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FIG. 4. Growth phenotype of yscP Y. pestis. Y. pestis KIM5-3001 (parent), KIM5-3001.17 (AP1), and KIMS5-3001.18 (AP2) were grown at 37°C in the presence or
absence of Ca®" in the defined medium TMH. The temperature was shifted from 26 to 37°C (temperature shifts are denoted by arrowheads). Symbols: circles, +Ca’*;

squares, —Ca®*. OD, optical density.

genes, because YscR, the product of the second gene down-
stream of yscP in the same operon, was detected at similar
levels in membranes of the parent and the AP2 mutant (Fig.
6B).

No proteins were detected in the culture medium of the
parent or either yscP mutant at 37°C in the presence of Ca**
(data not shown; the antibodies used were to YopE, YopH,
YopM, V antigen, and total secreted proteins). This showed
that the mechanism for blocking secretion through the Ysc in
response to Ca®* was functional in the yscP mutants.

Complementation of the AP2 mutant. To test whether the
AP2 mutation could be complemented, we expressed YscP in
trans from the lac promoter on pYscP.2 in the AP2 Y. pestis
KIMS5-3001.18. To our surprise, this caused Yop secretion to
be almost completely blocked (Fig. 5, AP2/P). A similar secre-
tion phenotype was also observed for the AP1 Y. pestis KIMS5-
3001.17 carrying pYscP.2 in trans (Fig. 5, AP1/P). These effects
were not due to the vector, since introduction of vector only
into the parent and both yscP-mutant Y. pestis strains did not
affect the secretion phenotype of the respective strains (data
not shown). Unlike pYscP.2, pYscP was not expected to have
any effect on the phenotype of either mutant, since in this
construct yscP is oriented against the lac promoter and with the
T7 promoter, which is not functional in Yersinia. Indeed, there
was little effect on the secretion of Yops when pYscP was
introduced into the AP1 mutant (Fig. 5, compare AP1/P"7 and
AP1); however, the AP2 mutant was fully complemented by

FIG. 5. Secretion of YopM by yscP Y. pestis. An immunoblot analysis of
YopM secreted from Y. pestis KIM5-3001 (parent), KIM5-3001.17, (AP1), KIMS5-
3001.18 (AP2), and the mutants carrying yscP in trans on pYscP.2 or pYscP (/P
and /P17, respectively) is shown. Bacteria were grown in TMH at 37°C without
Ca?*. Proteins from the culture medium were separated by SDS-PAGE (12%
polyacrylamide gels), transferred to Immobilon P, and visualized with antibody
specific to YopM and a secondary antibody conjugated to alkaline phosphatase.

