopy
plasmid, these sites will bind all of the protein in the cell so that
there will not be any available to bind and activate the single
copy of the c¢psB::lacZ fusion on the chromosome. This assay
demonstrated that of the seven plasmids tested (pST101 to
pST107), only the pST103 plasmid titrated the product of
cpsB::lacZ.

Since pST103 apparently titrated RcsA or RcesB, subclones
of this plasmid were constructed and tested in the titration
assay (Fig. 2). pST103 was divided into two (slightly overlap-
ping) fragments, and one of these fragments, a 2.2-kb EcoRI-
Nrul fragment (pVS124), titrated. Similarly, pVS124 was di-
vided into two fragments, and one of these, a 1.2-kb Sa/l-Sall
fragment (pVS126), titrated. Lastly, the DNA fragment cloned
into pVS126 was divided into two smaller fragments, and one
of these, a 0.5-kb HinclI-Hincll fragment (pVS129), titrated
the chromosomally encoded cpsB::lacZ.

Plasmid fusions. To determine whether a promoter region
was located on the DNA fragments that were able to titrate
RcsA or ResB activity, these DNA fragments were inserted in
front of a promoterless lacZ gene to create transcriptional
fusions between the putative cps gene promoter and lacZ on a
plasmid. The cps fragments were cloned into a fusion vector,
either pRS415 or pRS528 (32), that has a cloning site in front
of a full-length promoterless lacZ gene. The only difference
between pRS415 and pRS528 is the orientation of the multi-
ple-cloning site. In addition to testing for the presence of a
promoter, this allowed the testing of the orientation of the cps
fragments to confirm the direction of transcription of the cps
genes. Table 2 shows the fusion plasmids that were con-
structed. The 3.0-kb EcoRI-EcoRI fragment was cloned in one
direction only, and the 2.2-kb EcoRI-Nrul fragment and the
0.5-kb Hincll-Hincll fragment were cloned in both orienta-
tions. These plasmids were transformed into four lacZ mutant
strains. These strains included one that was wild type for the
regulators of capsule synthesis (SG1132), an rcsC137 mutant
(VS2038), a lon mutant (JK1261A) and a lon rcsA double
mutant (VS2032). These mutations have previously been test-
ed with the chromosomal ¢psB::lacZ fusion and been shown to
result in high-level c¢ps expression in the r¢sC137 and lon mu-
tants and low-level cps expression in the wild-type and lon rcsA
double mutant.
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TABLE 1. Strains, phages, and plasmids used in this study

