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lon mutants of Escherichia coli K-12 are defective in an ATP-dependent protease, are UV sensitive, and
overproduce the capsular polysaccharide colanic acid. Six structural geries needed for capsular polysaccharide
synthesis (cps) are transcriptionally regulated by lon as well as by three other regulatory genes, rcsA, -B, and
-C (S. Gottesman, P. Trisler, and A. S. Torres-Cabassa, J. Bacteriol. 162:1111-1119, 1985). We have cloned
rcsA, the gene for a positive regulator of capsule synthesis, onto multicopy plasmids and defined the gene by
both insertions and deletions. The product of rcsA has been identified as an unstable protein of 27 kilodaltons.
RcsA has a half-life of 5 min in lon™ cells and one of 20 min in lor cells. The availability of RcsA is the limitmg
factor for capsule synthesis; doubling the gene dosage of resA* significantly increases expression of cps genes.
Our results are consistent with a model in which the presence of a lon mutation increases the synthesis of

capsular polysaccharide via stabilization of RcsA.

Proteolytic degradation in bacteria and their viruses has
been implicated in such cellular events as the destruction of
abnormal polypeptides and the regulation of the availability
of a number of unstable regulatory proteins (8, 10, 26). We
have postulated that the expression of some short-lived
“‘timing’’ polypeptides needed only for brief periods of time
may be regulated at the post-transcriptional level via a
proteolytic degradative process (12, 26).

The lon gene of Escherichia coli K-12 codes for an
ATP-dependent protease (3, 4, 9). The Lon protease has
been shown to affect the degradation of abnormal proteins in
vivo (2, 13, 24, 32) and of the bacteriophage \ N protein both
in vivo (10) and in vitro (M. Maurizi, J. Biol. Chem., in
press). Mutations in lon are pleiotropic and result in in-
creased sensitivity to DNA-damaging treatments (13, 14) and
overproduction of the capsular polysaccharide colanic acid
(13, 21, 33). We have shown previously that the sensitivity of
lon mutants to DNA damage is due to a defect in proteolysis
which permits the accumulation of an unstable cell division
inhibitor (SulA) by prolonging its half-life in the cell (26).

If other effects observed in lon cells are a direct result of
a defect in proteolysis, as is the case for sensitivity to DNA
damage, we would predict the existence of an unstable
positive regulator of polysaccharide synthesis which is nor-
mally limiting in the cell and which would be a target of the
Lon protease.

Several of the enzymes involved in capsular polysaccha:
ride synthesis are present in higher levels in lon mutants (18,
21, 22), and at least six structural genes required for capsule
production (cpsA~F) are negatively regulated by lon at the
transcriptional level (33).

Secondary trans-acting regulatory mutations which affect
capsule synthesis have been isolated and mapped (11). Two
positive regulatory genes, rcsA (regulator of capsule synthe-
sis) and rcsB, as well as a negative regulator, rcsC, aﬂ‘ect the
levels of colanic acid capsular polysaccharide in cps™ strains
and also change the expression of B-galactosidase synthesis
produced in strains which carry lacZ fusions to the structural
genes for capsule synthesis (cps::lac) (11). The existence of
these regulatory genes suggests that the defect in regulation
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of capsule expression found in lon strains may be mediated
indirectly by the Lon protease through its action on one of
the two positive regulators; thus, either rcsA or rcsB might
code for a gene product which is normally limiting in the cell
and the stability of which is regulated by proteolysis.

In this work we have identified the product of the rcsA
gene and determined its half-life in lon* and lon cells. The
evidence presented show that RcsA protein is indeed unsta-
ble and that its stability is affected by the lon protease.

MATERIALS AND METHODS

~ Bacterial strains and bacteriophage. All bacterial strains
relevant to this work and their sources or construction are
listed in Table 1.

Plasmids and bacteriophage are listed in Table 2. Isolation
of A rcsA™ phage and construction of \ cI857 derivatives
have been described elsewhere (11, 24).

Transductions with P1 Cmclr100 (28) were done as de-
scribed by Miller (25).

Deletions of the rcsA gene were generated by selectmg for
tetracycline-sensitive derivatives of strains carrying a Tnl0
insert linked to rcsA by the méethod of Maloy and Nunn (19).

Media and enzyme assays. Unless otherwise indicated,
cells were routinely grown in Luria broth (30). When re-
quired, the following antibiotics were added at the final
concentrations indicated: tetracycline (20 pg/ml), ampicillin
(75 ng/ml), or kanamycin (50 pg/ml).

M56 salts [Na,HPO,4, 8.2 gflliter; KH,PO,, 2.7 glliter;
(NH4)2804, 1.0 g/liter; FCSO4 . 7H20,’ 0.25 mg/liter;
MgSO, - 7H,0, 0.1 mg/liter; CA(NO3)2 - 4H,0, 5 mg/liter,
pH 7.2) was supplemented with amino acids, thiamine,
glucose (0.2%), and MgSO, (0 01 M). M56 minimal medium
contained 3.2% agar.

