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TABLE 2. Disruption of Ion decreases group 2 K54 capsule gene fusion activity

Temp PhoA sp act'
(OC) CP9.29b TR293C CP9.137b TR1373d

28 1.67 ± 0.10 0.89 ± 0.06 (1.9) 1.16 ± 0.07 0.34 ± 0.04 (3.4)
33 2.40 ± 0.15 (1.4) 0.97 ± 0.07 (2.5) 1.90 ± 0.04 (1.6) 0.71 ± 0.05 (2.7)
37 4.06 ± 0.09 (2.4) 2.65 ± 0.07 (1.5) 2.56 ± 0.07 (2.2) 1.33 ± 0.05 (1.9)
42 5.11 ± 0.12 (3.1) 4.16 ± 0.18 (1.2) 3.33 ± 0.13 (2.9) 2.40 ± 0.09 (1.4)
a Mean ± standard error, expressed as micromoles of para-nitrophenyl phosphate hydrolyzed per minute per A600 unit. The baseline PhoA activity in CP9 is

negligible and therefore is not accounted for in this calculation.
b Numbers in parentheses indicate the ratio of activity at the given temperature to that at 280C.
c Numbers in parentheses indicate the ratio of PhoA activity of CP9.29 (cll.29::TnphoA) to that of TR293 (clJ.29::TnphoA lon-146).
d Numbers in parentheses indicate the ratio of PhoA activity of CP9.137 (cll.137::TnphoA) to that of TR1373 (c1l.137::TnphoA lon-146).

these calculations were performed. At least 10 independent
samples were measured per strain at each temperature, and
their specific activities were averaged to determine a mean
specific activity.
Serum sensitivity assays. Strains to be assayed for their

sensitivities to the bactericidal effects of 80% NHS were grown
in LB broth, with appropriate antibiotics, at either 28, 33, 37,
or 42°C overnight. On the next day, cells were diluted and
grown to log phase (A600, 0.4 to 0.5) at the same temperature
and then diluted in isotonic gelatin-veronal buffer with Ca2+
and Mg2+ (Isogever) (31) to give a starting inoculum of
approximately 105 CFU/ml. A mixture containing 800 RI of
NHS, 100 ,ul of cells, and 100 ,ul of 1 x phosphate-buffered
saline, pH 7.0, was incubated at 37°C. Aliquots were removed
at 0, 1, 2, and 3 h, and viable titers were determined by plating
serial 10-fold dilutions in duplicate. Control serum was heated
to 56°C for 30 min to inactivate serum complement activity
(A560C NHS). Serum was obtained from several donors. Each
strain was assayed at least twice at a given temperature.

Analysis of the group 1 capsular polysaccharide. The group
2 capsule-deficient strain CP9.1713 (c11.171::TnphoA lon-146)
was used for analysis, since the disruption of lon results in an
increased, stable production of group 1 capsule. High-perfor-
mance liquid chromatography analysis of extracted capsule was
performed as previously described (18).

RESULTS

Genes for group 1 capsular polysaccharide and the regula-
tors rcsA, rcsB, and lon are present, but group 1 capsule
production requires induction. We have established that CP9,
a K54 serotype (group 2 capsule) strain, was also capable of
producing colanic acid, a group 1 capsular polysaccharide.
Multicopy rcsA (pATC118), a positive regulator of group 1
capsular polysaccharide, was introduced into CP9. Colonies
showed a mucoid phenotype which is a characteristic of group
1 capsular polysaccharides (data not shown). Likewise, the
disruption of Ion in this K54 background created mucoid
colonies as a result of increased levels of the Lon-sensitive
regulator RcsA. Colonies of TR97 (rcsA90 lon-146) were
nonmucoid. A TnlO disruption of the K-12 cps-3 group 1
structural gene was successfully transduced into CP9, via
TRR1, resulting in the construct TR94 (cps-3). Colonies of
TR94/pATC118 (pBR322 plus rcsA) remained nonmucoid.
TR94 was genetic evidence for the presence of group 1
capsular polysaccharide structural genes in CP9. Analysis of
this group 1 capsule that was overproduced in CP9.1713
(cll.171 lon-146) established that it was colanic acid (data not
shown).
The group 1 positive regulators RcsA and RcsB were shown