Strain, plasmid,

Relevant genotype or description

Source or reference

or phage
Strains
VS§2032¢ Alon-510 resA51::Akan JK1261A + P1(VS20182)
VS§2038¢ resC137 ompC::TnS SG1132 + P1(SG20803)
VS§20095 resC137 ompC::TnS S$G20250 + P1(SG20803)
VS20183 resB62::Akan cps-3(E)::Tn10 Alon-100 36
VS20306 resC137 ompC::Tn5 cpsE::Tnl0 VS20095 + P1(SG20043)
VS20595 cpsPl:lacZ SG20250 + Acpsl
VS20596 cpsP2:lacZ SG20250 + Ncps2
VS§20598 cpsPl::lacZ lon-146::ATnl10 VS20595 + P1(SG20322)
VS§20599 cpsP2::lacZ lon-146::ATn10 VS$20596 + P1(SG20322)
VS20601 cpsPl:lacZ resC137 resB11:ATnl0 ompC::TnS V820595 + P1(SG12025)
VS§20602 cpsP2::lacZ resC137 resB11:ATnl0 ompC::Tn5 VS$20596 + P1(SG12025)
VS20604 cpsPI::lacZ resC137 ompC::TnS VS20595 + P1(SG20803)
VS20605 cpsP2:lacZ resC137 ompC::Tnd VS20596 + P1(SG20803)
VS20607 cpsP1::lacZ resB62::Akan VS20595 + P1(VS20183)
VS20608 cpsP2::lacZ resB62::Akan VS20596 + P1(VS20183)
SG1132¢ S. Gottesman
SG12025° resC137 resB11:ATn10 ompC::TnS 4
SG20043 cps-3(E):Tnl0 Alon-100 38
SG20045 ¢ps-5(D)::Tnl0 Alon-100 38
S$G20250 wild type 14
SG20322 cps-11::lac-Mu d1 lon-146::ATnl0 26
S$G21016 cpsBI10::lac-Mu d1 Alon-510 4
SG20780 ¢psB10::lac-Mu-imm\ Alon-510 4
SG20803 resC137 ompC::TnS 4
JK1261A° Alon-510 S. Gottesman
Phages
ARS45 imm?'; Alacgc 32
Acpsl cpsPl:lacZ ARS45 + pDG3
A\cps2 cpsP2::lacZ ARS45 + pVS129
Plasmids
pST101 8.8-kb EcoRI fragment from Kohara 353 + pUC19 (EcoRI)
pST102 9.5-kb EcoRI fragment from Kohara 353 + pUC18 (EcoRI)
pST103 3.0-kb EcoRI fragment from Kohara 354 + pUC19 (EcoRI)
pST104 4.0-kb EcoRI fragment from Kohara 354 + pUC19 (EcoRI)
pST105 8.0-kb EcoRI fragment from Kohara 354 + pUC18 (EcoRI)
pST106 2.6-kb EcoRI fragment from Kohara 355 + pUC19 (EcoRI)
pST107 4.1-kb EcoRI fragment from Kohara 355 + pUC19 (EcoRI)
pVS113 2.2-kb EcoRI-Nrul fragment from pST103 + pRS528 (Smal-EcoRI)
pVS121 0.8-kb EcoRI-Sall fragment from pDG3 + pUC18 (EcoRI-Sall)
pVS122 0.9-kb EcoRI-Sall fragment from pDG3 + pUCI18 (EcoRI-Sall)
pVS124 2.2-kb BamHI-EcoRI fragment from pVS113 + pUC18 (EcoRI-BamHI)
pVS125 1.2-kb Sall fragment from pDG3 + pUCI18 (Sall)
pVS126 1.2-kb Sall fragment from pDG3 + pUCI18 (Sall) (opposite orientation of pVS125)
pVS128 2.2-kb EcoRI-BamHI fragment from pVS113 + pRS415 (EcoRI-BamHI)
pVS129 0.5-kb Hincll fragment from pVS125 + pUCI18 (HinclI)
pVS134 0.5-kb Hincll fragment from pVS129 + pUCI18 (Smal)
pVS136 0.5-kb BamHI-EcoRI fragment from pVS134 + pRS528 (BamHI-EcoRI)
pVS137 0.5-kb BamHI-EcoRI fragment from pVS134 + pRS415 (BamHI-EcoRI)
pRS415 lacZ operon fusion vector, BamHI-EcoRI-lacZ orientation 32
pRS528 lacZ operon fusion vector, EcoRI-BamHI-lacZ orientation 32
pATC400 resA 37
pDG3 3.0-kb EcoRI fragment from pST103 + pRS528 (EcoRI)

“ HB101-derived strain that is also a Alac lue pro mutant.
b C600-derived strain.

The fragments that were cloned in one orientation relative
to the promoterless lacZ gene (pDG3, pVS128, and pVS137)
resulted in B-galactosidase expression that was regulated in a
manner similar to that of the chromosomal cpsB::lacZ fusion
when assayed by plating plasmid-bearing strains on lactose
MacConkey agar (Table 2). The fusion generated in pDG3,
with the 3.0-kb fragment directing lacZ transcription, was
named cpsPI::lacZ, and the fusion generated in pVS137, with

the 0.5-kb fragment directing lacZ transcription, was named
¢psP2::lacZ. The fragments that were cloned in the opposite
orientation (pVS113 and pVS136) resulted in constitutive ex-
pression of B-galactosidase on lactose MacConkey agar, re-
gardless of the host strain, suggesting that a constitutive pro-
moter exists in the opposite orientation to the cps genes. As
expected, the vectors with no insertions were white on Mac-
Conkey lactose plates, indicating that they produced little or



4276 STOUT

J. BACTERIOL.

pST102 pST101
1
95kb E 88kb
p5T104 pST105 pST103
i 1
40k E 8.0 kb E 30kb
pST106
26kb E
cpsB10:lac

