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Background: Yersinia enterocolitica yopD, lcrH, and yscM I control the expression of yopQ encoding a secretion substrate.
Results: YopD associates with 30 S ribosomal particles, and YopD, LcrH, and YscM1 block yopQ mRNA translation.
Conclusion: In response to environmental signals, Yersinia prevent yopQ expression by blocking the translation of its

transcripts.

Significance: These results demonstrate translational regulation for the Yersinia type III secretion pathway.

Yersinia enterocolitica type III secretion machines transport
YopQ and other Yop effectors into host immune cells. YopD and
its chaperone LcrH are essential components of the Yersinia
type III pathway, enabling effector translocation into host cells.
YopD, LcrH, and YscM1 also regulate yop expression post-tran-
scriptionally in response to environmental signals; however, the
molecular mechanisms for this regulation and Yop secretion are
unknown. We show here that YopD associates with 30 S ribo-
somal particles in a manner requiring LcrH. When added to
ribosomes, YopD, LcrH, and YscM1 block the translation of
yopQ mRNA. We propose a model whereby LcrH-dependent
association of YopD with 30 S ribosomal particles enables
YscM1 to block yopQ translation unless type III machines are
induced to secrete the effector.

Yersinia enterocolitica and other pathogenic Yersinia species
(Yersinia pestis and Yersinia pseudotuberculosis) require the
70-kb virulence plasmid-encoded type III secretion pathway to
cause disease (1). During infection, Yersinia deploy type III
secretion machines to inject Yop effectors (YopE, YopH, YopM,
YopO, YopP, YopQ, and YopT) into host immune cells (2, 3).
The type III pathway is assembled from 25 Ysc (Yop secretion)
factors that transport secretion substrates across the bacterial
envelope and through needle complexes composed of YscF
needle protein, LcrV cap protein, and YopD translocator (4, 5).
In addition to LerV and YopD, Yersinia translocation of effec-
tors also requires YopB, which assembles with LcrV and YopD
to form a membrane pore complex for effector translocation
into host cells (6, 7).

Yersinia type 111 secretion is regulated in response to envi-
ronmental signals; specifically a low calcium signal that bacteria
perceive as assembled type III machines encounter either the
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cytoplasm of host cells (<1 um Ca>") or extracellular body
fluids (>1.2 mm Ca>") (8, 9). Under high calcium conditions
(>70 um Ca?"), Y. enterocolitica assembles type III machines
with needle complexes but without active translocation pores
(10). Although Yop effector genes are transcribed under these
conditions, gene expression is blocked at a post-transcriptional
step (11). This regulatory mechanism requires two mRNA
sequence elements, AUAAA sequences in the 5'-UTR and cod-
ing sequence of yop mRNA as well as AU-rich elements imme-
diately adjacent to the AUG start codon (12, 13). Using genetic
approaches, yopD, lcrH, and yscM1/yscM2 were identified as
factors required for post-transcriptional control of yop effector
expression under high calcium conditions (11, 12). Neverthe-
less, earlier work left the mechanism by which Yersinia control
the expression yop effector genes unresolved.

Yersinia Yop effectors lack canonical signal peptide or amino
acid sequence motifs that mark these polypeptides as substrates
for the type III secretion pathway (14). Earlier work identified
features of primary amino acid sequence, for example the
attribute of some effectors to bind cytoplasmic chaperones, as
contributing to their entry into the type III secretion pathway
(15-19). Other studies characterized features of 5’ mRNA cod-
ing sequence that were shown to be essential for substrate rec-
ognition (20-22).