MutD mutagenesis of A rcsA was carried out as described
by Silhavy et al. (30).

B-Galactosidase expression in the fusion strains was mon-
itored on lactose-MacConkey indicator plates as described
previously (33). B-Galactosidase production was assayed as
described by Miller (25).

Insertional mutagenesis. Insertions of the transposase-
deficient A16A17Tnl0 (ATnI0) transposon (35) in \ rcsA™*
transducing phage were obtained by growing the phage on
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TABLE 1. Bacterial strains

J. BACTERIOL.

Strain Relevant genotype Source or reference
MC4100 derivatives?®
SG20180 cps-11::lac-Mu dl lon* 33
SG20303 cps-11::lac-Mu dl lon-100 ton 11
SG20329 ompC::Tn5 rcsCI137 cps-11::Mu dl 11
SG20581 cpsBI10::lac (imm") lon-100 33
SG20582 cpsB10::lac (imm*) lon™ 33
SG20587 cpsB10::lac (imm*) recA SG20582 + P1(SG13182) +
P1(N100)
SG20595 cps-11::lac-Mu dl lon-100* 11
SG20597 cps-11::lac-Mu dl lon-100 rcsB43 zeh-50::Tnl10® 11
SG20598 cps-11::lac-Mu dl lon-100 rcsA40 zed-14::Tnl0? 11
$G20600 cps-11::lac-Mu d1” 11
SG20643 cpsBI10::lac (imm*) ompC::Tn5 rcsC137 SG20581 + P1(SG20329)
SG20645 cpsBI10::lac (imm") Ionb+ rcsA3 (RcsA*3) SG20582 + P1(SG12020)
SG20681 cps-11::lac-Mu dl lon* 24
ATC5112 cps-11::Mu dI lon-100 rcsA72::ATnl0 SG20303 + A SY72
JB3030 lon-100 rcsA™ recA cpsBI10::lac(imm*) Brill and Gottesman, in prepn
JB3034 lon-100 A rcsA26 recA cpsBl10::lac (imm") Brill and Gottesman, in prepn
JB3035 lon* A rcsA27 cpsB10::lac (imim") Brill and Gottesman, in prepn

Other strain backgrounds

C600 F~ thr leu fhuA rpsL supE NIHE® strain collection
DB1255 hsdR recBC sbcB15 supF8 36
N99 F~ galK2 NIH strain collection
N100 F~ galK2 recA NIH strain collection
RB132 F~Alac rpsL gal zxx::Tnl0A4HH104(pNK217) 23
SG12020 thr leu fhuA zed-650::Tnl0 rcsA3 (RcsA*3) 11
SG13182 his sulA Aleu srl::Tnl0 rpsL 33

@ All strains contain A(lac)U169 araD flbB relA.
b Contain attB bio-936 A(Sal-Xho) cI857 AH1 prophage.
¢ NIH, National Institutes of Health.

donor strain RB132, which harbors pNK217 (his::ATnl0), as
described previously (16, 23, 24). In this strain, transposition
functions are provided in trans from a chromosomal ‘‘high
hopper’’ Tnl0 insertion (23). Phage carrying inserts were
detected as tetracycline-resistant lysogens. rcsA-72::ATnl0
was isolated by the same method from A rcsA62 (RcsA*)
(SY62).

Strain SG20681 (lon* cps::lac) carries a defective heat-
inducible prophage (int* xis* cI857 AH1) and has a Lac™
phenotype on indicator plates. This strain was grown at 32°C
in TBMM (10) with biotin (0.003%), and the cells were
shifted to 41°C for 20 min to provide int*™ function. They
were then infected with the rcsA mutagenized phage at a
multiplicity of infection of 0.1 to 0.5 and adsorbed at 32°C for
1 h. Lysogens were selected on either lactose-MacConkey or
Luria broth agar with tetracycline. Of the Tet" colonies 2 to
4% were Lac™. Five independent Lac™ Tet" lysogens from as
many independent mutagenized lysates were purified, and
secondary lysates were induced. Tet" phage that failed to
complement an rcsA chromosomal mutation and which
retained their Int™ phenotype, as determined from the red
plaque assay (7), were considered to carry an inactivated
rcsA gene. Phage stocks from purified plaques were used in
further analyses and in DNA isolation for restriction diges-
tions.

The ATnl0 insertions isolated on the phage were crossed
onto the bacterial chromosome by adsorbing the A cI857
rcsA* mutagenized phage on strain SG20303 (cps::lac lon) at
32°C. Lysogens were cured of the phage at 37°C on Luria
broth plates with tetracycline and screened for the Lac
phenotype and loss of immunity to the phage. P1 bacterio-
phage was grown on purified Tet" Lac™ recombinants, and

the lysates were used in transductional mapping of the
insertions. _

Selection of ATnl0 insertions linked to rcsA*. A lysate
induced from a pool of Tet" lysogens of strain SG20681 was
used to isolate random ATnIO insertions linked to rcsA*.
The lysate was adsorbed to strain SG20180 at 32°C to select
for Tet" lysogens, which were then cured of the phage by
selecting for tetracycline resistance at 37°C. These colonies
were then pooled, and a P1 lysate prepared on the cells was
used to transduce SG20581 (lon cps::lac) to Tet". The Lac*
Tet" transductants obtained carried ATnl0 insertions near
rcsA”.