this plasmid and secreted Yops and V antigen similarly to the
parent (Fig. 5, compare AP2/P™7 and parent). This indicated
that pYscP in fact did express some functional YscP. In a
separate experiment, the putative YscP (ca. 60 kDa) and
YscP1 (ca. 48 kDa) were observed in fractions of Y. pestis
KIMS5-3001.17 carrying pYscP (AP1/P™7) (results not shown).
It may be that low-level extra expression of YscP is tolerated
without a significant effect on Yop secretion. Accordingly, Yop
secretion by Y. pestis KIM5-3001.17 (AP1) was similar to that
by AP1 carrying pYscP in trans (AP1/P"7) (Fig. 5). In contrast,
in Y. pestis KIM5-3001.17 carrying yscP oriented with the lac
promoter (which is constitutively expressed in Y. pestis) (AP1/
P), YscP and YscP1 were detected in whole cells (data not
shown) but none was secreted (Fig. 7, AP1/P, lane ¢), and Yops
were not secreted (Fig. 5, AP1/P). Indeed, we have found that
the lac promoter provides stronger expression of YscP than
does the putative yscP promoter (data not shown). The data
suggest that YscP expression is tightly regulated in Y. pestis and
show that excess YscP blocks secretion. The block in secretion
could be due to excess YscP sterically blocking the secretion
pore. Alternatively, YscP could associate with other Y. pestis
proteins, and in strains expressing excess YscP, the extra YscP
could sequester one or more factors into nonfunctional com-
plexes, resulting in a loss of function and no Yop secretion.
Either alternative explains the results obtained for AP1 or the
parent carrying pYscP or pYscP.2 and also explains the
complementation of AP2 by pYscP but not pYscP.2
Secretion of V antigen and YopM expressed from plasmids
with non-LCR-inducible promoters. The data suggest that the
secretion defect of Y. pestis KIM5-3001.18 (AP2) could be due
to the effect of YscP on the secretion mechanism. However, in
the LCR, maximal yop expression is dependent upon a func-
tional Ysc. We have previously shown that mutations in yscC,
yseD, yscG, and yscO indirectly affect expression by directly
blocking secretion (37, 42). To distinguish these two potential
effects of yscP and to test the hypothesis that yscP affects
secretion directly, secretion was analyzed in Y. pestis KIMS5-
3001 (parent) and Y. pestis KIM5-3001.18 (AP2), each carrying
V antigen or YopM expressed in frans from an isopropyl-B-p-
thiogalactopyranoside (IPTG)-inducible, non-LCR regulated
promoter on, respectively, pHT-V, which produces histidine-
tagged V antigen (HT-V) or pTRCM.2, which encodes YopM.
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FIG. 6. Expression and secretion of LCRS proteins in yscP Y. pestis. An immunoblot analysis of proteins expressed and secreted from Y. pestis KIM5-3001 (parent)
and KIMS5-3001.18 (AP2) or their Pla™ counterparts. KIM8-3002 (parent Pla™) and KIM5-3002.4 (AP2 Pla™), respectively, is shown. Bacteria were grown in TMH at
37°C without Ca®*. Proteins from soluble (s), membrane (m), and culture medium (e) fractions were separated by SDS-PAGE (12% polyacrylamide gel) and
transferred to Immobilon P. Primary antibodies were used that were specific to YopE, YopD, YopH, YopM, LcrE, LerQ, YscR, and V antigen (Vag), and the secondary
antibody was conjugated to alkaline phosphatase. Arrows denote the positions of the respective proteins.

Five hours prior to harvest, the expression of YopM or HT-V
was induced by the addition of IPTG. The expression and
secretion of YopM and HT-V were monitored by immunoblot-
ting (Fig. 8).
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FIG. 7. Evidence of an independent promoter for yscP. An immunoblot
analysis of the Pla™ Ler™ parent strain of Y. pestis (KIM8-3002, parent) and the
Pla* AP1 Y. pestis KIM5-3001.17 carrying yscP in frans on pYscP.2 or pYscP
(AP1/P and AP1/P"7, respectively) is shown. Bacteria were grown in TMH with-
out Ca’*. Proteins from the whole-cell (wc) and culture medium (e) fractions
were separated by SDS-PAGE and transferred to Immobilon P. They were
detected by using polyclonal antibody specific to the fusion protein GST-YscP
and a secondary antibody conjugated to horseradish peroxidase and were visu-
alized by enhanced chemiluminescence.

When pTRCM.2 was present, the parent strain expressed
and secreted higher levels of YopM than it did without
pTRCM.2. With pHT-V, the parent strain expressed both na-
tive V antigen and HT-V, which ran slightly above the native V
antigen due to its Hiss,-containing leader sequence. The AP2
mutant carrying pHT-V expressed HT-V and secreted some of
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FIG. 8. YscP directly affects the secretion of YopM and HT-V. An immu-
noblot analysis of YopM, V antigen, and HT-V in the soluble (s), membrane (m),
and culture medium (e) fractions from Y. pestis KIM5-3001 (parent) and Y. pestis
KIMS-3001.17 (AP2) with (+) and without (—) pHT-V or pTRCM.2 is shown. Y.
pestis strains were grown in the defined medium TMH at 37°C in the absence of
Ca’*; expression of HT-V from pHT-V and YopM from pTRCM.2 was induced
by addition of IPTG to 1 mM at 5 h prior to harvest. Proteins from each fraction
were separated by SDS-PAGE (12% [wt/vol] acrylamide) and transferred to
Immobilon P. Polyclonal antibody to HT-V or YopM was used to detect HT-V
and YopM, respectively. Secondary antibody was conjugated to alkaline phos-
phatase. In the lower panel, YopM was detected as two closely migrating species.
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FIG. 9. Detection of LerD, YscD, YscC, and YscO in yscP Y. pestis. Y. pestis
strains were grown in the defined medium TMH at 37°C in the absence of Ca**.
The proteins in the soluble (s), membrane (m), and culture medium (e) fractions
were separated by SDS-PAGE (12% [wt/vol] acrylamide), transferred to Immo-
bilon P, and analyzed by immunoblotting. (Top) Pla™ Y. pestis KIM5-3001 (par-
ent) and Pla® Y. pestis KIM5-3001.18 (AP2) were analyzed with antibodies
specific to LerD, YscC, or YscD. (Bottom) Y. pestis KIM8-3002 (parent Pla™)
and Y. pestis KIM8-3002.4 (AP2 Pla™) were analyzed with anti-YscO. The sec-
ondary antibody used was conjugated to alkaline phosphatase. Arrows indicate
each protein.

