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Colanic acid capsule synthesis in Eschenichia coli K-12 is regulated by RcsB and RcsC. The amino acid
sequences of these two proteins, deduced from the nucleotide sequence reported here, demonstrate their
homology to environmentally responsive two-component regulators that have been reported in both gram-
positive and gram-negative bacteria. In our model, RcsC acts as the sensor and RcsB acts as the receiver or
effector to stimulate capsule synthesis from cps genes. In addition, RcsC shows limited homology to the other
effectors in its C terminus. Fusions of rcsC to phoA that resulted in PhoA+ strains demonstrated that RcsC is
a transmembrane protein with a periplasmic N-terminal domain and cytoplasmic C-terminal domain.
Additional control of this regulatory network is provided by the dependence on the alternate sigma factor,
RpoN, for the synthesis of RcsB. The rcsB and rcsC genes, which are oriented convergently with their stop
codons 196 base pairs apart, are separated by a long direct repeat including two repetitive extragenic
palindromic sequences.

Colanic acid capsular polysaccharide is normally synthe-
sized by Escherichia coli K-12 in low amounts. Several
regulatory mutations that increase the levels of this polysac-
charide more than 10-fold have been described (12, 26, 43,
48). These mutations define the negative regulators, ops, lon,
and rcsC. Lon is a major ATP-dependent protease in E. coli
that increases synthesis of the polysaccharide capsule
through increased expression of the cps genes (43). One of
the in vivo substrates of Lon protease is the positive
regulator of capsule synthesis, RcsA. Stabilization of RcsA
in a lon mutant can account for the overproduction of
capsular polysaccharide in these cells (41).
The gene for the other negative regulator, rcsC, maps

adjacent to a second positive regulator, rcsB, at 48 min, and
they appear to be transcribed toward each other (4). RcsB is
a protein with a molecular mass of about 26,000 daltons (Da)
and may act as a multimer to allow expression of the capsule
genes. RcsC is a 100,000-Da protein. Recessive mutations in
rcsC (such as rcsCJ37) result in overexpression of capsular
polysaccharide but do not act as a bypass for RcsA or RcsB.
There are parallels between the capsule regulatory net-

work and other regulatory pathways in gram-negative bac-
teria. In the past few years, a new family of regulatory
proteins has been identified, members of which control
responses to environmental stimuli and are related by pro-
tein sequence homology (reviewed in reference 35). This
family of two-component regulators is composed of (i) a
sensor protein that detects the environmental stimulus and
transmits a signal to (ii) an effector or regulator component
that elicits a response, usually at the level of transcription.
The sensors are often membrane proteins; all share homol-
ogy in their C-terminal domains over about 250 amino acids.
The effectors share homology over about 100 amino acids in
the N-terminal domains and are always cytoplasmic. Gener-
ally, the genes encoding the sensor and effector pair are
located near each other, often in the same operon (2, 5, 7, 11,
13, 29, 33, 35). The cellular functions regulated by members
of this family include response to nitrogen and phosphate
limitation, osmolarity, anaerobiosis, and chemotaxis.
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We have previously suggested that RcsC may act with
RcsB in regulating capsule synthesis, in a manner similar to
that seen with the two-component regulators (4). Here we
show that RcsB and RcsC share sequence homology with
other two-component regulator pairs in the appropriate
domains. In addition, our results indicate that RcsC is a
transmembrane protein with a periplasmic N-terminal do-
main and a cytoplasmic C-terminal domain.

MATERIALS AND METHODS
Bacterial strains and media. E. coli K-12 strains and the

plasmids used are listed in Table 1. Generally, cells were
grown at 37°C in LB medium with shaking. Strains contain-
ing rcsC on a multicopy plasmid (e.g., pJB201) could be
grown only to an optical density at 600 nm of 0.4 before cells
began to lyse. Strains containing the cpsBIO::lacZ fusions
were used to monitor capsule expression. This fusion is
expressed at high levels in hosts carrying the rcsCJ37
mutations and at low levels in lon mutant hosts carrying rcsB
mutations.
DNA manipulation. All DNA manipulations were per-

formed by using techniques described by Maniatis et al. (24).
pATC591 was constructed by Angel Torres-Cabassa by
inserting a HindIII linker into the SmaI site of pRS591 (38).
The 3.6-kilobase-pair (kb) HindIII-BamHI fragment of
pJB100 (4), containing rcsB, was transferred into M13mpl8
or M13mpl9 that was cut with the same enzymes. Similarly,
the 4.0-kb EcoRI-PstI fragment containing rcsC was ligated
into M13mpl8 and M13mpl9. M13mpl8 and M13mp19 DNA
containing rcsB and rcsC were sequenced by using deletions
that were generated by the cyclone deletion method (6),
using the Cyclone kit from International Biotechnologies,
Inc. (Fig. 1). To fill gaps in the sequence not covered by the
nested set of deletions, oligonucleotides were synthesized by
using an Applied Biosystems 380B DNA synthesizer and
used as primers. Sequences of the fusion junctions between
rcsB and lacZ and between rcsC and phoA were determined
by using primers within lacZ (5'-GGATGTGCTGCAAG
GCGA) and TnphoA (5'-GTAATATCGCCCTGAGC), re-
spectively. DNA sequencing was done by the dideoxy-chain
termination method (36) and the Sequenase sequencing kit
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TABLE 1. Bacterial strains, plasmids, and phage

Strain, Reference or
plasmid, or Relevant genotype source

phage
Strains
CC117 AphoA20 25
D01489 glnF::TnlO gInG::TnS Fred Ausubel
EH3742 (F+::TnS) asnA::TnlO Egon Hansen

asnB
SG20250 cps' Mac 4; equivalent to MC4100
SG20436 rcsBl8::ATnJO lon-100 SG20698 x EH3742

cpsBlO: :lac-Mu
immA (F+::TnS)

SG20698 Ion-100 rcsBJ8::ATnJO 4
cpsB1O::lac-
Mu immX

SG20761 rcsC137 cpsB1O::Iac- 4
Mu immX

VS20555 (imm2' rcsB101::lacZ) SG20250 + SB72
VS20559 (imm2" rcsB101::IacZ) VS20555 + P1 (D01489)

glnF: :TnlO
Plasmids
pJB100 rcsB+ bla+ 4
pJB201 rcsC+ bla+ 4
pATC591 bla+ pRS591 + HindIlI linker
pRS591 bla+ 38

Phages
XRS45 imm2 Mlacsc 38
SB72 imm2' rcsB101::lacZ XRS45 + rcsB101::IacZ

from U.S. Biochemical Corp. The University of Wisconsin
Genetics Computer Group package was used for sequence
analysis (9). The accession number for the sequence of RcsB
and RcsC in GenBank is M28242.