Isolation of AKan insertions on the plasmid. ANK1105
carries a defective kanamycin-resistant Tnl0 derivative
(AKan) and a ptac-transposase fusion outside the transposon
(35). ANK1105 was adsorbed to an N99 transformant of
pATC395 at 39°C, and the resulting Kan' colonies were then
pooled. A small-scale DNA preparation was made and used
to transform strain C600 selecting for Kan' nonmucoid
colonies. Three independent insertions were verified by their
failure to complement two different rcsA chromosomal mu-
tations (rcsA40 and rcsA72::ATnl0).

Recombination of the AKan insertions from pATC395 to
the phage was done by growing SY25 or SY26 on N99
derivatives harboring the plasmid to produce a lysate which
was then used to transduce C600 to kanamycin resistance.
Tet" Kan" nonmucoid colonies were purified twice and a
secondary lysate was induced. Presence of the insertions on
the transducing phage was verified by their failure to com-
plement an rcsA mutation and by restriction analysis of
phage DNA.

AKan insertions in pATC400 were generated as for
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pATC395. Recombination into the chromosome was done as
follows. Strain DB1255 (recBC sbcB15) (36) is defective for
a major nuclease activity but is able to carry out recombi-
nation when transformed with liriearized plasmid DNA (15).
Strain DB1255 was transformed with DNA from the AKan
plasmid digested with EcoRI. Kan" recombinants were se-
lected and screened for their sensitivity to ampicillin. P1
lysates prepared on purified colonies of strains carrying the
insertion mutations rcsAl61::AKan, rcsA163::AKan, and
rcsA162::AKan were used to transduce SG20581 (lon-100
cps::lac, Lac™) to Kan". All Kan" transductants became
Lac™ and were complemented by \ rcsA™* as expected if the
resA::AKan insertions had been transferred from the plas-
mid to the chromosome.

Preparation of DNA. Small-scale isolation of phage DNA
was done as described by Silhavy et al. (30). For large-scale
phage preparations, high-titer phage lysates were obtained
by the method of Yamamoto et al. (34) and the DNA was
isolated as described previously (30). Small- and large-scale
plasmid DNAs were prepared by the alkali method described
by Maniatis et al. (20).

TABLE 2. Bacteriophage and plasmids

Name Relevant genotype Source or reference

\ derivatives
SB6 imm® rcsA* 11

SB18 imm® rcsB™* Brill and Gottesman,
in prepn
SB25 imm® rcsA* This work
SB26 imm® rcsA* This work
SB57 imm® rcsA57::Tnl0  This work
SY25 imm* cI857 rcsA™* This work; imm*
derivative of SB25
SY26 imm* cI857 rcsA* This work; imm*
derivative of SB26
SY50 imm* cI857 This work
rcsA50::AKan
SYs1 imm cI857 This work
rcsA51::AKan
SY60 imm* cI1859 rcsA* This work; imm*
derivative of SB6
SYG62 imm* cI857 rcsA62 This work
(RcsA*62)
SY72 imm* cI857 This work
rcsA72::ATnl0
A NK1105 b522 1857 Pam80 nin5 35
Other phage
P1CMc1r100 cI ts100 Cm" 28
M13mp19
derivatives
MAT200 rcsA* This work
MAT237 ArcsA37 This work
Plasmids
pATC352 rcsA* (Cm"™ Ap") pBR325 derivative
pATC395 rcsA™* (Tet") pBR322 derivative
pATC400 rcsA* (Amp") pBR322 derivative
pATC401 rcsAl160::AKan (Amp") pATC400 derivative
pATC402 rcsA161::AKan (Amp") pATC400 derivative
pATC408 rcsAl166::AKan (Amp") pATC400 derivative
pATC410 rcsA168::AKan (Amp") pATC400 derivative
pATC450 rcsA50::AKan (Tet") pATC395 derivative
plon* 500 (Amp") 24
plonA510 (Amp") 24
pATC119 rcsA* (Amp") pUC19 derivative
pNK217 A16A17Tnl0 23, 35
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Restrictions, ligations, and transformations. All enzymes
used for digestions were obtained from New England
BioLabs, and restrictions were carried out according to the
supplier’s specifications. pBR322, pBR325, pUC19, and
M13mpl9 DNAs were obtained from Bethesda Research
Laboratories.

Ligation reactions and transformations were done by
standard methods (20, 30).

Generation of rcsA deletions in m13mp19 Construction of
rcsA deletions in M13mpl9 were done in its derivative
MAT200 by the rapid single-stranded cloning strategy for
producing overlapping clones described by Dale et al. (6).
The cyclone subcloning system for M13 and pBI derivatives
(system RDS) from International Biotechnologies, Inc., was
used for this purpose. The eitdpoints of the deletions were
determined by sizing the single-stranded DNAs on agarose
gels and restriction enzyme analysis of the double-stranded
replicative forms. .