Kohara phage Rescue
353 cpsB10
354 cpsD5, cpsE3
pST107
|l§ T 355 cpsE3

FIG. 1. Plasmid construction and rescue of cps mutations. Seven plasmids were constructed by inserting the EcoRI DNA fragments from the three Kohara phages
into pUC18 or pUC19. The black box on pST103 indicates the 0.5-kb Hincll fragment in pVS129 (Fig. 2). The depiction of cpsB10::lacZ shows the junction between
the cpsB gene (box) and the lacZ gene (wavy line) and the orientation of transcription of the cpsB gene (right to left). Three Kohara phage clones from the 45-min

region of the chromosome rescued the three cps mutations shown. E, EcoRI.

no B-galactosidase (data not shown). Quantitation of the levels
of B-galactosidase in these cells was inconsistent, most likely
because the fusions were present on multicopy plasmids, which
often interferes with regulatory mechanisms.

Transfer of fusions to phage and expression. In order to test
the fusions found in single copies in cells, the fusions found on
the plasmids pDG3 (cpsPI::lacZ) and pVS137 (cpsP2::lacZ)
were transferred to ARS45 (Materials and Methods). The
phage derived from pDG3 was named Acpsl, and the phage
derived from pVS137 was named Acps2.

Lysogens were constructed with the two fusion phages Acpsl
and Acps2. To ensure that the same number of prophage were
inserted into the different strains tested, a strain that was wild
type for the cps regulators (SG20250) was lysogenized and
mutants were made by transduction of the regulatory muta-
tions into this lysogenized wild-type strain. The lysogens were
assayed for B-galactosidase-specific activity, expressed from
the ¢ps::lacZ fusion prophage. Table 3 shows the results of the
B-galactosidase assays. In a wild-type background, very low
levels of B-galactosidase were synthesized. The lon mutation
increased expression 25- to 30-fold, and the rcsC137 mutation
increased expression approximately 100-fold. The increased
expression in the resC137 host was suppressed to wild-type
levels by a mutation in rcsB. And, as expected, the resB mutant
expresses very low amounts of B-galactosidase. Similar results
were obtained for the Acpsl and Acps2 lysogens.

Sequence analysis. The sequence of the entire 0.5-kb Hincll
fragment that is present in pVS134 was determined (Materials
and Methods) (Fig. 3). This region is approximately 63% AT
rich. Although no obvious ¢-70 promoter regions were found,
two good —10 regions were detected at bp 47 to 51 and bp 162
to 167 (six and five of six matches, respectively, to the consen-
sus TATAAT) (16), as would be expected for an AT-rich
region. In addition to these features, there are two inverted
repeat structures at bp 124 to 139 and bp 169 to 182. The
conserved JUMPstart sequence that is found in the noncoding
region of several polysaccharide gene clusters (18) is also
found in the cps 0.5-kb Hincll fragment at bp 243 to 281.

An open reading frame (ORF) starts at bp 460 and extends
through the end of the sequence shown. An additional 314 bp
of sequence downstream from that in the 0.5-kb HinclI frag-
ment was determined in order to confirm that this ORF ex-
tends beyond the 30 codons within the 0.5-kb Hincll fragment.
In fact, the reading frame continues through the DNA se-
quence shown and beyond (data not shown). The deduced
amino acid sequence of the amino terminus of this ORF (Cps
ORF) encoded by the first gene in the ¢ps operon is shown in
Fig. 3. A search of the database revealed high degrees of
homology to two proteins involved in exopolysaccharide bio-

