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The Shigella outer membrane protease IcsP removes the actin assembly protein IcsA from the bacterial
surface, and consequently modulates Shigella actin-based motility and cell-to-cell spread. Here, we demonstrate
that IcsP expression is undetectable in mutants lacking either of two transcriptional activators, VirF and VirB.
In wild-type Shigella spp., virB expression is entirely dependent on VirF; therefore, to circumvent this regula-
tory cascade, we independently expressed VirF or VirB in Shigella strains lacking both activators and measured
both IcsP levels and transcription from the icsP promoter. Our results show that VirB significantly enhanced
icsP transcription, even in the absence of VirF. In contrast, when VirF was induced in the absence of VirB, VirF
had variable effects. The regulation of icsP is distinctly different from the regulation of the gene encoding its
major substrate, icsA, which is activated by VirF and not VirB. We propose that the different pathways
regulating icsA and icsP may be critical to the modulation of IcsA-mediated actin-based motility by IcsP.

Shigella spp., gram-negative bacterial pathogens cause se-
vere and bloody diarrhea in their human hosts by invading and
spreading through the colonic epithelium. Shigella movement
within the host cell cytoplasm is dependent on the ability of the
bacterium to recruit host cell actin to its surface to form an
“actin tail,” which propels the bacterium from one cell to
another (5, 16, 29). Actin tail assembly is mediated by a single
bacterial protein, IcsA, which is found on the outer surface at
one pole of the bacterium (17). This asymmetric localization of
IcsA ensures that actin assembly occurs in a directional man-
ner. In its mature form, IcsA is comprised of two domains: the
� domain (residues 53 to 758) contains the determinant for
actin assembly (14) and extends from the bacterial surface into
the extracellular environment, whereas the � domain (residues
759 to 1102) is embedded in the outer membrane (33). The
amount of IcsA � domain exposed on the bacterial surface
correlates with the efficiency of actin tail formation in the
cytoplasm of infected cells (21).

IcsP, an outer membrane protease of Shigella, cleaves IcsA
between Arg758 and Arg759, removing the entire IcsA � do-
main from the bacterial surface (8, 13, 15a, 31). Overexpres-
sion of IcsP leads to complete removal of the IcsA � domain
from the bacterial cell surface (32), whereas genetic disruption
of icsP increases the total amount of cell associated IcsA �
domain, leading to an increase in the rate of actin-based move-
ment of Shigella (31). Although IcsP is not required for polar
localization of IcsA (6, 28), it contributes to the maintenance
of a tight polar cap of IcsA on the bacterial surface (31).
Furthermore, as Shigella enter stationary phase, the amount of
cell-associated IcsA � domain decreases dramatically, an effect
due at least in part to IcsP (18, 32).

These data demonstrate that IcsP plays an important role in

modulating the amount of the IcsA � domain present on the
bacterial surface and indicate that the amount of IcsA ex-
pressed on the bacterial surface correlates with the efficiency of
Shigella actin-based motility. Given the importance of actin-
based motility in Shigella pathogenesis, we postulate that it
would be advantageous for IcsP to be tightly regulated. Here,
we investigate the regulation of IcsP by two regulators of Shi-
gella virulence protein expression, VirF and VirB.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plasmids
used in the present study are listed in Table 1. Bacteria were grown routinely at
37°C in Luria-Bertani (LB) broth (23) with aeration or on LB agar (LB broth
containing 1.5% [wt/vol] agar). Antibiotics were added at the following final
concentrations: ampicillin, 100 �g ml�1; chloramphenicol, 25 �g ml�1; kanamy-
cin, 50 �g ml�1; and tetracycline, 12.5 �g ml�1. Where appropriate, to ensure
that Shigella strains had maintained the large virulence plasmid during manipu-
lation, Congo red binding was tested on Trypticase soy broth agar plates con-
taining 0.01% (wt/vol) Congo red (Sigma Chemical Co., St. Louis, Mo.).

Construction of reporter plasmids. The icsP reporter plasmid pHJW6 was
constructed as follows. The icsP promoter (the 1,256-bp sequence located up-
stream of the icsP transcription start site) and icsP gene were isolated from the
high-copy-number plasmid pAM4 (31) and cloned into the lower-copy-number
plasmid pACYC184, so that the icsP gene is in the opposite orientation to the
disrupted tetracycline resistance cassette. pHJW7, which is derived from pHJW6,
carries the icsP promoter and the first 48 bp of the icsP coding region, cloned
upstream of a translation stop site and a promoterless lacZ gene, so that expres-
sion of lacZ is directly regulated by the icsP promoter.