Protein labeling. In vivo determination of protein pro-
duced by the rcsA recombinant plasmids was done in
maxicells as described by Sancar et al. (29). The maxicell
strain JB3034 and its plasmid-containing derivatives were
grown overnight in M56 salts supplemented with 17 amino
acids, 0.2% glucose, 0.1% vitamin B;, MgSO,4 (1 mM), and
the required antibiotic, but lacking methionine. At an optical
density at 600 mm of 0.6, the cultures were exposed toa UV
dose of 70 J/m? for 30 s and incubated at 37°C for 30 min,
protected from light. D-Cycloserine was then added, and the
cultures were grown overnight, starved for 1 h, and labeled
with [*S]methionine (50 pCi/ml) for 20 to 30 min (30).
Labeled cells were washed, suspended in 2% sodium dode-
cyl sulfate loading buffer, and boiled for 5 min; 10 wl was run
in a 12% acrylamide gel, using the buffers described by
Laemmli (17). Electrophoresed gels were fixed for 15 min in
45% methanol-10% acetic acid and immediately soaked in
Enlightning (Du Pont Co.) for 20 min, dried, and subjected to
autoradiography at —70°C.

The in vivo stability of the RcsA protein produced from
the recombinant plasmids was determined in growing cells
cultured as indicated above. After a 1-min pulse with
[**S]methionine (20 wCi/ml), excess nonradioactive methio-
nine (2 mM) was added to stop label incorporation and
0.5-ml samples were taken during a 30-min period. The
samples were mixed with 0.125 ml of 30% trichloroacetic
acid to precipitate the proteins. The pellet was washed in
cold acetone, suspended, and boiled in 2% sodium dodecyl
sulfate buffer, and 10 pl was run in a 13% acrylamide gel.
After electrophoresis and autoradiography, the relative
amounts of the labeled proteins were determined by
densitometry.

RESULTS

Isolation and characterization of N rcsA* transducing
phage. We have previously identified and described muta-
tions at two regulatory loci, rcsA and rcsB, which abolish
transcription from the promoters of the structural genes
involved in capsular polysaccharide synthesis in lon cells
(11). It was postulated that the lon protease may inhibit
capsule formation by degrading an unstable activator of
transcription, possibly a product of one of the two positive
regulatory genes requireéd for cps gene expression (11, 12).

If a lon mutation results in capsule overproduction by
increasing the steady-state lével of a positive regulator which
is subject to proteolytic degradation in lon* cells, that
positive regulator should be limiting for capsule synthesis.
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J. BACTERIOL.
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FIG. 1. Schematic diagram showing the restriction map of imm* D69 and its X rcsA* derivatives SY60 (from SB6), SY25 (from SB25), and
SY26 (from SB26). The cloned fragment was inserted in the BamHI site within the int gene of A D69 (27). The hatched area represents the
region within the clone in which all insertions that disrupt the rcsA gene mapped. The restriction sites shown are as follows: Nrul (N), EcoRI

(R), HindIII (H), BamHI (B), and Sall (S).

Furthermore, if capsule overproduction in lon mutants re-
sults from a decrease in proteolysis, introduction of a second
copy of the gene which codes for the activator protein may
be sufficient to mimic the lon mucoid phenotype in lon*
strains. Conversely, increasing the amount of the lon prote-
ase in the cell should abolish capsule production even if the
activator protein is overproduced.

To determine if one of the two positive regulatory genes,
rcsA or resB, is normally limiting in the cell, we studied the
effect of changing gene dosage on transcription of the
cps:ilacZ operon fusions by using a A transducing phage
carrying either rcsA* or resB* (J. Brill and S. Gottesman,
manuscript in preparation).

The rcsA gene was cloned from a Sau3A partial E. coli
digest into the BamHI site of A D69 (27). Several rcsA*
transducing phage were isolated by their ability to form Lac*
plaques on a lawn of a lon cps::lac rcsA strain on lactose-
tetrazolium plates (11). Three independent \ rcsA* clones,
SB6 (previously described [11]), SB25, and SB26, were
isolated; the imm" derivatives of these phage, SY60, SY25,
and SY26, were used to determine the restriction enzyme
pattern (Fig. 1).

Both phage SY25 and SY60 contained a 6.3-kilobase (kb)
BamHI insert. Results from BamHI-Sall, BamHI-Nrul, and
Sall-Nrul double digests indicated that the 6.3-kb insert was
present in opposite orientations in these two clones. Phage
SY26 carried the 6.3-kb fragment in the same orientation as
SB6 plus an additional 1.9-kb BamHI piece. All three phage
complemented rcsA mutations either in plaques or as
lysogens. rcsA missense mutations of two sorts were iso-
lated after MutD mutagenesis of the phage: recessive rcsA
(RcsA™) and dominant resA (RcsA¥*) (11).