synthesis in Erwinia amylovora (AmsH) (5) and Klebsiella pneu-
moniae (ORF4) (2) and limited homologies to three other
proteins involved in exopolysaccharide biosynthesis in Pseudo-
monas solanacearum (EpsA), Haemophilus influenzae (BexD)
(24), and Neisseria meningitidis (CtrA) (8) (Fig. 4). Although
the functions of all five of these proteins are unknown, they
have been implicated in the export of capsular polysaccharides
and CtrA has been shown to be an outer membrane protein.
When aligned, all of these proteins contain a cysteine residue
at approximately amino acid 21. It has been suggested that this
residue may function as a lipid attachment site for AmsH and
BexD (5). The entire exopolysaccharide capsule gene com-
plexes from Erwinia, Klebsiella, Pseudomonas, Neisseria, and
Haemophilus species have been sequenced. In Erwinia and
Klebsiella species, the homologous proteins (AmsH and ORF4,
respectively) are the second ORFs in the operon, whereas the
Pseudomonas, Neisseria, and Haemophilus homologous pro-
teins, EpsA, CtrA, and BexD, are the first ORFs in their
operons, as shown in this manuscript for E. coli.
Transcription start site. The start site of transcription was
determined by primer extension using RNA extracted from
cells overexpressing RcsA from a plasmid. These cells were
used because overexpressed ResA has been shown to increase
transcription of the cps genes by approximately 400-fold (37).
Figures 3 and 5 show that the 5’ end of the cps transcript is a
G residue that is 340 bp upstream of the first ORF (Cps ORF)
and upstream of the JUMPstart sequence. This start site shows
that the two best —10 regions are not used and that the actual

Eci)Rl S/ll-l H SH N EcoRI TITRATION
[ !
—
pST103, pDG3 +
pVS124, pvS128 +
pvS122 -
pvsi21 -
pVS126 +
pVSI130 -
R pVS129, pVS134 +

0.5 kb

FIG. 2. Subcloning of the cps promoter-operator region. The results in the
titration column indicate which of the fragments, when cloned into a multicopy
plasmid, can (+) and cannot (—) reduce the expression of the single copy
cpsB10::lacZ gene fusion. The solid box represents the 0.5-kb fragment in which
the promoter and operator are located. The arrow indicates the direction of
transcription of the cps genes. S, Sall; H, Hincll; N, Nrul.



Vou. 178, 1996

TABLE 2. Construction and expression of fusion plasmids

Color of expression on lactose
Insert MacConkey medium in

. Parent N Orien- .
Plasmid plasmid (illi)c) tation® mutant host strain®
Wild type  resCI137  lon resA

pDG3 pST103 3.0 — White Pink White
pVS128  pVS124 2.2 — White Pink White
pVS113  pVS124 22 <« Red Red Red
pVS137  pVS129 0.5 — White Red White
pVS136  pVS129 0.5 «— Red Red Red

“ Arrows indicate orientation of cps fragment relative to lacZ. The arrow
pointing to the right is in the same orientation as the arrow in Fig. 2.

bWild type, SG1132; resC137, VS2038; lon resA, VS2032. All colonies ex-
pressed in the mutant host strain lon (JK1261A) were red.

—35 and —10 regions of this operon must be TTGCCT and
AACACT, which only have four and three of six matches,
respectively, to the consensus promoter sites (16).

DISCUSSION

Regulation of the colanic acid polysaccharide synthesis (cps)
genes has been well studied (4, 10, 13, 14, 33, 34, 37, 39),
although the cps gene cluster at 45 min on the E. coli chromo-
some has not been as thoroughly characterized (38). Five com-
plementation groups, cpsA, cpsB, cpsC, cpsD, and cpsE, have
been mapped to this site (38). It was not clear from Trisler and
Gottesman’s study (38) if these complementation groups rep-
resented five genes or five operons. The data presented in this
work demonstrate that there is a regulated promoter region
approximately 13.5 kb upstream of one of the cps genes, cpsB,
that has been used to define the Rcs regulatory network. No
other operator regions were detected by the titration assay,
suggesting either that no other regulated promoters are
present in this region or that they were not detected by this
assay because the restriction enzyme disrupted them or that
lethal fusions were created. It is very possible that in addition
to the regulated promoter detected here, there are other pro-
moters downstream that may act constitutively or be regulated
by proteins other than the Rcs system.