Isolation of protein fusions. Fusions of rcsB to lacZ were
generated by the cyclone deletion method of Dale et al. (6),
using the Cyclone kit. M13mpl9 containing rcsB on the
3.6-kb HindIII-BamHI fragment of the rcsB+ plasmid
pJB100 (4) was used as the template in the reaction. Smaller

rcsC

plaques that resulted in a Lac' phenotype were purified, and
the approximate size of the bacteriophage DNA was deter-
mined. Clones that appeared to have some of the rcsB insert
deleted were screened for inability to complement the rcsB
mutation in SG20436 for expression of cps genes. To obtain
a fusion of rcsB with the full lacZ gene, instead of the
alpha-complementing fragment found on M13mpl9, several
rcsB lacZ+ clones were transferred onto a plasmid that
contains the full lacZ gene (pATC591), using Hindlll and
EcoRI restriction enzymes. One of the plasmid-borne fu-
sions was crossed onto XRS45 (38), and lysogens of the
resulting Lac' phage SB72 were constructed in the appro-
priate strains. The last nucleotide in the junction of the
rcsB101::lacZ fusion in SB72 is base pair (bp) 426 (Fig. 2).
,B-Galactosidase assays were performed as previously de-
scribed (4).
To obtain alkaline phosphatase fusions to rcsC, the pro-

cedure of Manoil and Beckwith (25) was modified to screen
for rcsC mutant isolates. An early-stationary-phase culture
of CC117 containing the rcsC+ plasmid pJB201 (4) was
infected with ATnphoA at a multiplicity of infection of 1 and
divided among 10 tubes to ensure isolation of independent
transpositions. The samples were grown and plated on LB
plates containing 300 jig of kanamycin per ml, 125 ,ug of
ampicillin per ml, and 40 ,ug of 5-bromo-4-chloro-3-indolyl
phosphate (XP; Sigma Chemical Co.) per ml. Colonies that
grew on these plates (of which about 1% were blue colonies)
were scraped and pooled. Plasmid DNA was isolated and
transformed into CC117, selecting on LB containing 30 jig of
kanamycin per ml and XP (and screening for ampicillin
resistance). Plasmid DNA was isolated from about 30 Kanr
Ampr blue colonies and about 20 Kanr Ampr white and very
light blue colonies. To screen these plasmids for loss of rcsC,
SG20761 was used as a transformation recipient to check for
complementation of the rcsCJ37 mutation by the incoming
plasmid. The plasmids that did not complement were sub-
jected to restriction enzyme analysis to determine the loca-
tion and orientation of the insertion. Kanr Ampr rcsC mutant

rcsB
so -*- -

210

N V 52 240 300 361

I

V N p

1 kb

FIG. 1. Abbreviated restriction map and sequencing strategy of the rcsB and rcsC region. The letters on the bold line indicate restriction
sites: N, NruI; V, PvuI; S, SphI; H, HindIII; P, PstI. The arrows on the bold line indicate alkaline phosphatase fusion junctions to RcsC.
The numbers above the fusion junctions indicate the number of the last RcsC amino acid in the fusion. The sequencing strategy shown in the
lower portion indicates the direction and length of each fragment that was sequenced.
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SEQUENCE OF CAPSULE REGULATORS OF E. COLI 661

-150 GTATTTGCCATGCTAAAT¶ GT GG GCd TTATGTGAAACGCTGGAACATCTG

-90 ATTCGTGAGAAGGATGTTCCAGGAATAGAAAAATACATCAGCGACATTGACAGTTATGTC

-30 AAGAGCTTGCTGTAGCAAGGTAGCCTATTACATGAACAATATGAACGTAATTATTGCCGA
M N N M N V I I A D

30 TGACCATCCGATAGTCTTGTTCGGTATTCGCAAATCACTTGAGCAAATTGAGTGGGTGAA
D H P I V L F G I R K S L E Q I E W V N

90 TGTTGTCGGCGAATTTGAAGACTCTACAGCACTGATCAACAACCTGCCGAAACTGGATGC
V V G E F E D S T A L I N N L P K L D A

150 GCATGTGTTGATTACCGATCTCTCCATGCCTGGCGATAAGTACGGCGATGGCATTACCTT
H V L I T D L S M P G D K Y G D G I T L

210 AATCAAGTACATCAAGCGCCATTTCCCAAGCCTGTCGATCATTGTTCTGACTATGAACAA
I K Y I K R H F P S L S I I V L T M N N

270 CAACCCGGCGATTCTTAGTGCGGTATTGGATCTGGATATCGAAGGGATCGTGCTGAAACA
N P A I L S A V L D L D I E G I V L K Q

330 AGGTGCACCGACCGATCTGCCGAAAGCTCTCGCCGCGCTGCAGAAAGGGAAGAAATTTAC
G A P T D L P K A L A A L Q K G K K F T

390 CCCGGAAAGCGTTTCTCGCCTGTTGGAAAAAATCAGTGCTGGTGGTTACGGTGACAAGCG
P E S V S R L L E K I S A G G Y G D K R

450 TCTCTCGCCAAAAGAGAGTGAAGTTCTGCGCCTGTTTGCGGAAGGCTTCCTGGTGACCGA
L S P K E S E V L R L F A E G F L V T E

510 GATCGCTAAAAAGCTGAACCGCAGTATTAAAACCATCAGTAGCCAGAAGAAATCTGCGAT
I A K K L N R S I K T I S S Q K K S A M

570 GATGAAGCTGGGTGTCGAGAACGATATCGCCCTGCTGAATTATCTCTCTTCAGTGACCTT
M K L G V E N D I A L L N Y L S S V T L

630 AAGTCCGGCAk RTAAAGACTAATCACCTGTAGGCCAGATAAGACGCGTTAGTGTCTTATC
S P A D K D *

690 TGGCATTTGCACCGATTGCCGGATGCGGCGTAAACGCCTTATCCGGCCTACGATTCCCAT

750

810

TATTTCAACAAATTACATTAAAGTAGGCCAGATAAGACGCGTCAGCGTCGATCTGGCATT

TGCACTGAATGCCGGATGCGCGTAAACGCTTATCCGTCCTA 850

-91

-31

29

89

149

209

269

329

389

449

509

569

629

689

749

809

FIG. 2. Nucleotide sequence of rcsB. The predicted amino acid sequence of RcsB is indicated in one-letter code below the appropriate
nucleotide bases. The putative ribosome-binding site is underlined at bp -14. The boxed areas are the RpoN-like promoter at bp -132. The
underlined regions at the end of the ORF are the direct repeats, and the overlined nucleotides are the REP sequences.

plasmids were tested for the production and size of fusion
proteins by Western blot (immunoblot) analysis (16), using
anti-alkaline phosphatase antisera (from Phillip Bassford).
Alkaline phosphatase assays were performed as described
by Manoil and Beckwith (25).