Construction of S. flexneri strains. The S. flexneri 2457T virF mutant MBG338
was created as follows. A 570-bp fragment internal to the coding sequence of virF
(extending from 131 bp to 701 bp of the open reading frame) was amplified by
PCR from 2457T template and cloned into the ampicillin-resistant suicide vector
pCVD442. The resultant plasmid (pMBG326) was introduced into the tetracy-
cline-resistant S. flexneri strain BS109 by conjugation, and transconjugants were
selected on ampicillin and tetracycline plates. Integration of the vector into the
virF locus was verified by Southern blotting. The targeted virF disruption was
then transduced into the S. flexneri wild-type strain by using P1L4 phage trans-
duction and, again, integration at the virF locus was verified by Southern blotting.

The S. flexneri 2457T virB mutant AWY3 was created by moving the kanamy-
cin-resistant locus from YSH6000 virB::Tn5 (gift of C. Sasakawa [1]) into the S.
flexneri wild-type strain 2457T by transduction (as described above). To create
the virF virB Shigella mutant AWY7, the ampicillin-resistant locus from MBG338
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was transduced into the virB mutant AWY3. The icsP transcriptional reporter
strain AWY8 was derived from AWY7 as follows. A fragment carrying the
icsP-lacZ fusion from pHJW7 was cloned into the suicide plasmid pFSV-1 (a gift
of J. Bliska [4]). The resultant plasmid, pAWY7, was introduced into the Esch-
erichia coli strain SY327 �pir and then mobilized into AWY7 by conjugation.
Transconjugants were selected by plating on tetracycline.

For strains generated in the present study, integration into the appropriate
locus and, where appropriate, the presence of virF, virB, icsA, and icsP were
routinely verified by PCR.

Construction of pBAD derivatives and inducible virF and virB expression
constructs. Where necessary, virF and virB were supplied in trans on the arabi-
nose-inducible expression vector pBAD18. The virF or virB gene was amplified
by PCR from 2457T template and cloned into the multiple cloning site so that its
expression was under the control of the L-arabinose-inducible araBAD promoter,
thereby generating pBAD-virF and pBAD-virB. To introduce pBAD-virF or
pBAD-virB into ampicillin-resistant strain backgrounds, tetracycline or chloram-
phenicol resistance derivatives were generated by cloning the respective resis-
tance genes into the ScaI site in the bla gene of pBAD18. All pBAD plasmids
carrying virF or virB were checked for their ability to complement the Congo red
minus phenotype of a virF mutant or a virB mutant, respectively, when grown in
the presence of 0.2% (wt/vol) L-arabinose.

Quantification of IcsP levels in Shigella. Throughout this study, IcsP expres-
sion was measured in mid-exponential-phase cultures because preliminary ex-
periments had shown that IcsP is first detected in wild-type cells under these
conditions (data not shown). Cells were routinely back-diluted 1:100 from an
overnight culture and grown for 4 to 5 h in LB (at which point the A600 was �2.5).
To examine the effect of expressing virF or virB from the pBAD vectors, cells
were instead back-diluted 1:100 in 5 ml of LB medium containing 0.2% (wt/vol)
glucose and, after 4 to 5 h were harvested, washed with an equivalent volume of
LB medium and diluted 5-fold into LB medium containing either 0.08% (wt/vol)
L-arabinose or 0.08% (wt/vol) D-arabinose. Cultures were then grown for an
additional 2 h before being harvested.

Whole-cell protein extracts were prepared as described previously (32). Pro-
teins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Equivalent amounts of protein were loaded by normalizing the harvest
volume to cell density. Western blot analysis was performed with an affinity-
purified IcsP rabbit antiserum (32) and by enhanced chemiluminescence
(Pierce). Integrated density measurements were performed by using Quantity-
One software on a Bio-Rad Gel Doc 2000 system.

Quantification of transcription from the icsP promoter. Transcription from
the icsP promoter was determined by measuring �-galactosidase activity (as
described previously [20] by using the Miller protocol) in AWY8 or strains
carrying pHJW7. Routinely, transcription was analyzed in mid-exponential-
phase cultures. Cells were back-diluted 1:100 and grown for 4 to 5 h in LB
medium. To examine the effect of expressing virF or virB from the pBAD vectors,
cells were instead grown as described above before being harvested for �-galac-
tosidase quantification.