it, but most of the HT-V was retained in the soluble fraction.
Similarly, despite the high levels of YopM expressed in the
mutant from pTRCM.2, over half of the YopM expressed was
retained in the soluble fraction of the bacteria. These results
indicate that the mutation in Y. pestis KIM5-3001.18 (AP2)
causes a defect in some aspect of the secretion process and
supports a direct role for yscP in the secretion of LCR viru-
lence proteins by Y. pestis.

It is possible that yscP affects the expression or localization
of other Ysc proteins. However, immunoanalysis of proteins
from membrane fractions of the parent and the yscP mutant Y.
pestis KIM5-3001.18 (AP2) showed that at least LerD, YscC,
YscD, and YscO were present in comparable amounts in both
strains (Fig. 9). YscO normally is secreted under inductive
conditions (37), but the AP2 mutant did not secrete any (Fig.
9). This suggests that YscO, like YscP, depends on the Ysc for
its own secretion. We do not yet know the significance of the
secretion of YscO; however, it is not likely that the AP2 phe-
notype reflects nonfunctional YscO, because a yscO null mu-
tant has a completely inactive Ysc (37) whereas the AP2 strain
still secretes some Yops.

Effect of extra copies of yscP in other Y. pestis backgrounds.
We performed several tests to identify a potential target for the
secretion-blocking effect of excess YscP. First we tested
whether YscP would still block secretion when overexpressed
along with YscO, the other Ysc protein that lacks sequence
homology to Spa counterparts in Salmonella and Shigella and
hence that may have the same Yersinia-specific adaptation that
we postulate for YscP. Plasmids pYscP.2, pYscOP.2, and pY-
scO.2 were introduced into the parent Y. pestis KIM5-3001,
creating the strains parent/P, parent/OP, and parent/O, respec-
tively, and the culture medium of each strain was analyzed for
the secretion of YopM, V antigen, and YopE (Fig. 10). Secre-
tion of these proteins was similar in the parent and the parent
carrying either pYscO.2 (parent/O) or pYscOP.2 (parent/OP).
In contrast, the parent expressing yscP secreted less YopE than
did the parent, and levels of YopM and V antigen were barely
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FIG. 10. Overexpression of YscP does not block secretion if YscO also is
overexpressed. An immunoblot analysis of proteins expressed and secreted from
the Pla* Y. pestis KIM5-3001 (parent) and the parent expressing yscO, yscP, or
both in trans (parent/O, parent/P, and parent/OP, respectively) is shown. Bacteria
were grown in TMH at 37°C without Ca®". Proteins from bacterial fractions were
separated by SDS-PAGE (12% acrylamide gels) and transferred to Immobilon P.
Proteins from the culture medium were detected with polyclonal antibodies
specific to YopM, V antigen (Vag), and YopE. The secondary antibody used was
conjugated to alkaline phosphatase. Due to the activity of Pla, only the major
degradation product of YopE (YopE*) was observed. The proteins are identified
by labels to the right.

detectable, a phenotype similar to that of the AP2 mutant. This
indicates that, as in the phenotypically wild-type AP1 mutant,
overexpression of YscP in the parent strain imposes a secretion
defect. However, it is not extra YscP per se but extra YscP
unbalanced by YscO that causes the defect, because overex-
pression of YscO together with YscP did not affect secretion of
V antigen and Yops. This may indicate that an interaction
occurs between YscP and YscO.