The source of the DNA used for cloning the c¢ps gene region
was the Kohara phage library. Despite the library being con-
structed in lytic phage, it was possible to rescue several cps
mutations with the library. It often took more than 16 h for the
rescues to occur, suggesting that they were not the result of
complementation. These rescues were likely to have been the
result of recombination or homogenotization rather than sim-
ple complementation. The results of the rescues indicated that
¢psD and cpsE lie upstream of c¢psB, but it was not possible to
assign an order to cpsD and cpsE relative to each other. It was
surprising that cpsD was only rescued by 354, since there is no
DNA that is unique to this phage and not carried by either 353
or 355. Two possible explanations for these results are that the
insertion mutations in the cps genes are polar and therefore
may eliminate transcription of the downstream genes and that
the recombinations do not allow complete rescue. Because no
rescue of ¢psC or cpsA was accomplished, it is not possible to
assign any order to these genes relative to the c¢psB, cpsD, and
cpsE genes.

The assignment of the cpsB gene to the site indicated in Fig.
1 was done by comparing restriction maps of the Kohara li-
brary and the cpsBI0::lacZ clone. This fusion clone has not
exhibited activity in any strain, including the resC137 mutant
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that normally shows constitutive expression of the capsule (35).
This suggests that the clone may be missing a promoter. If the
other cps genes are upstream of the cpsB and there is a single
promoter for the cps genes, as suggested by the study described
in this work, then one would expect that the c¢psB::lacZ fusion
clone would be missing a promoter.

There are clearly sequences in both directions of the cloned
fragments that can act as promoters as indicated by the plas-
mid fusion data (Table 2). However, one of these promoters is
expressed constitutively and the other one is regulated by the
Rcs system of regulators. Nothing is known about the putative
promoter or genes in the opposite orientation. When either the
0.5-kb Hincll fragment (cpsP2::lacZ) or the 3.0-kb EcoRI frag-
ment (cpsPI::lacZ) was found in single copies, the levels of
transcription directed by the fusion were approximately equal
in all the strains tested, indicating that the promoter for the cps
gene cluster was found within the 0.5-kb fragment.

Qualitatively, these fusions were regulated in a manner sim-
ilar to that of the previously defined chromosomal cpsBI0::
lacZ fusion. However, the increases were not as great with the
cpsP2::lacZ fusion or the cpsPl::lacZ fusion (100-fold in an
resC137 mutant and 30-fold in a Jon mutant) as has been seen
with the ¢psB10::lacZ fusion (1,000-fold in an rcsC137 mutant
and approximately 100-fold in a lon mutant [14]). Therefore,
there may be additional promoters or additional positive regu-
latory elements upstream or downstream from the 3.0-kb frag-
ment that aid in activation of capsule expression in rcsC137
and lon mutant strains. None of the results in this work exclude
the possibility of other promoters downstream of the 3.0-kb
fragment that could affect only some of the c¢ps genes in this
long operon.

Initial identification of the operator region by titration of a
limiting positive regulator of the cps genes indicated that the
binding site of a limiting positive regulator was on the 0.5-kb
Hincll fragment. The limiting regulator in this assay is likely to
be RcsA. Clearly ResA is limiting in a cell with a wild-type lon
gene that encodes the Lon protease that degrades RcsA (35).
Even in a lon mutant strain that lacks active protease, so that
the half-life of RcsA is lengthened from 3 to 30 min (36), RcsA
appears to be more limiting than RcsB. In addition, when two
copies of the rcsA gene are present in the cell, capsule expres-
sion is increased significantly, whereas when two copies of rcsB
are present in a cell, capsule expression is essentially un-
changed. These results make it likely that the binding site
found within the 0.5-kb Hincll fragment is an RcsA binding
site.

TABLE 3. Regulation of cloned promoter pieces

. u Relevant -Gal sp act
Strain Phage genotype (E/Iiller upnits)"
VS20595 Acpsl Wild type 3
VS20596 Acps2 Wild type 4
VS20598 Acpsl lon 89
VS§20599 \cps2 lon 102
VS20604 Acpsl resC137 305
VS20605 \cps2 resC137 350
VS20607 Acpsl resB 3
VS20608 \cps2 resB 4
VS20601 Acpsl rcsC137 resB 3
VS20602 Acps2 resC137 resB 2

“ \cpsl is the result of a cross between NRS45 and pDG3. It has the 3.0-kb
piece promoting transcription of lacZ (cpsPI::lacZ). Acps2 is the result of a cross
between ARS45 and the equivalent of pVS129. It has the 0.5-kb piece promoting
transcription of lacZ (cpsPI:lacZ).

b Specific activity of B-galactosidase expressed in Miller units (28).