RESULTS AND DISCUSSION

IcsP expression is dependent on virulence plasmid encoded
loci. IcsP is encoded by a monocistronic operon on the large
(230-kb) virulence plasmid of Shigella (13, 31). Many virulence
plasmid loci are regulated by factors encoded by the virulence
plasmid. To examine IcsP expression in strains with or without
the virulence plasmid, a low-copy-number plasmid carrying the
icsP operon (pHJW6) was introduced into both S. flexneri 2a
strain 2457T cured of the virulence plasmid (BS103) and a
2457T icsP mutant. Since both strains lacked the native icsP
gene but carried the icsP reporter plasmid (pHJW6), direct
comparison of IcsP expression could be made. Approximately

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Descriptiona Source or reference

Strains
E. coli

MC4100 Wild type 25
MC4100 hns MC4100 hns::Knr 38

S. flexneri
2457T Wild type serotype 2a 15
BS103 2457T cured of the virulence plasmid 22
AWY3 2457T virB::Tn5 This work
AWY7 2457T virF::pMBG326 virB::Tn5 This work
AWY8 2457T virF::pMBG326 virB::Tn5 PicsP-lacZ This work
MBG338 2457T virF::pMBG326 This work
MBG341 2457T icsP::Ampr 31
SY327 �pir SY327 with integrated pir 24
YSH6000 Wild type serotype 2a 1
YSH6000 virB YSH6000 virB::Tn5 1

Plasmids
pACYC184 Cloning vector; Tetr/Cmr 26
pAM4 pBC-KS-icsP 31
pATM324 pBAD-virB; Ampr 30
pBAD18 Arabinose-inducible pBAD expression vector, pBRori; Ampr 19
pAWY7 pFSV-1-PicsP-lacZ Tetr This work
pHJW4 pBAD18-virF; Ampr This work
pCVD442 suicide vector; Ampr 9
pFSV-1 suicide vector; Tetr 4
pHJW6 icsP promoter and gene cloned into pACYC184 This work
pHJW7 icsP promoter transcriptionally fused to lacZ in pACYC184 This work
pHJW14 pBAD18-cat; Cmr This work
pHJW16 pHJW14-virB; Cmr This work
pHJW17 pBAD18-tet; Tetr This work
pMBG326 Suicide vector pCVD442 containing internal fragment of virF; Ampr This work

a Ampr, ampicillin resistance; Tetr, tetracycline resistance; Cmr, chloramphenicol resistance; Knr, kanamycin resistance.
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fivefold more IcsP was detected in the strain carrying the
virulence plasmid (Fig. 1, lane 1 compared to lane 2). The
plasmid copy number was comparable in the two strains. These
results indicate that virulence plasmid encoded factors posi-
tively regulate IcsP expression.

IcsP is undetectable in virF and virB mutants of Shigella.
VirF and VirB (InvE) are virulence plasmid encoded transcrip-
tion factors that regulate many genes encoded by the Shigella
virulence plasmid (12). Virulence gene expression is thermo-
regulated and maximal at 37°C. At this temperature, VirF
activates the transcription of icsA and virB (invE). VirB, whose
expression is completely dependent on VirF, in turn activates
additional genes, most of which are found within the 31-kb
invasion locus of the virulence plasmid (12), which encodes the
Shigella type III secretion apparatus. Since we had demon-
strated that the absence of the virulence plasmid results in a
decrease in IcsP expression, we investigated whether this phe-
notype was due to the loss of virF and/or virB. In mutants
lacking virF (MBG338), virB (AWY3), or both (AWY7), IcsP
was markedly reduced (Fig. 2). The absence of IcsP in these
strains was due to the lack of either VirF or VirB, because IcsP
expression was restored in the virF and virB mutants by
complementation with virF or virB, respectively (data not
shown). Of note, the band corresponding to IcsP in the viru-
lence plasmid cured strain (Fig. 1, lane 2) was more prominent
than those in the virF (MBG338), virB (AWY3), and virF virB
mutants (AWY7) (Fig. 2). This was likely due to differences in
exposure of the blots and the presence of icsP on the multicopy
reporter plasmid (pHJW6) in the virulence plasmid-cured
strain (Fig. 1). Since virF mutants do not express VirB (1, 35),
these results suggest that VirF has no significant effect on IcsP
expression under these experimental conditions (Fig. 2, virB
mutant) and that VirB increases IcsP expression.