We next determined where the secretion block from YscP
fits in the secretion/regulatory pathway by testing if the nega-
tive effect of excess YscP would be dominant over an lcrG or
lcrE defect. Yersiniae with mutations of lerE or lerG are con-
stitutively induced for the LCR because they constitutively
secrete the negative regulator(s). Plasmid pYscP.2 was intro-
duced into both mutants, and the resulting strains were
checked to see if extra YscP would block secretion (Fig. 11). As
expected, both mutants expressed and secreted YopM irre-
spective of Ca®* and expression of YopM was higher in the
mutants than in the parent irrespective of Ca®". Introducing
yscP in trans into the IlcrE mutant (AlcrE/P) decreased the
expression of YopM to the parental level but did not block
secretion. This shows that excess YscP could not have its full
secretion-blocking effect in the absence of lcrE function. How-
ever, introduction of yscP in frans into the lcrG mutant
(AlerG/P) resulted in a block in the secretion of YopM, show-
ing that the effect of extra YscP did not require functional
LcrG. In a current model for secretion, loss of either LerG or
LcrE would open the secretion pore at the inner or outer
membrane, respectively, allowing the secretion of LerQ and
resulting in the upregulation of Yop expression. Our results
show that the secretion block due to excess YscP can occur in
the absence of LcrG but not of LerE and suggest the hypoth-
esis that the normal function of YscP involves an interaction
with the mechanism of LcrE for modulating secretion system
activity. YscP may act in conjunction with YscO and LcrE to
control the opening of the secretion “pore.”

Interactions of YscP and other Y. pestis proteins. We per-
formed a direct test of the postulated interactions of YscP with
other proteins, such as YscO and LcrE. We cross-linked bac-
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FIG. 11. Effects of YscP overexpression in lcrE and lcrG Y. pestis. An immu-
noblot analysis of proteins expressed and secreted from Y. pestis strains carrying
yscP in trans is shown. Bacteria were grown in TMH at 37°C without Ca®*.
Proteins from whole cells (wc) and the culture medium (e) were separated by
SDS-PAGE (12% polyacrylamide gels) and transferred to Immobilon P. Proteins
from the culture medium were detected with polyclonal antibodies specific to
YopM. The secondary antibody used was conjugated to alkaline phosphatase.
Arrows denote YopM. (A) Y. pestis KIM5-3001 (parent), KIMS5-3001.6 (AlcrE),
and KIMS5-3001.6 carrying yscP in trans on pYscP.2 (AlcrE/P). (B) Y. pestis
KIMS-3001.5 (AlerG) and KIMS-3001.5 carrying pYscP.2 (AlerG/P).

terial fractions and growing whole cells of the Pla™ parent, Y.
pestis KIM5-3001, and the Pla™ parent, Y. pestis KIM8-3002, by
using two cross-linkers, one that was sulfhydryl reactive and
one that was amine reactive. No novel bands were observed in
any cross-linked reactions with either cross-linker at any of the
concentrations tested (data not shown).

Targeting of Yops in the AP2 mutant. To gain a more com-
plete picture of the role of YscP in Yop deployment by Y.
pestis, we wanted to determine if the mutation in yscP affected

low-speed pellet

cnlture medinm
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the targeting of Yops into HeLa and J774 cells. We found that
the AP2 mutant was not as strongly cytotoxic as the parent, and
when we tested for the presence of YopE and YopH in the
soluble fraction of infected HeLa cells, we found that less had
been targeted by the AP2 mutant than by the parent (Fig. 12A,
soluble, compare lanes 1 and 2 [data not shown for J774 cells]).
It was surprising that there was a significant effect on the
targeting of YopE, since we had seen little effect of the AP2
mutation on YopE secretion. However, during the course of
these experiments, separate studies in our laboratory suggested
that V-antigen secretion may be required for targeting (34, 35);
therefore, the reduction in the amount of Yops targeted by this
mutant could be an indirect effect due to the defect in V-
antigen secretion by the AP2 Y. pestis. YscP and YscP2 them-
selves were detected in the Yersinia-containing low-speed pel-
let of eukaryotic cells infected with the respective Y. pestis
strains but not in the corresponding soluble fractions (Fig. 12B,
data shown for HeLa cells). This shows that YscP is expressed
in the tissue culture infection model but that YscP itself is not
targeted.