to be present and functional in CP9. rcsA was successfully

disrupted in CP9 (to produce TR91 and TR95). Its phenotype
was confirmed, as the Lon - derivative of TR95, TR97 (rcsASi
lon-146), was nonmucoid but complementation by multicopy
rcsA resulted in mucoid colonies. Disruption of rcsB (to
produce TR92 and TR96) was also successful. Since RcsB is
absolutely necessary for high-level group 1 capsule production
(11), the colonies of the Lon - derivative of TR96, TR98
(rcsB62 lon-146), were nonmucoid, as expected. Furthermore,
the introduction of multicopy rcsA into TR92 (rcsBll) or TR96
(rcsB62) did not produce mucoid colonies. Southern analysis
confirmed the presence of both rcsA and rcsB in CP9. Whole-
cell DNA was digested (with XbaI) within agarose, separated
by pulsed-field gel electrophoresis, and hybridized to either the
0.6-kb HinclI internal fragment from rcsA or the 0.65-kb
AfllI-KpnI internal fragment from rcsB. Single bands of ap-
proximately 278 and 210 kb were seen when CP9 was probed
with rcsA and rcsB, respectively (data not shown). The pres-
ence of Lon protease in CP9 was genetically demonstrated, as
disruption of lon results in mucoid derivatives (TR93, TR293,
and TR1373).
K54 capsule gene protein fusion activity is temperature

dependent. Group 1 capsule production is significantly greater
at 20°C than at 37°C (11). This temperature-mediated effect is
believed to be due to the diminished interaction of RcsA with
RcsB with increasing temperature, resulting in a decrease of
group 1 capsule gene expression. The production of most of
the group 2 capsular serotypes is also temperature dependent,
with production occurring at 37°C but not at 20°C. The K54
serotype is cited as one of the exceptions to this rule, as it is
able to produce capsule at all temperatures (13). However, a
quantitative measurement of this production at various tem-
peratures was necessary for an accurate evaluation of the roles
that Lon, RcsA, and RcsB play in its regulation.
K54 capsule production was quantitatively assessed by mea-

suring alkaline phosphatase activities produced by two inde-
pendent TnphoA fusions into group 2 capsule genes (CP9.29
[c1l.29::TnphoA] and CP9.137 [c1l.137::TnphoA]). The specific
activities of these constructs at various temperatures are
summarized in Table 2. For both CP9.29 and CP9.137, protein
fusion activity increases 3.1- and 2.9-fold, respectively, from 28
to 42°C. To determine if these differences in phoA fusion
activity reflect a functionally significant change in capsule
production, the serum sensitivity of the wild-type strain (CP9)
was measured at these temperatures. We have previously
established that group 2 capsule is an important factor in
complement resistance (27); therefore, significant decreases in
capsule production should be reflected as an increase in serum
sensitivity. CP9 (wild type) was used because it is capsule
positive and serum resistant, unlike CP9.29 and CP9.137,
which are capsule negative and serum sensitive. The serum
sensitivity of CP9 at 28, 33, and 37°C is shown in Fig. 1, plot 2.
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FIG. 1. Serum sensitivities of CP9 (wild type) and its derivatives TR93 (lon), TR97 (rcsA lon), and TR98 (rcsB Ion) grown at 28°C (A), 33°C
(B), and 37°C (C). Serum sensitivity assays were performed at 37°C, in vitro, in 80% NHS as described in Materials and Methods. Kill curves are

representative of at least two experiments for each strain at each temperature. Strains grown at each temperature were also assayed in the presence
of A560C 80% NHS. Growth of all strains was similar under these conditions; therefore, only the data for CP9 are depicted. 1, CP9 (wild type)
in A560C 80% NHS; 2, CP9 (wild type) in 80% NHS; 3, TR93 (lon) in 80% NHS; 4, TR97 (rcsA lon) in 80% NHS; 5, TR98 (rcsB lon) in 80% NHS.