RESULTS

Nucleotide sequences of rcsB and rcsC. Previously, we had
defined the DNA region containing rcsB and rcsC by using
transposable elements and complementation analysis (4).
rcsB and rcsC lie adjacent to each other and are transcribed
toward one another (Fig. 1). The sequence of this region is
shown in Fig. 2 and 3. An open reading frame (ORF) of 651
bases, corresponding to the expected location and orienta-
tion of rcsB, is shown in Fig. 2. This ORF defines a protein
with a predicted molecular mass of 23,656 Da, which is close
to the observed 26,000-Da mass (4). This reading frame was
confirmed by sequencing across the junctions of several
rcsB::lacZ constructs that resulted in RcsB- LacZ+ fusion
proteins. The Lac' phenotype indicates that the reading
frames of rcsB and lacZ must be identical. Two possible
ATG translation start sites were identified from the sequence
in the ORF corresponding to rcsB. The translation initiation
codon was assigned to the ATG codon at bp 1 because its
upstream region (AAGG) at -14 to -11 (underlined in Fig.
2) had a better match to the consensus ribosome-binding site
(37) than did that for the ATG at bp 10.
While no cr7O consensus promoter sequence was found

upstream of the rcsB ORF, a sequence with homology to the
consensus RpoN-activated promoter was detected at bp
-132 to -116 (boxed in Fig. 2 and compared with the
consensus sequence in Fig. 4). RpoN is an alternative sigma
factor found in gram-negative organisms that acts at the
promoters of genes that regulate various metabolic functions
and flagellum synthesis (17, 27, 34). The homology in the
promoter of rcsB suggested that its expression might be
dependent on the presence of RpoN. In fact, the expression
of rcsB (measured by using rcsB::lacZ lysogens) was de-
creased more than 300-fold in mutants defective in RpoN
(0.6 U of 3-galactosidase specific activity versus 195 U for
the rpoN+ strain). Therefore, the promoter of rcsB is depen-
dent on the alternate sigma factor, RpoN.
The distance between the translational stop codons of

rcsB and rcsC is 1% bases (shown at the end of the
sequences in Fig. 2, 3, and 5). The CTA at 848 to 850 in Fig.
2 corresponds to the inverse complement of the stop codon
of rcsC, and the last three bases (TTA) of Fig. 3 correspond
to the stop codon of rcsB in the complementary strand.
Within this 196-bp region is a 98-bp direct repeat (underlined
in Fig. 2; 658 to 755 and 772 to 866) separated by a 16-bp
A+T-rich sequence and perfect 12-bp inverted repeats,
GCCAGATAAGAC (Fig. 2; 662 to 673, 693 to 682, and 776
to 787). The direct repeat contains just 10 mismatches and
three single-base-pair gaps. Within each 98-bp direct repeat
is a 34-bp sequence (overlined in Fig. 2 [bp 707 to 740 and
820 to 851] and shown in Fig. 5) that is homologous to the
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AAGCGTTGGGACAATGACCATCAGGATTGCCATCAGGATCATTTGATTGCGTAAGCGGCG

TGGATAAATCCACTTCATATAATGCATGCTGAAATCCACTAGTCTTGTCCGGTATATGAC

GATTATCAGAGGTTAAGGTGATGATTTCTCGGCGGTGTATCATATTCCAGAGAAGAGAGA

ACATTGCGGTAACACGCTTTTACCGCTACCTTAACCACACTCCATCGGTCACCTGAGGCG

GAGCTTCGCCCCTTTGAAATACCTTGCTTCTTTTCGTACAACCCTGAAAGCCTCGCGCTA

CATGTTCAGAGCATTGGCGTTAGTGCTCTGGCTGTTGATTGCTTTTTCATCCGTTTTTTA
M F R A L A L V L W L L I A F S S V F Y

60 CATCGTTAATGCGTTACATCAGCGAGAATCGGAAATTCGTCAGGAATTTAATCTGAGTTC
I V N A L H Q R E S E I R Q E F N L S S

120 CGATCAGGCTCAGCGCTTTATTCAACGCACCTCTGATGTGATGAAAGAGCTGAAGTACAT
D Q A Q R F I Q R T S D V M K E L K Y I

180 CGCCGAAAATCGCTTATCGGCAGAAAACGGTGTGCTTTCCCCGCGTGGACGAGAAACGCA
A E N R L S A E N G V L S P R G R E T Q

240 GGCGGATGTGCCTGCGTTTGAACCGCTGTTTGCCGACTCCGATTGTTCCGCAATGAGTAA
A D V P A F E P L F A D S D C S A M S N

300 CACCTGGCGAGGTTCTCTGGAGTCATTGGCGTGGTTTATCGGCTACTGGCGCGATAATTT
T W R G S L E S L A W F I G Y W R D N F

360 TTCTGCGGCTTACGATCTAAACCGGGTATTTTTAATCGGCAGCGATAACCTCTGCATGGC
S A A Y D L N R V F L I G S D N L C M A

420 CAATTTCGGTCTGCGTGATATGCCAGTGGAACGCGATACCGCGTTGAAAGCTTTGCATGA
N F G L R D M P V E R D T A L K A L H E

480 ACGCATCAATAAATATCGAAATGCACCACAAGATGATAGCGGCAGTAACCTCTACTGGAT
R I N K Y R N A P Q D D S G S N L Y W I

540 CAGCGAAGGTCCGCGCCCTGGCGTCGGGTATTTTTACGCGTTGACGCCAGTTTATCTGGC
S E G P R P G V G Y F Y A L T P V Y L A

600 GAACCGGTTGCAGGCGCTTTTGGGTGTCGAGCAGACCATCCGGATGGAGAACTTTTTCTT
N R L Q A LL G V E Q T I R M E N F F L

660 ACCGGGTACGTTGCCGATGGGGGTTACCATTCTTGATGAAAATGGTCATACCCTGATTTC
P G T L P M G V T I L D E N G H T L I S

720 GCTTACCGGACCAGAAAGTAAAATTAAGGGCGATCCTCGCTGGATGCAGGAACGCTCCTG
L T G P E S K I K G D P R W M Q E R S W

780 GTTTGGCTATACGGAAGGGTTCCGGGAGCTGGTGCTGAAGAAAAATCTGCCACCCTCATC
F G Y T E G F R E L V L K K N L P P S S

840 GCTAAGCATCGTGTATTCGGTGCCGGTTGATAAGGTGCTGGAACGCATTCGCATGTTGAT
L S I V Y S V P V D K V L E R I R M L I

-241

-181

-121

-61

-1

59

119

179

239

299

359

419

479

539

599

659

719

779

839

899

FIG. 3. Nucleotide sequence of rcsC. The predicted amino acid sequence of RcsC is indicated in one-letter code below the appropriate
nucleotide bases. The underlined nucleotides are part of a possible promoter. The underlined amino acids are the hydrophobic stretches that
could be transmembrane domains.