Insertional mutagenesis of the rcsA* phage. We observed
that increasing the number of copies of rcsA™* in strain
SG20681 (lon™ cps::lac) resulted in a Lac* phenotype,
indiating that RcsA is normally limiting (see below). We
supposed that lysogens of the transducing phage carrying an
inactivated rcsA gene would remain Lac™.

SB6 was mutagenized with a defective ATn/0 transposon
(see Materials and Methods), and Tet' lysogens were

screened for their Lac phenotype. About 2% of the colonies
remained Lac™ and therefore wete considered to have been

lysogenized by phage carrying an inactivated rcsA gene. The

phage lysates induced from these lysogens are Lac™ on a
lawn of a lon rcsA strain (11), which confirmed that the
inserts inactivated the rcsA gene.

Restriction analysis of four independent rcsA phage iso-
lated in this manner demonstrated that the insertions
mapped within a 2.0-kb Nrul fragment in the 6.3-kb BamHI
clone (cross-hatched area in Fig. 1). The ATnl0 insertions
were crossed into the chromosome by homologous recom-
bination. They abolished capsule overproduction in lon
hosts and were fully complemented by the A rcsA* transduc-
ing phage.

resA is limiting for capsule synthesis. Lysates of compara-
ble titers of A rcsA*, A rcsA::ATnl0, or \ resB™ were used in
spot tests on lawns of both lon* and lon cps::lac strains.
Expression of B-galactosidase from the fusion was moni-
tored on MacConkey-lactose indicator plates (Table 3).
Introduction of additional copies of the rcsA* gene was
sufficient to increase transcription from the fusion in both
backgrounds. In contrast, no apparent effect on cps::lac
expression was seen with \ rcsB* (Table 3).

TABLE 3. Gene dosage effect of rcsA* and rcsB**
Lac phenotype?

Strain genotype A A A
& P |I1q oe resA* rcsA::Tnl0 rcsB*
phag (SB6) (SBS7) (SB18)
lon* - + + - -
lon-100 + +++€ + +
lon-100 rcsA40 - + - -

lon-100 rcsB43 - -

“ The strains used were SG20600 (lon*), SG20595 (lon-100), SG20597
(lon-100 rcsB43), and SG20598 (lon-100 rcsA40).

& Equal volumes (10 nl) from phage lysates of comparable titers were placed
over dried spots of the strains on lactose-MacConkey agar and incubated at
32°C for 10 to 20 h. All phage were imm?!.

¢ + + + indicates more rapid appearance of the Lac* phenotype.

+
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All three rcsA* transducing phage (SY25, SY26, and
SY60) also complemented flaP and flaR mutants. As previ-
ously shown, episome F’'1334 which contains the fla operons
confers mucoidy on lon™ hosts (11, 31). Clegg and Koshland
(5) also observed mucoidy in cells harboring pCK202, which
contains the flaARQP operon. Comparison of the restriction
map of this plasmid and that of the rcsA* phage confirms
that the 6.3-kb BamHI fragment overlaps a Sall-HindIII
fragment in pCK202 (see below and Fig. 6). Furthermore, a
deletion which eliminated essentially all of the 6.3-kb BamHI
fragment abolished the plasmid’s ability to confer the
mucoid phenotype (5). These observations are consistent
with the mapping of rcsA. We have shown elsewhere that
rcsA is not involved in the synthesis of flagella (11). There-
fore, rcsA exhibits the genetic properties expected of a
limiting positive regulator of the cps genes, while moderate
increases in rcsB gene dosage apparently have little effect on
cps::lac expression.

Overproduction of lon protease suppresses capsule synthe-
sis. We have shown previously that a lon mutation increases
expression of the cps operons (33). Two types of regulatory
mutations which increase capsule synthesis in lon™ hosts
have been described: the dominant mutations in rcsA such as
rcsA3 or rcsA62 (RcsA*), or a recessive mutation in rcsC
(11). When a multicopy lon* plasmid (24) was used to
transform either a lon* rcsA3 (RcsA*) host (Table 4) or a
lon* resC host (Table 4), capsule synthesis was suppressed.
In transformants of the same strains with plasmid that
carries the lon-510 deletion, cps::lac expression remained
high (Table 4). Therefore, while rcsA (RcsA*) and resC
increase capsule synthesis, this increased synthesis remains
sensitive to high levels of the Lon protease.

Construction and characterization of rcsA recombinant
plasmids. The 6.3-kb fragment containing the rcsA gene was
initially subcloned into the BamHI site of pBR325 to gener-
ate plasmid pATC352 (Fig. 2). C600 (lon*) transformants of
this plasmid were extremely mucoid. When pATC352 was
introduced into a lon cps::lac strain in the presence or
absence of an rcsA chromosomal mutation, the levels of
B-galactosidase increased dramatically (data not shown).
The plasmid was found to be very unstable and was lost at a
high frequency in media without ampicillin.