CP9 grew in 80% NHS at all temperatures with an approxi-
mately 10-fold increase in viable counts after 3 h. When
assayed in A560C 80% NHS, the viable counts were slightly
higher (Fig. 1, plot 2). Overall, temperatures ranging from 28
to 37°C did not have a significant effect on serum resistance.
The serum sensitivities of CP9 and all derivatives tested were

increased at 42°C (data not shown). Group 2 K54 capsule gene
fusion activity is increased at this temperature, suggesting that
this effect is independent of the K54 capsule.

Disruption of lon results in a decrease in group 2 capsule
production. Disruption of lon in CP9.29 (CP9.293 [cll.29::
TnphoA lon-146]) and CP9.137 (CP9.1373 [c1l.137::TnphoA
lon-146]) resulted in a decrease of group 2 capsule gene fusion
activity. This effect on fusion activity became more pronounced
as the growth temperature was decreased from 42 to 28°C
(Table 2). Fusion activities in TR1373 (c1l.137::TnphoA lon-
146) and TR293 (cll.29::TnphoA lon-146) were 3.4- and 1.9-

fold less, respectively, than those in CP9.137 (c1l.137::TnphoA)
and CP9.29 (c1l.29::TnphoA) at 28°C. Since decreases in group
2 capsule production are reflected as an increase in serum
sensitivity, the bactericidal effects of 80% NHS were tested
against the wild-type strain CP9 and its Lon- derivative, TR93
(lon-146). As seen in Fig. IA, plot 2, viable counts of CP9
increased 10-fold in 80% NHS over 3 h at 28°C, as expected. In
contrast, TR93 (lon-146) (Fig. 1A, plot 3) incurred a 10-fold
loss in viability under the same conditions. Therefore, at 28°C,
lon disruption significantly affected group 2 K54 capsule pro-
duction. This effect of lon inactivation, as measured by both
fusion activity and serum sensitivity, was present but dimin-
ished with increasing temperature (Table 2 and Fig. 1B and C,
plot 3). It was also specific, as the disruption of a group 1
capsule structural gene (cps-3) did not alter group 2 capsule
production. The group 2 capsule gene fusion activities of
CP9.29 (c1l.29::TnphoA) and CP9.137 (c1l.137::TnphoA) were
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TABLE 3. RcsA is a negative regulator of group 2 K54 capsular polysaccharide

Temp PhoA sp acta
(OC) TR29lb TR295c TR1371d TR1375e

28 1.52 ± 0.07 (0.90) 1.74 ± 0.06 (1.1) 1.10 ± 0.08 (0.95) 1.12 ± 0.07 (1.0)
33 2.31 ± 0.16 (1.0) 2.75 ± 0.11 (1.2) 2.17 ± 0.08 (1.1) 1.52 ± 0.05 (0.70)
37 4.51 ± 0.28 (1.1) 4.84 ± 0.11 (1.1) 3.02 ± 0.09 (1.2) 1.75 ± 0.05 (0.60)
42 6.67 ± 0.19 (1.3) 4.85 ± 0.20 (0.70) 3.87 ± 0.05 (1.2) 2.50 ± 0.04 (0.60)

a See Table 2, footnote a.
b Numbers in parentheses indicate the ratio of PhoA activity of TR291 (clJ.29::TnphoA rcsA472) to that of CP9.29 (c11.29::TnphoA).
Numbers in parentheses indicate the ratio of PhoA activity of TR295 (c11.29::TnphoA rcsASJ Ion-146) to that of TR291 (c11.29::TnphoA rcsA472).

d Numbers in parentheses indicate the ratio of PhoA activity of TR1371 (rcsA472) to that of CP9.137 (c11.137::TnphoA).
e Numbers in parentheses indicate the ratio of PhoA activity of TR1375 (c11.137::TnphoA rcsASJ lon-146) to that of TR1371 (c11.137::TnphoA rcsA472).

equivalent to those of their cps-3 disrupted derivatives, TR294
(c11.29::TnphoA cps-3) and TR1374 (c11.137::TnphoA cps-3), at
all temperatures, as were the serum resistances of CP9 and its
cps-3 disrupted derivative, TR94 (cps-3) (data not shown).
The negative regulation of group 2 capsule is mediated by