consensus repetitive extragenic palindromic (REP) sequence
(Fig. 5) (39).
There is a 2,802-bp ORF on the complementary strand to

rcsB, in the position expected for rcsC (Fig. 3). The pre-
dicted molecular mass of 104,456 Da agrees with the previ-
ously estimated size of 100,000 Da (4). As with rcsB, the
reading frame of rcsC was confirmed by sequence analysis of
fusion junctions between rcsC and TnphoA that had resulted
in RcsC- PhoA+ fusion proteins (see below).
There is no sequence upstream of the rcsC ORF that

resembles the RpoN-like promoter of rcsB. In addition,
mutations in rpoN have no effect on rcsC::phoA expression
(data not shown). A possible promoter, containing a -10
region that matches perfectly with the consensus (TATA
AT), is located at -217 to -223 (underlined in Fig. 3),
although no corresponding -35 region was detected. The
promoter for rcsC is clearly regulated differently than the
promoter for rcsB.
The deduced amino acid sequence of RcsC contains two

hydrophobic regions that stretch from the Ala at position 4 to
Leu-25 and from Met-298 to Ala-319 (underlined in Fig. 3
and horizontally striped in Fig. 5). Computer analysis (using

PC Gene) showed that these hydrophobic regions can func-
tion as transmembrane domains, indicating that RcsC may
act as an inner membrane protein.
TnphoA fusion analysis of rcsC. To test whether RcsC

functions in the membrane, protein fusions of RcsC to
alkaline phosphatase were generated as described in Mate-
rials and Methods. Since alkaline phosphatase functions
only when localized to the periplasm and TnphoA is missing
the signal sequence necessary for transport to the periplasm,
the only way protein fusions can result in active alkaline
phosphatase is if RcsC can provide a signal to transport the
alkaline phosphatase across the inner membrane (25). Five
different stable RcsC- PhoA- fusion proteins were mapped
to the N terminus of RcsC, and the one stable RcsC- PhoA-
fusion protein was mapped downstream from the active
fusions. The exact junctions of the rcsC::phoA fusions were
determined by sequencing through the junctions. The sizes
of the fusion proteins (determined by Western blot analysis)
agreed with the restriction mapping and sequencing data.
The numbers defining the six fusions shown in Fig. 1 and

5 indicate the number of the last amino acid of RcsC present
in each fusion. The alkaline phosphatase production from

J. BACTERIOL.
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900 CCTTAACGCAATTTTGCTGAATGTGCTTGCCGGAGCTGCATTGTTTACTCTCGCACGGAT
L N A I L L N V L A G A A L F T L A R M