Expression of VirF or VirB independently increases IcsP
levels. To investigate whether each activator contributes inde-
pendently to the expression of IcsP, IcsP levels were measured
in strains lacking both virF and virB but supplied with either
virF or virB in trans. Virulence plasmid-cured Shigella (BS103)
containing the icsP reporter plasmid (pHJW6) and the virF
virB Shigella mutant (AWY7) were each supplied with either
virF or virB under the control of the arabinose promoter on a
multicopy vector (PBAD-virF and PBAD-virB). When virB was
induced, IcsP levels were increased 7.3-fold in virulence plas-
mid-cured Shigella carrying the icsP reporter plasmid,
BS103(pHJW6), and by 5.7-fold in the virF virB mutant
(AWY7; Fig. 3, showing the results of duplicate experiments).
These data confirm that VirB positively regulates IcsP in the
absence of VirF.

Surprisingly, when virF was expressed at high levels in either
strain background, IcsP levels increased significantly, albeit by
small amounts [1.8-fold in BS103(pHJW6) and 2.4-fold in
AWY7; Fig. 3C]. These results contrast with those shown in
Fig. 2, where native levels of VirF did not significantly increase
IcsP expression in the absence of VirB, and indicate that VirF
may regulate IcsP expression independently of VirB. Although
in this experiment, the increase in IcsP expression may be
caused by supraphysiological levels of VirF, it is possible that
regulation of IcsP by VirF may be physiologically relevant
under experimental conditions not examined in the present
study or may have been relevant at some prior point in Shigella
evolution. Regardless of whether IcsP was expressed from the
icsP reporter plasmid (pHJW6 in BS103) or from the native
gene (in AWY7), regulation by VirF and VirB followed a
similar pattern, indicating the low-copy plasmid encoding icsP
(pHJW6) was a reasonable reporter of IcsP expression.

VirB significantly enhances transcription of icsP. To exam-
ine the effect of VirB on icsP transcription, we measured �-ga-
lactosidase production from a low-copy-number icsP-lacZ tran-
scriptional reporter (pHJW7) in virulence plasmid-cured
Shigella and in the virF virB mutant (AWY7), each carrying
PBAD-virB. When virB was induced in each strain, transcription
from the icsP promoter was significantly increased, indicating
that VirB activates icsP transcription (Table 2).

FIG. 1. Comparison of IcsP levels in Shigella strains with or without
the virulence plasmid. Western blot analysis of the icsP mutant
(MBG341) (lane 1) and virulence plasmid-cured Shigella (BS103)
(lane 2), each carrying the icsP reporter plasmid (pHJW6), was per-
formed with IcsP antiserum. Equivalent amounts of total cellular pro-
tein were loaded onto the gel for the two strains. The experiment was
repeated three times, and representative data are shown. Apparent
molecular masses are indicated in kilodaltons.

FIG. 2. IcsP levels in the absence of the transcriptional activators
VirF and VirB. Western blot analysis of total cellular protein harvested
from wild-type Shigella (2457T), the icsP mutant (MBG341), the virF
mutant (MBG338), the virF virB mutant (AWY7), and the virB mutant
(AWY3) was performed with IcsP antiserum. Apparent molecular
masses are indicated in kilodaltons.
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DNA topology has been shown to influence transcription
(11). Therefore, we proceeded to measure transcription from
the icsP promoter in its natural context. An icsP-lacZ transcrip-
tional reporter was integrated onto the Shigella virulence plas-
mid at the native icsP locus in a virF virB mutant. The resultant
strain, AWY8, carries both an icsP-lacZ transcriptional fusion
at the locus normally occupied by the icsP gene and a second
copy of the icsP promoter controlling the native gene down-
stream of the integrant. Transcription from the icsP promoter
in AWY8 was increased by 2.6-fold in the presence of VirB
(Table 2). Taken together, these data demonstrate that VirB
positively regulates the icsP at the level of transcription.

Interestingly, activation of the icsP promoter by VirB was
significantly greater in virulence plasmid-cured Shigella
(BS103) than in the virF virB mutant (AWY7), suggesting that
the presence of the virulence plasmid inhibits transcription
from the icsP promoter. One possibility is that VirB activation
of icsP is modulated by a virulence plasmid factor. Alterna-
tively, since the intracellular concentration of VirB has been
shown to correlate with levels of virulence gene expression (3),
reduced levels of activation by VirB in the presence of the
virulence plasmid could be caused by titration of VirB by other
VirB binding sites. It was also notable that icsP promoter
activation from the integrated reporter (in AWY8) was lower
than icsP promoter activation from the plasmid-borne report-
ers (in BS103 and AWY7), suggesting the context of the icsP
promoter modulates its activation by VirB.