RcsA at 28°C. Levels of RcsA increase significantly with the
disruption of lon, since RcsA is a substrate of Lon protease
(11). The down regulation of the group 2, K54 capsule, seen
with the disruption of lon, suggests that RcsA may be a
negative regulator of group 2 capsule synthesis in addition to
its established role as a positive regulator of group 1 capsule
synthesis. To test this hypothesis, group 2 capsule fusion
activity was measured in the CP9.29 and CP9.137 derivatives
with a disruption in rcsA alone (TR291 [cll.29::TnphoA
rcsA72] and TR1371 [cll.137::TnphoA rcsA472]) and in the
derivatives with disruptions in rcsA and lon (TR295
[cll.29::TnphoA rcsASl lon-146] and TR1375 [cll.137::TnphoA
rcsASl lon-146]). If the negative regulation of the K54 group 2
capsule was RcsA mediated, then the fusion activities of
TR291 and TR1371 should be equivalent to those of TR295
and TR1375, respectively. At 28°C, the fusion activities in these
constructs were equivalent (Table 3), demonstrating that the
negative regulation of the group 2 K54 capsular polysaccha-
ride, at this temperature, is mediated by RcsA. The loss of
serum resistance that occurred in TR93 (lon-146) at 28°C
should also be restored in its RcsA- derivative TR97 (rcsASl
lon-146) if the effect is RcsA mediated. This prediction held
true for the first hour, as viable counts increased at a rate
similar to that in CP9 (wild type, serum resistant). Over the
next 2 h, however, viable counts decreased (Fig. 1A, plot 4).
This result was highly reproducible when repeated on four
separate occasions. Since TR97 (rcsASl lon-146) was grown at
28°C but underwent serum sensitivity testing at 37°C, per
convention, the results supported the existence of an effect of
RcsA on the negative regulation of the group 2 K54 capsule at
28°C, which is reflected by the initial hour of this experiment.

However, it is likely that the cell transformed into its 37°C
phenotype during the latter portion of the assay. The decrease
in the titer of TR97 over the last 2 h was consistent with a
diminished effect of RcsA at 37°C. Since serum resistance was
not restored to the normal level over this period, these results
also suggested that another unidentified Lon-sensitive negative
regulator existed and was active at this temperature. Compar-
ison of the group 2 capsule gene fusion activities of TR291
(c11.29::TnphoA rcsA472) with TR295 (c11.29::TnphoA rcsASi
lon-146) and of TR1371 (cll.137::TnphoA rcsA 72) with
TR1375 (c11.137::TnphoA rcsA72 lon-146) at 37 and 42°C
support this hypothesis. The ratios of activities of TR295 to
TR291 were 1.1 and 0.6 and those of TR1371 to TR1375 were
0.7 and 0.6 at 37 and 42°C, respectively (Table 3). If RcsA was
the sole mediator of negative regulation of group 2 capsule
gene fusion activity at these temperatures, one would predict
these ratios to be equal to 1.0. The serum sensitivity of TR97
(rcsASl lon-146) at 33 and 37°C again suggested a decreased
role of RcsA and the existence of another negative regulator
for group 2 capsule production at temperatures greater than
28°C. Not even at the 1-h time point was there significant
recovery of serum resistance, as was previously seen at 28°C
(Fig. 1B and C, plot 4).

Negative regulation of group 2 capsule synthesis by RcsA is
RcsB dependent. The positive regulation of group 1 capsule by
RcsA is mediated through RcsB (11); therefore, the role of
RcsB in group 2 K54 capsule regulation was evaluated. If the
negative regulatory effect of RcsA on K54 capsule production
is RcsB dependent, then the fusion activities of TR292
(c11.29::TnphoA rcsBll), TR1372 (c11.137::TnphoA rcsBll),
and their Lon- derivatives (TR296 [c11.29::TnphoA rcsB62
lon-146] and TR1376 [c11.137::TnphoA rcsB62 lon-146]) should
be equivalent. At 28°C these activities were equivalent (Table
4), demonstrating that the effect of RcsA on the group 2 K54
capsule is RcsB dependent. The serum resistance of TR97
(rcsB62 lon-146) grown at 28°C was initially restored but,

TABLE 4. Negative regulation of the group 2 K54 capsular polysaccharide by RcsA is RcsB dependent