960 GTACGAGCGACGTATTTTCATTCCGGCGGAAAGCGACGCCCTGCGACTGGAAGAACATGA
Y E R R I F I P A E S D A L R L E E H E

1020 GCAGTTCAATCGCAAGATTGTCGCCTCCGCGCCAGTGGGTATCTGCATTTTGCGTACCGC
Q F N R K I V A S A P V G I C I L R T A

1080 TGATGGCGTCAATATTTTAAGTAACGAACTGGCGCATACCTATCTCAATATGCTTACGCA
D G V N I L S N E L A H T Y L N M L T H

1140 TGAGGACCGCCAACGACTGACGCAAATTATCTGTGGGCAGCAGGTCAATTTTGTTGATGT
E D R Q R L T Q I I C G Q Q V N F V D V

1200 CCTGACCAGCAACAATACCAATCTGCAAATCAGCTTCGTCCATTCGCGCTATCGTAATGA
L T S N N T N L Q I S F V H S R Y R N E

1260 AAACGTGGCCATTTGTGTGCTGGTGGATGTTTCTTCGCGCGTGAAGATGGAAGAGTCGTT
N V A I C V L V D V S S R V K M E E S L

1320 GCAGGAGATGGCACAAGCAGCGGAACAGGCGAGCCAGTCAAAATCGATGTTCCTTGCCAC
Q E M A Q A A E Q A S Q S K S M F L A T

1380 CGTCAGTCATGAGCTGCGAACGCCGCTGTATGGCATTATCGGTAACCTGGATCTGTTGCA
V S H E L R T P L Y G I I G N L D L L Q

1440 AACCAAAGAGTTACCGAAAGGCGTCGATCGGCTGGTGACGGCAATGAACAACTCTTCCAG
T K E L P K G V D R L V T A M N N S S S

1500 CCTGTTGTTGAAAATTATCAGCGATATTCTCGATTTCTCGAAGATTGAATCGGAACAGTT
L L L K I I S D I L D F S K I E S E Q L

1560 GAAGATCGAACCGCGTGAGTTTTCACCGCGTGAAGTGATGAACCACATCACCGCCAACTA
K I E P R E F S P R E V M N H I T A N Y

1620 TTTACCGCTGGTGGTACGCAAGCAGTTAGGCTTGTACTGCTTTATTGAACCGGATGTGCC
L P L V V R K Q L G L Y C F I E P D V P

1680 AGTGGCCTTAAATGGCGACCCGATGCGTTTACAGCAGGTCATCTCCAACCTGTTGAGTAA
V A L N G D P M R L Q Q V I S N L L S N

1740 CGCCATAAAATTCACCGATACCGGCTGTATAGTTTTGCATGTTCGCGCGGATGGCGATTA
A I K F T D T G C I V L H V R A D G D Y

1800 TCTCTCTATCCGTGTTCGCGATACCGGCGTGGGGATACCGGCGAAAGAAGTGGTGCGCTT
L S I R V R D T G V G I P A K E V V R L

1860 GTTTGATCCCTTCTTCCAGGTCGGAACGGGCGTACAGCGTAATTTCCAGGGGACCGGTCT
F D P F F Q V G T G V Q R N F Q G T G L

1920 GGGTCTGGCGATTTGTGAAAAACTGATCAGCATGATGGACGGCGATATCTCGGTAGATTC
G L A I C E K L I S M M D G D I S V D S

1980 AGAACCGGGAATGGGCAGCCAGTTTACCGTGCGTATTCCGTTGTACGGCGCTCAGTACCC
E P G M G S Q F T V R I P L Y G A Q Y P

2040 GCAGAAAAAAGGCGTGGAAGGGTTGAGTGGTAAACGCTGCTGGCTGGCGGTCCGCAATGC

FIG. 3-Continued

the fusion proteins and their predicted locations in the
protein are shown in Fig. 6. The levels of alkaline phos-
phatase production from the five PhoA+ fusions varied from
27 to 46 U, with the higher levels found in the fusions closer
to the N terminus (Fig. 6). The four PhoA+ fusions closest to
the N terminus ofRcsC (at amino acids 52, 176, 210, and 240)
mapped between the two hydrophobic, membrane-spanning
regions; the PhoA+ fusion that produced the lowest amount
of alkaline phosphatase (amino acid 300) mapped just two
amino acids beyond the start of the second hydrophobic
region; and the only PhoA- fusion (amino acid 361) mapped
between the second hydrophobic region and the C terminus
of RcsC (Fig. 5 and 6). The PhoA- fusion produced just 2 U
of alkaline phosphatase (Fig. 6). These results suggest that
the N-terminal region ofRcsC is located in the periplasm and
that the C-terminal region is located in the cytoplasm and are
consistent with the model of membrane topology for RcsC
shown in Fig. 6.
Homology of RcsB and RcsC to two-component regulators.

By analogy with the nitrogen regulatory circuit, we have
suggested that RcsB and RcsC may act as a two-component
regulatory circuit with homology to other two-component
regulators (4). These circuits have been defined as (i) a class

of environmental sensors that share homology and act on (ii)
a class of effectors (or regulators) that share homology
(reviewed in reference 35). The predicted amino acid se-
quences for RcsB and RcsC were used to search the Na-
tional Biomedical Research Foundation data base with the
FASTP program (9).
RcsC was found to share homology in the C-terminal

region with the conserved regions of the sensors CpxA (1),
PhoR (23), EnvZ (35), and PhoM (2). Other members of this
sensor group include NtrB (35), VirA (35), DctB (33), FixL
(7), UhpB (11), CheA (29), NarX (40), and DegS (13). All of
these sensors share homology in their C-terminal regions,
including a conserved histidine (amino acid 139 of RcsC) and
conserved GXGLGLAI (amino acids 637 to 644 of RcsC).
The region of homology is shown schematically in Fig. 5,
and the amino acid sequence of RcsC is compared with
sequences of four other sensors in Fig. 7. RcsC, however, is
unusual in that the final 125 amino acids share homology
with the N termini of the effectors as shown in Fig. 7 (and the
vertically striped region of RcsC in Fig. 5).
From the searches using RcsB, it was found that the

N-terminal half of RcsB shared homology with the effectors
CheY (29), SpoOA (10), OmpR (35), and NtrC (35). Other

959

1019

1079

1139

1199

1259

1319

1379

1439

1499

1559

1619

1679

1739

1799

1859

1919

1979

2039

2099



664 STOUT AND GOTTESMAN

Q K K G V E G L S G K R C W L A V R N A

2100 GTCGCTCTGTCAGTTCCTGGAAACCAGTTTGCAGCGCAGCGGCATCGTCGTTACAACATA
S L C Q F L E T S L Q R S G I V V T T Y

2160 CGAAGGGCAGGAACCGACTCCCGAAGATGTGTTGATCACTGACGAGGTAGTGAGTAAAAA
E G Q E P T P E D V L I T D E V V S K K

2220 ATGGCAGGGCAGAGCGGTAGTGACCTTCTGTCGTCGCCATATTGGTATTCCGCTGGAGAA
W Q G R A V V T F C R R H I G I P L E K

2280 AGCGCCAGGGGAGTGGGTACACAGTGTGGCTGCTCCGCATGAGCTACCGGCATTGTTGGC
A P G E W V H S V A A P H E L P A L L A

2340 GCGTATTTATTTGATCGAGATGGAGAGCGACGATCCTGCTAACGCTCTGCCGTCAACGGA
R I Y L I E M E S D D P A N A L P S T D

2400 CAAAGCGGTCAGCGATAATGACGATATGATGATTCTGGTCGTGGATGATCATCCGATTAA
K A V S D N D D M M I L V V D D H P I N

2460 CCGGCGTTTGCTGGCAGATCAGTTGGGATCGTTGGGCTATCAATGTAAAACCGCGAATGA
R R L L A D Q L G S L G Y Q C K T A N D

2520 TGGCGTCGATGCGCTTAATGTACTTAGCAAGAATCATATTGATATCGTGCTTAGCGACGT
G V D A L N V L S K N H I D I V L S D V

2580 CAACATGCCAAATATGGATGGTTACCGCTTGACGCAACGCATTCGTCAGTTGGGACTGAC
N M P N M D G Y R L T Q R I R Q L G L T

2640 GTTGCCGGTAATCGGAGTAACTGCTAATGCGTTGGCTGAAGAGAAGCAGCGGTGTCTGGA
L P V I G V T A N A L A E E K Q R C L E

2700 GTCCGGTATGGACAGCTGCCTGTCGAAGCCGGTAACGCTGGATGTGATAAAACAGAGCCT
S G M D S C L S K P V T L D V I K Q S L

2760 GACGTTATATGCCGAGAGGGTCAGGAAATCGCGGGATTCGTAGGACGGATAAGCGTTTAC
T L Y A E R V R K S R D S *

2820

2880

2940

GCGCATCCGGCATTCAGTGCAAATGCCAGATCGACGCTGACGCGTCTTATCTGGCCTACT

TTAATGTAATTTGTTGAAATAATGGGAATCGTAGGCCGGATAAGGCGTTTACGCCGCATC

CGGCAATCGGTGCAAATGCCAGATAAGACACTAACGCGTCTTATCTGGCCTACAGGTGAT

3000 TA 3001

FIG. 3-Continued

effectors include PhoB (35), VirG (35), SfrA (35), DctD (33),
FixJ (7), UhpA (11), CheB (29), SpoOF (42), AlgR (8), DegU
(13), and NarL (40). All of the effectors share homology in
their first 110 amino acids (shaded region of RcsB in Fig. 5;
Fig. 7), including two conserved aspartic acid residues
(amino acids 11 and 56 of RcsB). By using the first ATG
codon in the ORF of rcsB (at bp 1 in Fig. 2) as discussed
above, RcsB can be better aligned with the other regulators
at the N terminus. The effectors can be subdivided into
several groups on the basis of their C-terminal domain
homology (8a). OmpR, SfrA, PhoB, and VirG are one such
group. NtrC and DctD are another group. SpoOA and AlgR
are a third group. The fourth group comprises FixJ, NarL,
DegU, and UhpA. RcsB shares homology in its C terminus
with this fourth group (Fig. 7).