Genetic approaches designed to identify factors involved in
the control of Yop effector gene expression, Yop secretion, or
machine assembly identified three classes of genes. Class I
genes (yopN-sycN-tyeA-yscB) control the secretion of Yop
effectors in the absence of the low-calcium signal (23—25). Class
II genes (yopD, lcrH, yscM1, yscM?2) regulate the expression of
effector Yop genes, whereas class III genes encode components
of the type III secretion machine including YscF (26 -28). For
example, wild-type Y. enterocolitica do not express the yopQ
gene unless the bacteria are provided with a low calcium signal,
which couples yopQ expression and type III secretion of YopQ
product (21). Class III mutants fail to express yopQ, irrespective
of the presence or absence of the low calcium signal (11). Class
II mutants express yopQ when grown under high calcium con-
ditions; however, YopQ secretion is still regulated by a calcium
signal (11). Class I mutants, however, express yopQ and secrete
YopQ polypeptide under both low and high calcium conditions.
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Mutants with defects in both class II and class III genes
express yopQ, yet these variants are unable to promote type III
secretion (11). Thus, class II regulation of Yop effector gene
expression is epistatic over class III genes, in agreement with a
general model whereby class II regulation of Yop effector
expression precedes the type III secretion of Yops, for example
YopQ. The genetic relationships between class I and class II or
III genes have not yet been revealed. Here we investigated the
epistatic relationships of class I, II, and III genes and sought to
identify the mechanism whereby class II gene products regulate
yopQ expression.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—Escherichia coli strain
BL21(DE3) (29), wild-type Y. enterocolitica W22703 (30), and
its yopN, yopD, yscN, yopN/yopD, and yopD/yscN mutants have
been described elsewhere (11, 31). Plasmids pyopQ, plcrH,
pyopD, pGST-YscM1, and pKR6 have been reported earlier (11,
31). To generate pT7-yopQ (pKR10), yopQ was amplified using
primers YopQUTR1 (5'-AATCTAGATCATATAAACAAT-
GAGCAACGT-3') and YopQCod2 (5'-AAGGATCCTCATC-
CCATAATACATTTTTGAT-3'). PCR products were digested
with Xbal and BamHI and ligated into pET9a. To generate pT7-
npt (pKR11), npt was amplified using Nptl (5'-AATCTAGA-
ATCAAGAGACAGGATGAGGAT-3’) and Npt2 (5'-AACA-
TATGTCAGAAGAACTCGTCAAGAA-3"). PCR products
were digested with Xbal and BamHI and ligated into pET9a.
The yopN/yscN strain was generated using allelic replacement
with pCT120 (AyscN allele) (32). Plasmid pCT120 was constr-
ucted with the replacement vector pLC28 (33) in which the
yscN allele retains codons 1-50 and 391439 joined by an int-
ervening BgllI site (32). Y. enterocolitica yopN mutant VTL1
(34) was used as parent to yield the double mutant strain. E. coli
strains DH5« and S17.1 were used to generate plasmids or conju-
gate pLC28 derivatives into Y. enterocolitica W22703 (33).

Secretion Assay—Yersinia strains were grown in tryptic soy
broth (TSB)* Yersinia strains were grown overnight at over-
night at 26 °C with shaking. Cultures were diluted 1:40 into 4 ml
of TSB supplemented with either 5 mm CaCl, (type III repres-
sive) or 5 mM ethylene glycol tetraacetic acid (EGTA), type III
inducing condition) and incubated at 26 °C for 2 h with shaking.
Cultures were then shifted to 37 °C and incubated for 3 h with
shaking. Where indicated, 1 mm IPTG was added at the time of
temperature shift. Cultures of strains carrying plasmids with
chloramphenicol resistance were supplemented with 30 ug/ml
chloramphenicol. Culture aliquots (4 ml) were centrifuged at
8000 X g for 10 min. A 1-ml supernatant was removed, and
proteins were precipitated with 14% trichloroacetic acid
(TCA). The bacterial sediment was suspended in 4 ml of water,
and a 1-ml suspension was removed for protein precipitation
with 14% TCA. After incubation of samples on ice, proteins
were sedimented by centrifugation at 15,000 X g for 15 min.
Protein sediments were washed with ice-cold acetone, dried,
and solubilized in 5 parts of 4% SDS, 0.5 m Tris-HCI (pH 8.0),
and one part sample buffer (10% SDS, 0.35 m Tris-HCI (pH 6.8),

“The abbreviations used are: TSB, tryptic soy broth; EGTA, ethylene glycol
tetraacetic acid; IPTG, isopropyl 1-thio-B3-p-galactopyranoside.
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30% glycerol, 0.97 M B-mercaptoethanol, 180 um bromphenol
blue). Proteins were analyzed by SDS-PAGE. Gels were ana-
lyzed either by Coomassie Brilliant Blue staining or subjected to
immunoblotting with specific antisera.