Temp PhoA sp act'
(OC) TR292b TR296C TR1372d TR1376e

28 1.89 ± 0.08 (1.1) 1.78 ± 0.04 (0.90) 1.66 ± 0.10 (1.4) 1.56 ± 0.04 (0.90)
33 2.91 ± 0.13 (1.2) 3.05 ± 0.12 (1.0) 2.27 ± 0.07 (1.2) 2.42 ± 0.05 (1.1)
37 4.65 ± 0.10 (1.1) 4.45 ± 0.15 (1.0) 3.48 ± 0.11 (1.4) 2.64 ± 0.05 (0.80)
42 7.45 ± 0.31 (1.5) 3.89 ± 0.25 (0.50) 4.05 ± 0.08 (1.2) 3.04 ± 0.09 (0.75)

a See Table 2, footnote a.
b Numbers in parentheses indicate the ratio of PhoA activity of TR292 (cIJ.29::TnphoA rcsBII) to that of CP9.29 (cl1.29::TnphoA).
c Numbers in parentheses indicate the ratio of PhoA activity of TR296 (c11.29::TnphoA rcsB62 Ion-146) to that of TR292 (clJ.29::TnphoA rcsBII).
d Numbers in parentheses indicate the ratio of PhoA activity of TR1372 (cI1.137::TnphoA rcsBJJ) to that of CP9.137 (c11.137::TnphoA).
e Numbers in parentheses indicate the ratio of PhoA activity of TR1376 (c11.137::TnphoA rcsB62 lon-146) to that of TR1372 (c11.137::TnphoA rcsBII).

VOL. 175, 1993

 on S
eptem

ber 21, 2020 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


7622 RUSSO AND SINGH

similar to the case with TR96 (rcsASJ lon-146), diminished
with continued exposure to 80% NHS at 37°C (Fig. IA, plot 5).
The results of testing the group 2 K54 gene fusion activities
and serum sensitivities of these constructs at higher tempera-
tures were similar to those seen in the evaluation of RcsA
(Table 3 and Fig. 1B and C, plot 5). These results demonstrate
that the negative regulatory effects of RcsA on group 2 capsule
production at 28°C are mediated through RcsB and that the
effect of RcsA diminishes with increasing temperature. They
also support the contention that there exists another Lon
protease-sensitive negative regulator of group 2 K54 capsule
production, which is active at these higher temperatures.

DISCUSSION

We have established that CP9, an extraintestinal isolate of E.
coli, can be induced to produce colanic acid, a group 1 capsular
polysaccharide, in addition to its constitutive production of a
group 2 K54 capsule. The group 1 positive regulators, RcsA
and RcsB, and the negative regulator Lon protease are present
and act on group 1 capsule production as previously described
for K-12 and K30 strains (11, 16, 18). The effects of these
regulators on the group 2 K54 capsule were assessed by two
separate methods that utilized various CP9 constructs with
disruptions of rcsA, rcsB, lon, rcsA and lon, and rcsB and lon.
The first method measured changes in activities of two inde-
pendent group 2 K54 capsule gene protein fusions. The second
method evaluated the serum sensitivities of these strains.
These results established that RcsA serves as a negative
regulator of group 2 capsule production in a functionally
significant manner. The negative regulatory activity of RcsA on
the group 2 K54 capsule is greatest at 28°C and is RcsB
dependent. This negative regulatory effect decreases with a rise
in temperature. The existence of another Lon protease-sensi-
tive negative regulator of the K54 capsular polysaccharide was
also suggested.
Comprehension of the types and roles of capsular polysac-