DISCUSSION

Transcriptional regulation of the cps genes required for
capsule synthesis in E. coli is dependent on at least three
regulators, RcsA, RcsB, and RcsC. RcsA is an unstable
positive regulator that is degraded by Lon protease (41). In a
previous paper (4), we suggested that RcsC may function as
a sensor because mutations in rcsC had effects on capsule
synthesis reminiscent of the effects on nitrogen regulation of

EPoN Prmot.r ConsnSUu CTGGCACNNNNCTTGCA

Putative RJeB PrOoter CTGGTACCCGGCAAGCA
FIG. 4. Sequence comparison ofRpoN promoter consensus with

rcsB promoter. N indicates any nucleotide.

mutations in glnL, the sensor protein in the nitrogen regula-
tion circuit in E. coli (22). For example, while mutations can
be isolated in either sensor that result in constitutive expres-
sion of the regulated genes, null mutations in either gene
have relatively little effect on expression of the regulated
genes. In both cases, an associated positive regulatory gene
maps nearby: glnG for the nitrogen assimilatory system and
rcsB for capsule synthesis.
We show here that RcsC and RcsB belong to a family of

two-component regulatory pairs that respond to environ-
mental stimuli in a variety of bacterial organisms (reviewed
in reference 35). These pairs are composed of a sensor
protein and a regulator (or effector) protein. A general model
has been proposed, based on the biochemical results in the
nitrogen and chemotaxis regulation systems (14, 30, 46). In
this model, the N terminus of the sensor receives a signal
from the environment and transmits this signal to the con-
served C terminus of the protein. The C terminus first
undergoes autophosphorylation at a conserved histidine
residue (45) and subsequently acts as a kinase to phosphor-
ylate the conserved N terminus of the effector protein. The
phosphorylated effector protein then effects a response,
either by binding DNA to mediate transcription of one or
more genes or by turning on the flagellum motor.

All of the sensor proteins in these regulatory pairs except
for NtrB have two hydrophobic transmembrane domains
and therefore have been predicted to be membrane proteins,
although only the VirA, EnvZ, and CpxA sensor proteins
have been physically localized to the inner membrane (19,
28, 44). From protein sequence analysis, it has been sug-
gested that the N-terminal domain of the sensor is located in

2159

2219

2279

2339

2399

2459

2519

2579

2639

2699

2759

2819

2879

2939

2999

J. BACTERIOL.



SEQUENCE OF CAPSULE REGULATORS OF E. COLI 665

A.

RcsB RcsC

933 aa

REP 1 REP 2

B.

REP Consensus

bp 707

bp 820

GCCKGATGCGRCGYNNRCGYCTTATCMGGCCTAC

GCCGGATGCGGCGTAAACGCCTTATCCGGCCTAC

GCCGGATGCG-CGTAAACGC-TTATCCGTCCTAC

FIG. 5. (A) Orientation of the RcsB and RcsC region. The shaded regions of RcsB and RcsC indicate the domains that share homology
with other effector proteins. Symbols: E1, domain of RcsC that shares homology with the sensor proteins; E, predicted transmembrane
domains of RcsC. Alkaline phosphatase fusion junctions are indicated above the RcsC protein, with their numbers as in Fig. 1. The longer
arrows below the proteins indicate the 98-bp direct repeats (underlined in Fig. 2). (B) REPl and REP2, compared with the REP consensus.
Ambiguous bases in the consensus: K, G or T; R, G or A; Y, C or T; M, C or A; N, any base.

the periplasm and the C-terminal domain is located in the
cytoplasm (35). This predicted topology has been confirmed
for CpxA by using alkaline phosphatase fusions (44).
The sequence prediction of two transmembrane domains

in RcsC is consistent with the membrane topology shown in
Fig. 6 and is similar to that of the other sensors (35). The
PhoA+ and PhoA- fusions of RcsC to alkaline phosphatase
strongly suggest this proposed topology, in which the N-
terminal 298-amino-acid domain of RcsC is periplasmic and
a C-terminal 614-amino-acid domain is cytoplasmic.
The predicted primary sequence of RcsC has homology to

the other sensors within the 250-amino-acid stretch in the
C-terminal cytoplasmic domain (2, 7, 11, 13, 29, 33, 35, 40).
This domain, which is homologous among all of the sensors,
is predicted by the model to transmit information via phos-
phorylation to the homologous N terminus of the regulators.
RcsC differs from most of the other known sensors in having

34

FIG. 6. Predicted membrane topology of RcsC. Small boxes
within protein indicate points of alkaline phosphatase fusions to
RcsC and their corresponding levels of alkaline phosphatase (in
units of activity). PERI, IM, and CYTO indicate periplasm, inner
membrane, and cytoplasm, respectively. S933 refers to the carboxy-
terminal amino acid, serine.

an extra 260 amino acids. The 125 amino acids at the C
terminus of RcsC share limited homology to the conserved
N-terminal domain of the effectors. VirG is the only other
sensor that contains a similar C-terminal domain with limited
homology to the conserved domain of the effectors (8a). This
C-terminal domain of RcsC could be acting as a titrating
acceptor, thereby modulating the phosphorylation action of
RcsC on RcsB.
The primary sequence of RcsB demonstrated homology to

all of the other effectors in the conserved N terminus. RcsB
also has more extended homology in its C-terminal domain
to the subfamily of regulators containing FixJ, DegU, NarL,
and UhpA. These subfamilies may relate to both the function
of these proteins and their interactions with sigma factors.
For example, the regulators in the subfamily consisting of
NtrC and DctD are involved in cellular response to low
external levels of nitrogen and act with RpoN (a54) to
activate their target genes (34). No common factor has been
defined among the members of the subfamily that includes
RcsB, although RcsB and UhpA are both involved with
sugar transport in an indirect or direct manner. UhpA is a
positive regulator for a gene (uhpT) required for uptake of
hexose phosphates in E. coli (11), and RcsB is a positive
regulator of the capsule genes that are necessary for synthe-
sis of a surface polysaccharide of E. coli. It is interesting to
note that the two effectors involved in activating capsule
synthesis (RcsB in E. coli and AlgR in Pseudomonas aerug-
inosa [8]) are members of different subfamilies of effectors.
Sequence analysis of the rcsB-rcsC region provided evi-

dence for additional control of this regulatory circuit in two
ways. Synthesis of rcsB is dependent on the alternate sigma
factor, RpoN (u 54). RpoN is the sigma factor that is required
for transcription of physiologically diverse genes (reviewed
in reference 18). Transcription inititation of r54-dependent
genes appears to require an activator protein in addition to
the sigma factor (18). Transcription of the positive regulator,
rcsB, is reduced more than 300-fold in an rpoN mutant,
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FixL