Virulence of the yscP mutants in mice. To determine if the
yscP mutants were defective in virulence, a test was performed
for lethality in BALB/c mice by using doses of 10* and 10° of
each yscP mutant. As expected, a nominal dose of 10° (800
CFU) of the parent, Y. pestis KIM5-3001, was lethal for all
mice tested. (The intravenous 50% lethal dose of the parent
strain is 4.2 X 10' [27].) The 50% lethal dose of Y. pestis
KIM5-3001.17 (AP1) was near 10° (880 CFU), since three of
five mice died from infection with this dose. All five mice
infected with the higher dose died. Mice infected with AP1
succumbed to infection 1 to 2 days later than did those infected
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FIG. 12. YscP is not targeted into eukaryotic cells. The Pla™ Y. pestis strains KIM8-3002 (parent Pla™) (lanes 1), KIM8-3002.4 (AP2 Pla™) (lanes 2), and
KIMS8-3002.1 (AyopB Pla™) (lanes 3) were used to infect HeLa cells. After 4 h, trypsin (T) was added to a duplicate culture for each strain to assess the protease
resistance of proteins in the low-speed pellet (pellet containing yersiniae, obtained after centrifugation of the H,O-lysed cells), in the culture medium, and in the soluble
fraction (Yops that are targeted). Protein samples were separated by SDS-PAGE (12% [wt/vol] acrylamide) and analyzed with primary antibody against YopH, V
antigen, YopE, or YscP and secondary antibody conjugated with alkaline phosphatase. (A) Arrows denote YopH, V antigen (Vag), and YopE. (B) Arrows show YscP
and YscP2 in the low-speed pellet. They were not detected in the soluble fraction; however, a ~73-kDa artifactual band was detected in all wells including those
containing only electrophoresis buffer (lane x), and a cross-reacting band was seen at ca. 45 kDa. Numbers to the right of the gel loaded with soluble fraction represent

molecular masses in kilodaltons.
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with the parent (data not shown). In contrast, all mice survived
infection with Y. pestis KIM5-3001.18 (AP2) at either dose 10°
(3 X 10? CFU) or 10° (3.7 X 10°). Since Y. pestis KIM5-3001.17
(AP1) expressed and secreted Yops similarly to the parent Y.
pestis KIM5-3001, the small difference in virulence may suggest
that AP1 has defects in the secretion of proteins not detected
by our analysis. The lack of virulence of Y. pestis KIM5-3001.18
(AP2) was not surprising, in light of its defects in V antigen and
Yop secretion and targeting.

DISCUSSION

The present study found that YscP is a secreted protein and
that it is necessary for the normal secretion of Yops and V
antigen by Y. pestis. The secretion defect in the yscP mutant Y.
pestis KIM8-3002.4 (AP2 Pla ™) also caused decreased targeting
of YopE and YopH and probably other Yops. These effects are
believed to be due directly or indirectly to a mutation in yscP
and not to a polar effect on downstream genes.

YscP was expressed under both inductive and noninductive
conditions, as are other components of the Ysc, and its expres-
sion increased under LCR-inductive conditions, as has been
the case for several other ysc gene products. When Ca?* was
present, YscP itself was present only in the whole-cell fraction
of the culture, with most being in the soluble fraction; and in
the absence of Ca®™, it was mostly secreted, a distribution
similar to that of Yops. Additionally, the secretion of YscP was
dependent on a functional Ysc, since it was expressed but not
secreted in a secretion-negative mutant. However, we do not
think that YscP is purely an antihost, LCR effector protein like
the six targeted Yops, since YscP itself was not targeted into
HeLa or J774 cells. Moreover, a mutation in yscP (AP2) af-
fected growth and secretion, and these effects have not been
attributed to such Yops. Other LCR secreted proteins such as
YscO, LerV, LerG, LerE, YopB, YopD, and YopK have the
cellular distribution of YscP in yersiniae grown in TMH, even
though they function in LCR regulation and Yop targeting.
Because YscP itself is secreted by the Ysc, as are YscO (37)
and the Ysc-regulatory proteins LcrE (16) and LerG (49), its
own mobility may be an essential part of its function: it is a
moving part of the Ysc. The role of YscP in the Ysc may be
related to the function of the corresponding type III protein in
Salmonella, SpaN/Inv]. SpaN/Inv] is a secreted protein that is
essential for the secretion of Salmonella invasion proteins
(Sips) (9). This is in contrast to the corresponding protein in
Shigella, Spa32, which is associated with the outer membrane
and is necessary for the release of Ipas from the bacterial
surface but not for their transport to the surface.