4278 STOUT

20 40
HinclI

J. BACTERIOL.

60 80 100

1 GTCAACCTAAAGAAACTCCTAAAAACCATATTGAATGACACTTAATATAATTCTTAAAAATAGCCAATTACCGAATTGTTATCTTGCCTGCTATTCCGTT

+1

-y —
101 AGCTGTAACACTTCCTCCTGCATTATTGGAAAGCCAATATTCAATTACCATAATGTCACCTTATATTCGGAAGTTAATTTCCGTAATAACCCTTTCTCAT

sPhI .

JUMP.start . .

201 CAACGACTGCATGCTGAGAGGGTGTGAAAAATTAAACTAAA CAGTGTATTGGTAGCTAAAAAGCCAGGGGCGGTAGCGT CTGGATGCCTGAAAGACC

301 AGTCTGAATTATTCTGTCAATAGCCTGCGGATGAAATCAATTTTTTTAGGACTGATGCCAGTTAAATTTTTATTCAATTAACTGCAAGGTAAATGTGCAT

401 GGCGACATTGCTATTAATAGTGCACAGGATAATTACTCTGCCAAAGTGATAAATARACAATGATGAAATCCAAAATGAAATTGATGCCATTATTGGTGTC

M M K S K M KL M PL L V s

HincIl/Sall . .

501 AGTAACCTTGATAAGCGGTTGCACAGTACTTCCGGGCAGCAATATGTCGACGATGGGCAAAGACGTCATCAAACAGCAGGACGCTGATTTCGATCTCGAC
vV TLI S GCT VL PGS NM ST MG EKD VI XK QQQDADTFDTILTD

601 AAAATGGTGAATGTTTATCCGCTGACCCCGCGCCTGATTGACCAATTACGCCCACGCCCGAATGTAGCGCGCCCCAATATGACGCTGGARAGTGAGATCG
K M vV NV Y P L TPZRUILIDQLIRUPIRUPNUV AR PNMTILIE S E I A

701 CGAATTACCAGTATCGCGTCGGGCCGGGGGACGTTCTTAATGTCACCGTCTGGGATCACCCGGAACTCACCACGCGGGCCGGTCAGTACCGCAGCTCCAG

N ¥ Q YRV GP GD VL NV TV WDH®PETULTTIRA AGT QYIRS S §

801 CGACACCGGCAACTGGGTACAGCCTGACGGCACTATGTTTTACCCGTATATCGGCAAGGTCCACG 865

DT GNWV QP D GTMT F Y P Y

G K V H...

FIG. 3. Sequence of the cps promoter-operator region. Underlined sequences indicate —10 and —35 sites of the promoter. The G residue in boldface type with the
+1 above it at bp 120 is the start site of transcription. The arrows indicate inverted repeats. The JUMPstart sequence is boxed. The deduced amino acid sequence of
the beginning of the first ORF is shown in one-letter abbreviations below the DNA sequence.

The precise binding site of RcsA and RcsB has not been
biochemically determined yet. However, sequence analysis of
the 0.5-kb fragment showed that there are two inverted repeats
with stem sizes of 6 and 7 bases. One of these may serve as the
binding site of RcsA and/or ResB, since the binding sites of
many DNA-binding proteins are characterized by inverted re-
peats that vary in length. This seems unlikely, however, since
both of these inverted repeats are downstream of the transcrip-
tional start site. In addition, if these are sites where RcsA and
RcsB bind, then they would be expected to be found in other
organisms that have genes regulated by these two proteins,
such as K. pneumoniae (1, 27) and Erwinia spp. (3, 6, 7, 29).
However, when upstream regions of the Klebsiella cps and

20 40
1 o

Erwinia ams operons were searched, no identical inverted re-
peats were found. The closest sequences that could be found
are several half sites that were identical or very similar to the
inverted repeat centered at bp 131. These may provide enough
of a domain for the RcsA and/or ResB proteins to bind. Rather
than being binding sites for RcsA and/or RcsB, the inverted
repeats are more likely to be sites where negative regulators
bind and repress cps transcription. For example, several global
regulators, such as cyclic AMP receptor protein and H-NS
affect transcription of the cps genes (12).