NtrB

EnvZ

PhoR

RcsC

FixL

NtrB

EnvZ

PhoR

RcsC

FixL

NtrB

EnvZ

PhoR

RcsC

FixL

NtrB

EnvZ

PhoR

RcsC

FIRDLTEREESAARLEQIQAELA..RLARLNEMGEM.ASTLAHELNQPLSAIANYSHGCTRLL..RDMDDAVA 272
:1 : 11 11: 1 :: :111: :11::: :1: 11 ::1
YILLEMAPMDNQRRLSQEQLQHAQQIA..ARDLVR.... GLAHEIKNPLGGL.... RGAAQLL.SKALPDPA. 163

YGASEVRSVTRAFNHMAAGVKQLA..... DDR... TLLMAGVSHDLRTPLTRIR.L...ATEMMSEQ..DGYLA 267
:: : :: ~~~~~~I::1I111:II1111: 111 11 :1:

RVMPYTHKQLLMVARDVTQM.... HQLEGARRN... FFANVSHELRTPLTVL.... QGYLEMMNEQPLEGAVR 239

CVLVDVSSR.... VMEESLQEMAQAAEQASQSKSMFLATVSHELRTPLYGII.... GNLDLLQTKELPKGV. 489

TRIREALEEVASQSLRAGQIIKHLREFVTKGETEK ..........APE.DIRKLVEESAA .. LALVGSREQGV 332
1: 11 1 : :1: 1 :

.................... . .EY.TKVIIEQADRLRNLVDRL. LGPQHPGMHVTES.IHKVAERVVKL 209
: :1:

ESINKDIEECNAIIE.QFIDYLRT....... GQE.......MPMEMADLNA ..VLGEVI..... AAESGY 315
:: I :1 : : : : :1 1I :

EKALHTMREQTQRMEGLVKQLLT.... LSKIEAAPT...... HLLNEKVDVPMMLRVVEREAQTLSQKKQ.TF 301
DR:VTAMNNSSSLL:KI I : : D Q . LG 1 ::: : :: : :1 :11 ::
DRLVTAMNNSSSLLLKIISDIL.............DF. SKIESEQ......LKIEPREFSPREVMNHITANYLPLVVRKQLGL 551

RTVFEYLPGAEMVL.VDR......... IQVQQVLINMRNAI.... EAMRHVDRRELTIRTMPADPGEVAW..
:: :1 :1 I::III:I::I11I :: 1:1:11 :

VSMELPD.NVKLVRDYDPSLPELPHDPDQIEQVLLNIVRNALQAL.GP... EGGEITLRT... RTAFQLTLHG
::: : : ~~~~~II : 1:1 11 : :

...... .EREIETALYPGSIEVKMH. .PLSIKRAVANMVVNAARY. .GNuIKS.... SGTEPNRAWF.
::: ~~~~~~~~~II::I:I:I1I : :

..TFEIDNGLKVSGNED...... QLR.. ... AISNLVYNAVNHTPEGTHITVRWQRVPH ...GAEF.
:1 I:1: 1 1111: 11: 1 :1 ::

YCFIE ..PDVPVALNGDP.... MR. LQQVISNLLSNAIKFTDTGCIV.... LHVR... ADGDYLSI...

...........VEDTGGGIPEEVAGQLFKPFVTTKAS......GMGIGLSISKRIVEAHGGEMTVSKNEAGGAT
III 1:111 : 11 1:1:::: 1:1111:: ::: 1:1: :1 1

VRYRPAARIDVEDNGPGIPSHLQDTLFYPMVSGREG...... GTGLGLSIARSLIDQHSGKIE .. FTSWPGHT

......... QVEDDGPGIAPEQRKHLFQPFVRGDSART .. ISGTGLGLAIVQRIVDNHNGMLELGTSERGGLS
111:1111111 :1 : 1:1 11: :1:1111111 : 1: 1:: 1:: :: I1:

......... SVEDNGPGIAPEHIPRLTERFYRVDKARSRQTGGSGLGLAIVKHAVNHHESRLNIEST ..VGKG
II:: : 11 : 1: : 1: 1:111111 :: : I I

......... RVDTGVGIPAKZVVRLFDPFFQVGTGVQRNFQGTGLGLAICEKLISMMDGDISVDSE .. PGMG

390

274

369

352

603

447

339

431

414

665

FIG. 7. Sequence alignments of RcsC with other sensors (Klebsiella pneumoniae NtrB, Rhizobium meliloti FixL, and E. coli PhoR and
EnvZ) and alignments of RcsB and RcsC with other effectors (K. pneumoniae NtrC, R. meliloti FixJ, and E. coli UhpA ). Residues that are
identical (I) and residues that belong to the same family (:) are indicated. The families of amino acids are ILMVFYW, AGPST, QNED, and
HKR (32).

although limiting nitrogen conditions do not alter synthesis
(V. Stout and S. Gottesman, manuscript in preparation). If
activation of rcsB occurs in a manner similar to activation of
the other RpoN-utilizing genes, then another factor may be
required for activation. This factor cannot be either RcsA or
RcsC, since they do not affect the synthesis of RcsB as
tested with rcsB::lacZ fusions (Stout and Gottesman, in
preparation).
The promoter for rcsC has not yet been defined, but it is

apparently not RpoN dependent. The relatively low levels of
alkaline phosphatase produced by the rcsC::phoA fusions
support the sequence analysis of rcsC, in which only poor
promoters were found.
The direction of transcription of rcsB and rcsC relative to

each other differs from that of other sensor-regulator pairs
and may provide additional control of these two regulators.
All of the other pairs that map close together are transcribed
in the same direction, often as members of the same operon
(for example, DctB-DctD and OmpR-EnvZ) (28, 33),
whereas RcsB and RcsC are made in a converging fashion,
with a 196-bp spacer between the two stop codons. Within
this spacer region are 98-bp direct repeats, each of which
contain a REP sequence.
REP sequences are palindromes that are reiterated up to