A 4.5-kb PstI fragment containing 2.4 kb of the original
insert was subcloned into pBR322 to generate pATC395
(Fig. 2). This 2.4-kb BamHI-Pst] piece included the region of
rcsA::ATnl0 insertions. The plasmid was found to be signif-
icantly more stable than pATC352 in the absence of antibi-
otic selection and fully complemented rcsA chromosomal
mutations. While pATC352 had complemented flaP and flaR
mutants, pATC395 failed to do so. This confirmed that rcsA
was entirely within the BamHI-PstI fragment and was sep-

TABLE 4. Effect of a lon* plasmid on capsule synthesis?

B-Galactosidase units?

Strain
genotype plon* plonA510
lon-100 0.3 201
lon™* 0.01 2.1
lon* rcsA3 (RcsA*3) 0.2 456
lon* resC137 4 475

@ The cps-11: :lac fusion strains were SG20581 (lon-100), SG20582 (lon*),
SG20645 [rcsA3(RcsA*3)], and SG20643 (rcsC137).

b Cells were grown in glucose-M56 medium supplemented with Casamino
Acids and ampicillin (50 p.g/ml) at 32°C.
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FIG. 2. Plasmid constructions. The 6.2-kb BamHI bacterial
DNA insert from A SB6 was inserted into pBR325 to make pATC352
(rcsA™*). A 2.4-kb BamHI-Pst1 fragment (cross-hatched area) was
subcloned by restricting pBR322 and pATC352 with PstI followed
by ligation with T4 DNA ligase to produce pATC395, which was
rcsA* as well. Restriction sites are as follows: BamHI (B), HindII1
(H), Nrul (N), Sall (S), Pstl (P), and Clal (C).

arate from the fla operons. Apparently, DNA segments
which cause rapid plasmid loss are also separate from rcsA.

Smaller plasmids containing the rcsA™ gene were gener-
ated as shown in Fig. 3. A 2.4-kb BamHI-Ps:1 fragment in
the M13mp19 derivative MAT200 complemented rcsA mu-
tations to increase expression of cps::lac and of capsular
polysaccharide. Deletions of the rcsA™ clone were generated
in this phage by using T4 DNA polymerase (6). Deletions
from the EcoRI site that went beyond the EcoRV site
inactivated the gene (Fig. 4). The largest deletion that still
complemented an rcsA chromosomal mutation, A37, left a
0.86-kb fragment. This piece was subcloned in two orienta-
tions into pUC18 and pUC19 to generate pATC118 and
pATC119, respectively. The 2.4-kb piece was also subcloned
from MAT200 into pBR322 to produce pATC400. All of
these plasmids confer mucoidy to lon™ hosts.

Insertional mutagenesis of plasmids. Insertions linked to
and in the rcsA gene cloned in pATC395 were isolated by
using the AKan transposon as indicated in Materials and
Methods. rcsA::AKan insertions were identified by the plas-
mid’s loss of its ability to complement chromosomal rcsA
mutations. In plasmids with linked AKan inserts, rcsA
remained fully active. Similar AKan insertion mutations
were isolated in pATC400 (Fig. 4).

pATC395 and its derivative pATC450, which carries the
rcsA-50::AKan insertion, were used to transform an isogenic
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FIG. 3. Construction of pATC400 and pATC119. Plasmid deriv-
atives are shown on the left; M13 derivatives are shown on the right.
The 2.4-kb BamHI-Pst] fragment was subcloned into the polylinker
site of M13mp19 to produce phage MAT200. The RcsA deletion
derivative A37 was generated by the cyclone method in MAT200 (6).
A37 was subcloned from phage MAT237, using EcoRI and HindIII,
into pUC19 to generate pATC119. Restriction sites are as follows:
BamHI (B), EcoRS5 (RS), HindIII (H), Sall (S), Nrul (N), Clal (C),
Sphl (Sp), Pstl (P), EcoRI (R), Scal (Sc), and Xmnl (X).
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set of lon™ and lon cps::lac fusion strains, and their effect on
B-galactosidase expression from the cps::lac fusion was
determined (Table 5). The level of the enzyme increased
about 300-fold in pATC395 transformants of lon™ strains. In
lon hosts, which already express high levels of B-
galactosidase, pATC395 increases expression fourfold. The
same plasmid conferred high levels of c¢ps::lac expression on
cells carrying a chromosomal rcsA deletion. The plasmid
complementation data confirm that rcsA is normally limiting
in the cell.

While the level of enzyme obtained from lon™ rcsA or lon
rcsA transformants of pATC450 was similar to that of the
untransformed control (Table 5), a 100-fold increase in
synthesis was observed in a lon* rcsA* transformant with
the same rcsA::AKan plasmid (cf. columns 1 and 3 of line 1,
Table 5). Similar results were observed with several other
pATC395 derivatives carrying different AKan inserts as well
as with pATC400 AKan insert plasmids (data not shown).
These results suggest that the high-copy plasmid titrates a
negative effector, allowing expression of the chromosomal
copy of rcsA* and, consequently, escape synthesis of
cps::lac. It is unclear whether such escape synthesis is seen
in lon-100 hosts, which already show relatively high levels of
B-galactosidase synthesis.