Although our data do not distinguish whether the effect of
VirB on the icsP promoter is direct or indirect, VirB increases
transcription from the icsP promoter in both virulence plas-
mid-cured Shigella (BS103; Table 2) and E. coli (data not
shown), a finding consistent with a direct effect. Recently, a
consensus binding site has been described for VirB in S. sonnei
(34). Our analysis of the icsP promoter region has revealed five
sites that are similar to those identified in S. sonnei, with one
(GAGAAAT), located 172 bp upstream of the proposed tran-
scription start site, having a complete match to the consensus
(A/G)(A/T)G(G)AAAT sequence (13). It is not yet known
whether any of these putative VirB binding sites is required for
the regulation of icsP by VirB.

The icsP promoter is repressed by H-NS and derepressed by
VirB. The virB gene lies immediately adjacent to the ipa-mxi-
spa region of the virulence plasmid. Previously, VirB has been
shown to increase transcription from three promoters in the
ipa-mxi-spa region of the virulence plasmid (PicsB, PipgD, and
Pspa [1, 10, 37]), as well as from the virA promoter, which is
found in a distinct region on the virulence plasmid (36). The
icsP gene is located close to the origin of replication of the
virulence plasmid, which is distant from and directly opposite
the ipa-mxi-spa locus on a circular map. Therefore, whereas
virB and the ipa-mxi-spa locus were likely incorporated into the
virulence plasmid as a single evolutionary event, it seems likely
that icsP and virA were acquired in distinct events, implying
that VirB regulation of icsP and virA may have evolved re-
cently.

Each of the previously described VirB-regulated promoters
is repressed by the nucleoid structuring protein H-NS, leading
to the proposal that the role of VirB at these promoters is one
of derepression rather than activation (2). To examine whether
the icsP promoter was also repressed by H-NS and derepressed
by VirB, we examined both icsP transcription in the presence
or absence of H-NS and the effect of VirB on icsP transcription
under these conditions. �-Galactosidase production from the
icsP::lacZ fusion plasmid (pHJW7) was compared for an E. coli
MC4100 hns mutant (MC4100 hns::Kn) and the wild-type
strain MC4100 after growth at either 30 or 37°C with or with-
out induction of VirB expression from the PBAD-virB plasmid.
At both temperatures, regardless of whether VirB was present,
icsP transcription was increased in the hns mutant compared to
the wild type (Table 3), a finding consistent with H-NS repres-
sion of the promoter. Furthermore, in the wild-type back-
ground when VirB was induced transcription was significantly

FIG. 3. Effect of independent expression of VirF or VirB on IcsP
levels. Western blot analysis of Shigella strains deficient for both virF
and virB but supplied in trans with either virF or virB expressed from an
arabinose-inducible promoter was carried out. IcsP expression was
measured in (i) virulence plasmid-cured Shigella (BS103) carrying the
icsP reporter plasmid (pHJW6) or (ii) the virF virB mutant (AWY7).
Cells were grown either with (�) or without (�) induction of virB
(A) or virF (B), and data from duplicate experiments are shown.
(C) Quantification of bands by integrated densitometry. Approxi-
mately fourfold less protein was loaded in the top blot of each panel,
due to the presence of icsP on a multicopy plasmid in the virulence
plasmid-cured strain.