charides produced by E. coli is expanding. The bacteremic
isolate that we are studying, as a model for extraintestinal
pathogenic strains, is capable of producing both a group 1 and
a group 2 capsular polysaccharide. Previously, group 1 capsules
were associated with nonpathogenic or occasionally with en-
teric isolates of E. coli, and coexpression or switching to group
2 capsule production had not been observed (15). A recent
study, however, demonstrated that several group 2 strains
could be induced to produce high levels of the group 1 capsule
colanic acid (18). In conjunction with our findings, this suggests
that although only certain strains of E. coli can produce a
group 2 capsular polysaccharide, many, if not all, may be
capable of producing a group 1 capsule. It has also been
previously suggested that colanic acid does not represent a true
group 1 capsule but is in its own category, designated slime
polysaccharide or M antigen. An increasing body of evidence
indicates that this separation is artificial. Colanic acid is allelic
to the group 1 capsule K30, and its regulators are highly
homologous and function in a similar manner (16, 18). Our
understanding of group 2 capsules is also in flux. Several recent
studies have tentatively classified certain group 2 serotypes
such as K10 and K54 as group 1/2. This designation is based on
these serotypes having low CMP-2-keto-3-deoxyoctulosonic
acid synthetase activity and lack of DNA homology to the
group 2 capsule genes in regions 1 and 3 (6, 9). The tentative
establishment of a group 1/2 and the placement of the K54
capsule within such a category, however, appears to warrant
further evaluation. K54 is unified with other group 2 capsular
serotypes on genetic, chemical, and, perhaps most importantly,

epidemiologic and pathogenic bases. Group 2 isolates are
associated with extraintestinal disease, whereas group 1 iso-
lates rarely, if ever, invade outside the gastrointestinal tract.
Designating K54 as being in a group 1/2 may create confusion
with respect to its pathogenic potential. If differences between
group 2 serotypes and the tentative group 1/2 capsules neces-
sitate reclassification, perhaps group 2A and 2B designations
may be more appropriate.
The role for the group 1 colanic acid capsule in CP9 and in

E. coli in general remains to be defined. Unequivocal data
establishing group 1 capsules of E. coli as virulence factors in
either enteric or nonenteric strains is presently lacking, and the
existence of possible nonpathogenic functions has been spec-
ulative. We have previously demonstrated that the constitu-
tively produced group 2 K54 capsule is a major virulence
determinant both in vitro and in vivo (26, 27). The group 2
capsular antigen K1 is also widely held to be a major virulence
factor (17, 23). Interestingly, the down regulation of the K54
capsule in CP93 (lon-146) results in a degree of serum sensi-
tivity that is intermediate relative to those of CP9 (wild type,
serum resistant) and its capsule-negative derivatives (e.g.,
CP9.29 and CP9.137). Similar results have also been seen in
some derivatives from E. coli Kl strains (19). These results
suggest that the amount of capsule present may confer the
degree of serum resistance, rather than an all-or-none effect.
The effect of multicopy rcsA and rcsB on group 2 capsule

protein fusion activity and serum sensitivity was not reported in
this study for two reasons. First, plasmids carrying these genes
were cured from CP9 backgrounds at >90% efficiency, even
under ampicillin pressure. Second, the significance of mea-
sured effects due to regulators present at levels that may be
nonphysiologic is unclear. Since disruptions of rcsA, rcsB, cps,
and lon in CP9 were created via transduction from a noniden-
tical background (K-12), it is possible that additional genomic
rearrangements that affected the group 2 K54 capsule gene
fusion activity may have occurred. For that reason, two inde-
pendent fusions and their corresponding constructs were as-
sayed. The similar trends obtained from each set of these
constructs suggest that such an occurrence was unlikely.

It is not surprising that RcsA and RcsB affect production of
both group 1 and group 2 capsular polysaccharides; in fact, this
would seem more efficient, considering that the functions of
these capsules appear to be divergent (e.g., with respect to
serum sensitivity) (20, 27). The environmental circumstances
that dictate the need for one type most likely make the
production of the other unnecessary. Our data suggest that
another Lon-sensitive negative regulator of group 2 K54
capsule production, other than RcsA, exists and is active at
temperatures greater than 28°C. For Klebsiella pneumoniae,
the rmpA gene which encodes a Lon-sensitive positive regula-
tor of the mucoid (group 1-like) capsule has been described
(22). It is not homologous to rcsA, but its protein product
possesses RcsA-like activity. Whether this regulator is similar
to the undefined negative regulator of group 2 K54 capsule
production is one of the questions which awaits further study.
Undoubtedly, other factors that play a role in the regulation of
the group 2 capsule will be discovered. The increased serum
kill of TR93 (lon-146) at 28°C is still only one-third of that seen
in capsule-negative strains (27), implying that residual K54
antigen persists. We are presently using strains possessing
group 2 K54 capsule gene fusions to identify additional regu-
lators of capsular polysaccharide.
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