Identification of the rcsA gene product. Determination of
the proteins synthesized by plasmids pATC119 and
pATC400 and several of its AKan insertion derivatives was
done in the lon-100 maxicell strain JB3034 (Fig. 5). One
major protein of about 27 kilodaltons (kDa) was synthesized
by pATC119 (lane 1) and pATC400 (lane 2). All four
rcsA::AKan insertions in pATC400 failed to produce this
polypeptide (lanes 3 through 6). No unique protein was
synthesized by pATC401 (rcsA160::AKan) (lane 3). In cells
harboring pATC410 (rcsA168::AKan) a band of about 16 kDa
was seen (lane 4). A 23-kDa protein was synthesized by
pATC408 (rcsAl66::AKan) (lane 5), and pATC402
(resAl161::AKan) produced a 19-kDa protein (lane 6). If these
new bands are truncated RcsA proteins, then the direction of
transcription of the gene would be from the Ps:I site to the
Clal site (Fig. 6). The results are consistent with the identi-
fication of the 27-kDa protein as the rcsA gene product.

Stability of RcsA protein. To determine if the RcsA gene

166 161 168 160

RcsA

+

e———0.86——>]

FIG. 4. Detailed restriction map of the rcsA clone in pATC400 and deletions generated in phage MAT200. The extent of the deletions are
shown by thin lines. Closed circles indicate AKan inserts linked to rcsA*. Plasmids carrying these inserts confer mucoidy upon cps* hosts
and a Lac* phenotype to cps::lac rcsA strains. Closed triangles indicate AKan inserts which inactivate the rcsA gene.
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product is affected by lon proteolysis, we assayed its stabil-
ity in growing cells, using isogenic lon* and lon cells
carrying pATC119 transformants. This plasmid, derived
from pUC19, is stable even in the absence of an F'i? episome
and expresses RcsA at high levels. Exponentially growing
cells were pulse-labeled with [>**S]methionine for 1 min and
chased with an excess of unlabeled methionine for up to 30
min. Samples were removed at various times during the
chase, and the proteins were analyzed by electrophoresis
and autoradiography (Fig. 7). The amount of rcsA deter-
mined by densitometry of this gel and others, using both
pATC119 and other rcsA™* plasmids, indicate that whereas
the half-life of the RcsA protein is about 5 (+2) min in lon*
cells, it is increased to 20 (+£5) min in lon strains. Other
proteins synthesized from the same plasmids, the Kan" or
the Bla protein, are stable in both lon* and lon cells under
these conditions (half-life much greater than 30 min). There-
fore, as predicted by our model, RcsA is an unstable protein
in wild-type cells.

DISCUSSION

Mutations at the lon locus of E. coli, which codes for an
ATP-dependent protease, are pleiotropic and result in over-
production of the capsular polysaccharide colanic acid and
sensitivity to UV irradiation (3, 4, 12, 13). The UV sensitiv-
ity phenotype of lon has been shown to result directly from
the defect in proteolysis that allows for the accumulation of
SulA, an unstable inhibitor of septation in the cell (26). We
show here that, as for UV sensitivity, capsule overproduc-
tion in lon cells can be explained by the accumulation of an
unstable protein, RcsA, which is sensitive to the lon
proteolytic system.

Two trans-acting positive regulatory loci, rcsA* and
resB*, have been previously identified (11). Introduction of
an additional copy (in A rcsA* lysogens) or multiple copies
(in strains carrying rcsA plasmids) of rcsA* in a lon*
background increases both B-galactosidase synthesis from
cps::lacZ fusions and capsule synthesis in cps* strains.
These results confirm the observations of Silverman and
Simon (31) and Clegg and Koshland (5) that introduction of
the episome F’1334 and of plasmids carrying the flaA and
flaP operons resulted in a mucoid phenotype. rcsA is tightly
linked to fla, at min 43 on the E. coli map (1, 11). We
conclude from our results that rcsA is normally limiting in
the cell. Small increases in rcsB* gene dosage, on the other
hand, did not increase cps gene expression.

Our hypothesis was that the limiting positive regulator
should also be unstable. We have now demonstrated that the
rcsA protein is a 27-kDa polypeptide which turns over with
a half-life of about 5 min in lon* cells. The RcsA half-life
increases to 20 min in lon strains. In contrast, the rcsB gene

TABLE 5. Expression of B-galactosidase in transformants®

B-Galactosidase units?

gcsnt:;?;,r:,e No pATC395 pATC450
plasmid (resA™) (rcsA50::AKan)
lon* rcsA+ 1.5 598 118
lon* ArcsA27 1.1 419 1
lon-100 rcsA* 73 296 34
lon-100 ArcsA26 0.1 200 0.8

@ The strains used were the recA derivatives SG20587 (lon* rcsA*), JB3035
(lon* resA), JB3030 (lon-100), and JB3034 (lon-100 rcsA).