Our further characterization of the AP2 mutation by
complementation led to the finding that too much YscP inac-
tivates the Ysc whereas co-overexpression of YscO with YscP
prevented YscP from blocking secretion, as though YscO
needs to be present for YscP to function. Possibly, excess YscP
forms abnormal complexes with other Ysc proteins and these
are unable to promote Yop secretion. In AP2/P, most of the
YscP and YscP2 is membrane localized (data not shown). In
AP2/P'7, which did not show blocked secretion, the YscP was
expressed from a multicopy plasmid but from the weak puta-
tive yscP promoter (data not shown). The low level of wild-type
YscP might alleviate the secretion defect of the AP2 strain by
displacing YscP2 from any interactions with other Ysc compo-
nents and reestablishing the normal mechanism for opening
the secretion channel.

It is interesting that overexpression of YscP in an lcrE mu-
tant had little effect on altering the constitutive secretion of
Yops by that mutant. However, secretion was blocked in
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strains expressing LcrE and making extra YscP (AP2/P, par-
ent/P, AP1/P, and AlcrG/P). This may indicate that YscP nor-
mally acts at the level of the secretion-modulating mechanism
of LerE: YscP, working in conjunction with YscO, might be
necessary for the secretion channel to open under inductive
conditions, and this affects the secretion of some Yops more
than others.

We hypothesize that YscP may be part of a complex; how-
ever, we did not detect YscP interactions with other Yersinia
proteins by chemical cross-linking, and we did not detect any
specific interaction of YscO and YscP in an affinity blot by
using the soluble fusion protein GST-YscO as a probe against
proteins of the parent Y. pestis separated by electrophoresis
(data not shown). We are aware that interactions in the Sec
system were difficult to detect before means were found to lock
in a conformation of this dynamic mechanism, and we have not
exhausted all methods to detect protein interactions. Strains
with secretion blocked by excess YscP may provide one
locked-in secretion conformation and will be useful for future
probing of interactions among components of the Ysc. There-
fore, we do not rule out the possibility that YscP functions as
part of a larger complex, and we speculate that YscP and YscO
may participate together as LCR-adapted components of the
Ysc type III secretion mechanism.

The phenotype of the AP2 strain itself is open to more than
one interpretation. First, the finding that Yops are still se-
creted by the AP2 mutant could indicate that YscP is a non-
essential component of the secretion machinery under the con-
ditions of our experiments. We cannot rule out the possibility
that the secretion defect in this strain was due to the accumu-
lation of YscP2 in membranes, perhaps nonspecifically par-
tially plugging the secretion channel. Second, the phenotype of
a strain with a complete deletion of yscP might be identical to
that of the AP2 mutant, and the effect of YscP on secretion
might be analogous to that of YscW (VirG). A yscW mutant
secreted less than wild-type levels of YopB, YopD, and V
antigen but a normal level of YopH (1). Third, it is possible
that a yscP null mutant would be unable to secrete any Yops
and that YscP2 has partial function because it is stable and
contains 42% of YscP. A similar phenotype was observed for
the partially functional protein, YscF™9. An N-terminal trun-
cation of YscF, with its first 12 residues replaced by 8 vector-
encoded amino acids, impaired the secretion of YopB and
YopD but did not affect the secretion of YopH, which was in
contrast to the phenotype of a yscF null mutant, which did not
secrete any Yops (2). Hence, the partial secretion defect by
yscF™°4Y. enterocolitica was due to a partially functional YscF
protein. Similarly, YscP2 may have partial function but would
lack any functions stemming from its own secretion, since it
was not secreted. We presently favor the second hypothesis,
because disruption of YscP function by overexpression of wild-
type YscP had the same effect on secretion of Yops as did the
AP2 mutation. However, this must be tested by making a true
yscP null mutant.

In conclusion, we have shown that YscP is a mobile compo-
nent of the Ysc that acts at the level of the LcrE modulation of
secretion system activity. These data add to our previous evi-
dence that the type III Ysc mechanism has a dynamic moving
core, and perhaps YscP is part of this.
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