TABLE 2. Activation of icsP-lacZ transcriptional fusions by VirB

Strain Genotypea

�-Galactosidase
expressionb Fold activation

(mean � SD)
Uninduced Induced

BS103(pHJW7) 2457T vir. plasmid-cured
PicsP-lacZ

260 3,996 15.4 � 0.7

AWY7(pHJW7) 2457T virF virB PicsP-
lacZ

1,284 10,119 7.9 � 0.9

AWY8 AWY7 PicsP-lacZ 5,384 13,749 2.6 � 0.1

a In all backgrounds, virB was carried on a pBAD18 derivative.
b In Miller units. Data are the means of three experiments.
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increased at both 30 and 37°C (5.4- and 1.8-fold, respectively).
Interestingly, in the hns strain no additional increase in pro-
moter activity was observed when VirB was induced, a finding
consistent with VirB derepressing the icsP promoter rather
than activating it per se. It has been reported that the copy
number of at least some plasmids is lower in an hns mutant
background (7); since icsP expression was increased in the hns
mutant, such a difference in copy number could not be respon-
sible for these results. We conclude, therefore, that the icsP
promoter is repressed by H-NS at both 30 and 37°C and that
VirB can overcome this repression to some extent at both
temperatures, although more effectively at 30°C (Table 3; 5.4-
fold compared to 1.8-fold at 37°C). Thus, the regulation of the
icsP promoter by H-NS is similar to that previously described
for other VirB-regulated promoters.

Role of VirF in transcription of icsP. We also examined
whether expression of VirF enhanced transcription of icsP in
the absence of VirB. We observed variable and nonreproduc-

ible effects of VirF on expression of the icsP-lacZ reporters in
each of the strain backgrounds described above. In the pres-
ence of VirF, icsP transcription was unchanged or increased up
to 1.5-fold. Nevertheless, in control experiments, induction of
the same virF construct increased expression of an icsA-lacZ
fusion 2.9-fold, similar to the 2.5- to 5-fold activation of icsA by
VirF that has been reported previously (27), indicating that the
virF construct was functional. We were unable to define exper-
imental conditions in which activation of icsP-lacZ was repro-
ducible. Since small increases in transcription can lead to sig-
nificant increases in steady-state levels of protein, a minor
effect on icsP transcription could possibly account for the ob-
served increases in IcsP protein (Fig. 3). Moreover, overall
protein expression was not significantly altered in the presence
of VirF (data not shown), suggesting increases in IcsP expres-
sion by VirF are specific.

Since the possibility remained that VirF might contribute to
the regulation of icsP in the presence of VirB, we examined

FIG. 4. Model of the distinct regulatory pathways that modulate IcsP and IcsA expression in Shigella. VirF positively regulates transcription of
icsA and virB. This increases the amount of IcsA on the bacterial surface and leads to increased levels of VirB. VirB positively regulates
transcription of icsP, leading to an increase in IcsP from its basal level of expression. VirF may, under certain circumstances, also increase IcsP
expression (see the text).

TABLE 3. Repression of icsP-lacZ by H-NS and derepression by VirB

Strain Genotypea

Fold activationb (mean � SD) at:

30°C 37°C

Uninduced Induced Uninduced Induced

MC4100 (pHJW7) Wild type PicsP-lacZ 1.0 � 0.1 5.4 � 0.3 0.8 � 0.1 1.8 � 0.1
MC4100 hns (pHJW7) hns::Kanr PicsP-lacZ 8.8 � 0.3 7.5 � 0.4 7.2 � 0.01 6.0 � 0.3

a In both backgrounds, virB was carried on a pBAD18 derivative.
b Data have been normalized to the activity obtained in the wild-type strain in the absence of VirB at 30°C and are displayed as the fold activation. The mean and

standard deviation of three experiments are presented.
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whether VirF might have a more significant effect on icsP
transcription in the presence of VirB. We compared icsP-lacZ
transcription after induction of virF alone, virB alone, or the
two together in AWY7. When virF and virB were induced
simultaneously, transcription from the icsP promoter was in-
creased slightly and reproducibly, but not significantly, com-
pared to when virB was induced alone (data not shown), indi-
cating VirF and VirB do not cooperatively regulate the icsP
promoter.

The regulation of IcsP by VirB, and possibly VirF, is dis-
tinctly different from the regulation of the major substrate of
IcsP, IcsA. IcsA is transcriptionally activated by VirF but is
unaffected by VirB (1, 27). Because VirB depends on VirF for
its own activation, the different pathways that lead to the ex-
pression of IcsA and IcsP may reflect subtle differences in the
timing and levels of expression of the two proteins during
infection. Since the balance between levels of IcsA and levels
of IcsP is a critical determinant of the ability of the organism to
undergo actin-based motility, differential regulation of the two
genes enables the organism to fine-tune this balance, thereby
modulating actin-based motility. We propose a model in which
VirB activation of IcsP expression leads to increased cleavage
of the IcsA actin assembly domain (� domain) from the bac-
terial surface (Fig. 4). We postulate that this, in conjunction
with the distinct pathway of IcsA activation, leads to precise
modulation of Shigella actin-based motility during infection.
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