1,000 times in E. coli chromosomal DNA (reviewed in

reference 15). It has been proposed that these sequences
may be involved in stabilizing mRNA that ends with a REP
sequence. Since the messages for both rcsB and rcsC end in
the region where the REP sequences lie, one or both may be
affected by this sequence. It has also been suggested that
DNA gyrase binds to REP sequences and makes cuts near
them (47). It is possible that gyrase is required to relieve the
strain that would result from converging unwinding DNA
templates. It has been shown that positive supercoils are
generated in front of advancing DNA polymerase (20) and
suggested that this effect can be more dramatic when the
gene product is a membrane protein (21).
The unique orientation of rcsB and rcsC may be a reflec-

tion of a requirement for independent control of the levels of
synthesis of the two genes. The latter suggestion is sup-
ported by the different promoters of the two genes.
The control of capsule synthesis appears to involve an

intricate and complex network that includes RcsC and RcsB.
If RcsC is acting as a sensor, we do not know what RcsC is
sensing in the environment. However, we have suggested
that temperature may be important, since more capsule is
made at lower temperatures than at 37°C and rcsC137
mutants show temperature-independent capsule synthesis
(T. Klopotowski and S. Gottesman, unpublished results). It
is clear that syntheses of rcsC and rcsB are not regulated by
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FRFTLPAYLDERIVAND* 464

EFSVYLPIRK* 349

IRAWLPVPVTRGTTKEG* 450
* :.

TRFSFVIPERIAKNSD* 431
: I: 11

SQFTVRIPLYGAQYPQKKGVEGLSGKRC // RIYLIEMESDDPANALPSTDKAVSDNDDMMILVVDDHPINRR 822

MQRGIAWIVDDDSSIRW 17
lI i: ::
MTDYTVHIVDDEEPVRK 17

:MITI ::IDI I I

MITVALIDDHLIVRS 15

: 1: III 11
MNNMNVIIADDHPIVLF 17

LLADQLGSLGYQCKTA..NDGVDALNVLSKNHIDIVLSDVNMPN... MDGYRLTQRIRQLGLTLPVIGVTANAL 891

VLERALTGAGL..SCTTFESGNEVLDALTTKTPDVLLSDIRMPG...MDGLALLKQIKQRHPMLPVIIMTAHSD 86
11 1:: :1:: :I 1::I:111::I I ::1 1:

SLAFMLTMNGF .. AVKMHQSAEAFLAFAPDVRNGVLVTDLRMPDMSGVELLRNLGDLKINIPSI .......... 79

::1:1:::: 1: 11 1: 1: 11 : :
GFAQLLGLEPDLQVVAEFGSGREALAGLPGRGVQVCICDISMP ...... DISGLELLSQLPKGMATIMLSVHDS 83

1: ::11:11 : : 11 11 1:111 1:: :: ::: 1:1:::
GIRKSLEQIEWVNVVGEFEDSTALINNLPKLDAHVLITDLSMPGDKYGDGITLIKYIKRHFPSLSIIVLTMNNN 91

AEEKQRCLESGMDSCLSKPVTLDVIKQSLTLYAERVRKSRDS* 933

LDAAVSAYQQGAFDYLPKPFDIDEAVALVDRAISHYQEQQQPRNAPINSPTAD ..... IIGERPAMQDV 150

*~~~~I: I:*:

.VITGHGDVPMAVEAMKAGAVDFIEKPFEDTVIIEAIERASEHLVVAEADVDDANDIRARLQTLSERERQV 149

:: :: ~~~~II1 : :: :: : :1: 1:111111
PALVEQALNAGARGFLSKRCSPDELIAAVHTVATGGCYLTPDIAIKLASGRQDP....... LTKRERQV 145

PAILSAVLDLDIEGIVLKQGAPTDLPKALAALQKGKKFTPESVSRLLEKISAGGYGDKR ..... LSPKESEV 158

FRIIGRLSRSSISVLINGESGTGKELVAHALHRHSPRAKAPFIALNMAAIPKDLIESELFGHEKGA... 216
:: ~~~:1 I::: : 1: 1 ::: ::

LSAVV... AGLPNKSIAYDLDISPRTVEVHPRANVMAIKAKSLPHLVRMALAGGFGPS* 204

AEKLA... QMVKEIAAELGLSPKTVHVHRANLMEKLGVSNDVELARRMFDGW* 196

LRLFA... EGFLVTEIAKKLNRSIKTISSQKKSAMMKLGVENDIALLNYLSSVTLSPADKD* 217

FIG. 7-Continued

temperature when tested with rcsC::phoA and rcsB::lacZ
fusions (data not shown).
Because insertion mutants of rcsC still show a dependence

on RcsA and RcsB for capsule synthesis and there is still a

temperature effect on capsule synthesis (4), it is possible that
RcsC is a redundant component of this regulatory circuit.
This is very similar to the nitrogen-regulatory circuit in
which null mutations of the sensor, ntrB, result in a pheno-
type very similar to wild type (3). An explanation for these
results has been suggested by the work of Ninfa et al. (31), in
which they were able to demonstrate cross-talk between the
nitrogen assimilation and chemotaxis systems in vitro. The
sensor of one system was shown to phosphorylate the
effector of another system.
The homologies of RcsC and RcsB with members of the

sensor-effector family of regulators and the genetics of the
capsule regulatory network suggest the model shown in Fig.
8. In this model, RcsC receives a signal that could be a shift
to a lower temperature and transmits that signal to RcsB,
perhaps through phosphorylation (although no direct inter-
action between RcsC and RcsB has been demonstrated yet).
Activated RcsB could then either directly or indirectly
stimulate expression of the cps genes, to make colanic acid

polysaccharide. Mutations like rcsCJ37, which increase cap-

sule synthesis, originally were used to define RcsC as a

negative regulator. The results presented here and summa-

rized in Fig. 8 suggest instead that RcsC regulates RcsB

RcsC

FIG. 8. Model of capsule regulation in E. coli. Periplasm and
cytoplasm are indicated by PERI and CYTO, respectively.
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activity both positively and negatively. The rcsCJ37 muta-
tion may be locked in a state that leads to constitutive
activation of RcsB. RcsA is rapidly degraded by the Lon
protease and is normally limiting in cells (41). When Lon is
not present, enough RcsA accumulates to stimulate cps gene
expression either directly or indirectly by functioning in the
RcsB-RcsC interaction to allow RcsB to stimulate capsule
expression. None of the three regulators appear to affect the
synthesis of themselves or the other regulators (Stout and
Gottesman, in preparation), indicating that any interactions
among the regulators probably occur at the protein level.
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