b Cells were grown in minimal-M56 Casamino Acids medium with tetracy-
cline at 37°C. Data are an average of two samples.
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12 3 4 5 6

FIG. 5. In vivo labeling of proteins expressed by recombinant
plasmids in maxicells. Maxicell strain JB3034 containing different
plasmids was labeled as described in Materials and Methods. The
proteins were separated on a 12% sodium dodecyl sulfate-
polyacrylamide gel. Lanes: 1, pATC119 (rcsA™*); 2, pATC400
(recsA*); 3, pATC401 (rcsA160::AKan); 4, pATC410
(rcsAl168::AKan); 5, pATC408 (rcsA166::AKan); 6, pATC402
(rcsA161::AKan). Amp, Ampicillin.

product is completely stable in lon* cells (Brill and Gottes-
man, in preparation). Thus the RcsA protein is unstable and
its degradation is affected by the lon protease.

The lon effect on RcsA stability is similar to that seen for
AN protein, an in vivo substrate for Lon proteolysis (10). In
both cases, the half-lives of the proteins in lon hosts are
about 20 min. We believe this residual turnover is due to
degradation of these proteins by other cellular proteases. It
seems unlikely that Lon is acting indirectly to affect turnover
of these proteins. In the case of AN protein, the in vitro
degradation of purified N protein by purified lon protease
(Maurizi, in press) confirms that the in vivo effects of lon
mutations are reflected by the direct degradation of N by
Lon in vitro.

The increase in cps::lac expression caused by rcsA62
(RcsA*62), a dominant allele of rcsA, can be reversed by
introduction of a lon* multicopy plasmid. This suggests that
the protein made by this mutant is still sensitive to high
levels of the Lon protease. The exact nature of rcsA (RcsA¥*)

X P N
ABNS Sc X R5C P N BH
il 1 Ty | L 1)
f—1kb—
ave o el NSNS NS NSNS ST
rcsA faP QRA

FIG. 6. Fine-structure map of the region of the bacterial chro-
mosome carrying the rcsA gene. The map includes restriction
information from the \ rcsA* phage and the rcsA plasmids as well as
from plasmid pCK202, which contains the laARQP operon (5). The
Sall-HindIIl fragment is contained in both pCK202 and \ rcsA™.
The deletion in plasmid pCK202 (A7) which abolishes its ability to
confer the mucoid phenotype extends from Aval to HindIIl. The
wavy arrows show the direction of transcription of the fla operon (5)
and that postulated for the rcsA gene. Restriction sites are as
follows: Aval (A), BamHI (B), Nrul (N), Sall (S), Scal (Sc), Xmnl
(X), EcoRV (RS), Clal (C), Pst1 (P), and HindIII (H).
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FIG. 7. Pulse-chase labeling of RcsA in lon* and lon cells. Cells were pulse-labeled with [**S]methionine for 1 min and chased with excess
unlabeled methionine (2 mM). (A) lon* (JB3035): lane 1, pUC19; lane 2, pATC119, 1-min pulse; lane 3, 2-min chase; lane 4, 4-min chase; lane
5, 6-min chase; lane 6, 8-min chase. (B) lon (JB3034): lane 1, pATC119, 1-min pulse; lanes 2 to 8, chases of 2, 4, 6, 8, 10, 15, and 30 min. Amp,

Ampicillin.

is not known. Its gene product could be a protein with
increased but not complete resistance to proteolysis. Even
relatively small differences in RcsA protein half-life would
be expected to increase capsule synthesis significantly.
Alternatively, the RcsA* phenotype may reflect higher lev-
els of synthesis of the wild-type protein or a more active
RcsA protein.

The regulation of capsule synthesis and possibly that of
rcsA may be part of a complex regulatory pathway. Our
results indicate that rcsA itself may be under the negative
control of some effector. rcsC, a negative regulator of
capsule synthesis (11), may act by controlling the level of
RcsA synthesis. We observed that high-level expression of
cps::lac in resC backgrounds is still sensitive to proteolysis
when a multicopy lon* plasmid is introduced in the cell
(Table 4). In addition, rcsC137 rcsA hosts are defective for
cps::lac expression (data not shown). These results are
consistent with models in which rcsC acts before rcsA to
regulate capsule synthesis. We are currently examining the
role of rcsA, -B, and -C in capsule synthesis regulation.

Many bacterial species produce capsules in nature and
under laboratory growth conditions. For example, nonmu-
coid mutants of the normally mucoid corn pathogen Erwinia
stewartii have been isolated and characterized (D. Coplin,
personal communication). Some of these mutants are defec-
tive in a positive regulator of capsule synthesis with similar-
ities to rcsA (D. Coplin, A. S. Torres-Cabassa, and S.
Gottesman, manuscript in preparation). Capsule synthesis
could be a cellular response to some environmental stress
condition; environmental factors such as temperature, me-
dium, and growing conditions influence capsule expression.
It is possible that a mechanism for capsule regulation could
have been evolutionarily conserved and that similar path-
ways are involved in the synthesis of other complex polysac-
charides.
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