Also found within the 0.5-kb Hincll fragment is the con-
served domain (39 bp) of a sequence that recently has been
found just upstream of many bacterial polysaccharide gene
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Cps ORF PELTTRAGQ&..RSSSDTGNW&QPDGTMFYP;IGKVH...
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FIG. 4. Amino acid sequence similarities. Alignment of the amino terminus of the first Cps ORF with the amino termini of AmsH from E. amylovora (5), ORF4
from K. pneumoniae (2), EpsA from P. solanacearum (accession number U17898), BexD from H. influenzae (24), and CtrA from N. meningitidis (8). Amino acid residues
are designated with the single-letter code. Identical amino acid residues are indicated with a solid vertical line (|), and conserved amino acid residues are indicated with
two dots (:). The classification scheme for the conserved amino acids is as follows: nonpolar, ILMVAFW; polar, uncharged, STY; aromatic, FWY; amide, NQ; basic,
HKR; acidic, DE. The asterisk shows the conserved cysteine residue that has been proposed to be the site of lipid attachment.
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FIG. 5. Start site of transcription. The results of primer extension analysis of
the 5’ end of the cps transcript from a strain overexpressing ResA from a plasmid
are shown. An end-labeled primer (cps8) complementary to the coding strand
was annealed to total RNA and extended with reverse transcriptase. The prod-
ucts were electrophoresed in parallel with a sequence ladder (lanes G, A, T, and
C) generated with the same primer.

clusters (18). This JUMPstart sequence (named JUMP for just
upstream of many bacterial polysaccharide gene clusters) is
often found between the promoter and translational start sites
of O antigen and capsular polysaccharides in E. coli (group 11
capsules) and Shigella, Salmonella, Yersinia, Klebsiella, Erwinia,
and Vibrio species. All of these species contain JUMPstart
sequences, suggesting that there may be a conserved regulatory
element(s) among these exopolysaccharide biosynthetic oper-
ons. (There is no JUMPstart sequence located upstream of the
other three ORFs from Pseudomonas, Neisseria, and Hae-
mophilus species, shown in Fig. 4.) Identification of the role of
this conserved element in capsule regulation will be an impor-
tant objective to pursue in the future. The JUMPstart se-
quence is found in the unusually long (340-nuceotide) noncod-
ing region of the transcript. There are no ORFs in this region,
although there could be a transcript in the opposite direction
(as suggested by the unregulated fusions in this orientation).
Examination of the possible function(s) of this long leader
sequence in the future will be interesting.

In addition to the homologies detected among the upstream,
untranslated regions of the E. coli ¢ps operon and Klebsiella
and Erwinia operons, there are homologies in the ORFs en-
coding the Cps ORF, ORF4, and AmsH proteins (respective-
ly). The amino terminus of the first ORF of E. coli was very
similar to the amino termini of the second ORFs from Kleb-
siella and Erwinia exopolysaccharide biosynthetic operons. It is
possible that divergent evolution has occurred among these
three enterobacterial species, so that a deletion occurred in the
E. coli colanic acid biosynthetic operon or one additional gene
was inserted into the other two operons. The first Erwinia ORF
encodes an enzyme (AmsG) involved in the transfer of a ga-
lactose residue from UDP to a phosphorylated lipid carrier in
the inner membrane. No function for the first ORF (ORF3) of
the Klebsiella operon has been identified, and it does not dem-
onstrate homology to the Erwinia AmsG. Thus, the second
explanation of insertions occurring in Klebsiella and Erwinia is
more likely. The homology seen between the E. coli Cps ORF
and the other exopolysaccharide biosynthetic gene products
may suggest that capsule biosynthesis may proceed along some
similar pathways in many bacterial species. Although the pre-
cise function of any of these proteins is not known, BexD has
been shown to be an integral outer membrane protein. Further
sequencing of the cps operon should yield valuable information
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that may aid in evaluation of the divergence of capsule synthe-
sis genes.
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