Ribosome Purification—Ribosomes were isolated using a
previously developed protocol for E. coli ribosomes (35). Yers-
inia strains were grown overnight at 26 °C in TSB with shaking.
Cultures were diluted 1:20 into 1 liter of tryptic soy broth sup-
plemented with either 5 mm CaCl, or 5 mm EGTA and incu-
bated with rotation at 26 °C for 2 h and at 37 °C for 3 h. Where
necessary, 1 mm IPTG was added at the time of temperature
shift to induce the expression of genes cloned under control of
the lac promoter. Cultures of strains carrying plasmids with
chloramphenicol resistance were supplemented with 30 ug/ml
chloramphenicol. Cells were sedimented by centrifugation at
8000 X g for 10 min. Cells were flash-frozen in liquid nitrogen
and thawed on ice before use. Bacteria were suspended in 25 ml
of ribosome lysis buffer (10 mm HEPES-KOH (pH 7.6), 50 mm
KCl, 10 mm Mg(OAc),, 7 mm B-mercaptoethanol) and broken
with two cycles of French press lysis at 14,000 pounds/square
inch. Cell debris was sedimented by centrifugation at 20,000 X g
for 30 min. Supernatant was transferred to a 50-ml conical tube,
and ammonium sulfate was added to a final concentration of 1.5
M (NH,),'SO,. Samples were incubated for 5 min on ice and
again centrifuged at 20,000 X gfor 30 min. The supernatant was
removed, filtered through a 0.45-um surfactant-free cellulose
acetate filter, and subjected to chromatography on 16 X 25 mm
Hi-Trap Butyl FF (GE Healthcare) column pre-equilibrated
with 100% Buffer A (20 mm HEPES-KOH (pH 7.6), 1.5 M
(NH,),'SO,, 10 mm Mg(OAc),, 7 mMm B-mercaptoethanol).
Ribosomes were eluted during hydrophobic interaction chro-
matography by stepwise increases of 20, 50, and 100% Buffer B
(20 mm HEPES-KOH (pH 7.6), 10 mM Mg(OAc),, 7 mM B3-mer-
captoethanol) (35). For fractionation analysis, a flow-through
sample (200-ul aliquot) was collected after 8 min. Sequential
10-ml fractions were collected comprising the 50 S wash and 70
S, and 30 S particle fractions. Aliquots of 200 ul from each
fraction were analyzed by SDS-PAGE. For cell free translation
and sucrose density ultracentrifugation, 10-ml 70, 30, or 50 S
fractions were loaded onto 10 ml of a 30% sucrose cushion in 20
mm HEPES-KOH (pH 7.6), 30 mm NH,Cl, 10 mm Mg(OAc),,
and 7 mm B-mercaptoethanol and subjected to ultracentrifuga-
tion at 36,000 rpm for 16 h in a Ti-70 fixed angle rotor (Beck-
man). The ribosomal sediment was suspended in ribosome
storage buffer (20 mm HEPES-KOH (pH 7.6), 30 mm KCl, 6 mm
Mg(OAc),, 7 mm B-mercaptoethanol) and stored at —80 °C.
For SDS-PAGE analysis, ribosome preparations were mixed
with sample buffer before electrophoresis. Gels were analyzed
either by Coomassie Brilliant Blue staining or immunoblotting
with specific antisera.

Immunoblotting—Proteins were resolved by electrophoresis
on 15% SDS-PAGE gels. Proteins were transferred to polyvi-
nylidene difluoride membranes (Millipore) and probed with
either rabbit polyclonal antisera raised against Yersinia pro-
teins or mouse monoclonal antibodies against E. coli S3 (mAb
373C9C3A1-s, Developmental Studies Hybridoma Bank, Iowa
City). Inmunoreactive signal was visualized by chemilumines-
cence using either rabbit or mouse IgG-secondary antibody
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conjugated to horseradish peroxidase. For quantifications
listed in Table 1, chemiluminescence data were analyzed using
Adobe Photoshop®. Signal intensities from three independent
experiments were averaged, and a standard deviation was cal-
culated. Differences between wild-type and mutant samples
were analyzed for significance using the unpaired student’s ¢
test. For quantifications performed in Table 2, secondary anti-
body coupled to IRDye® 680 was used. Quantification of immu-
noblots was conducted using a Li-Cor Biosciences Odyssey
imager. Signal intensities were normalized to control samples
generated in the absence of any additional purified protein by
generating a ratio between experimental and control samples.
These ratios were analyzed with the paired Student’s ¢ test to
assess statistical significance.

Purification of Class Il Factors—E. coli BL21 (DE3) harboring
plasmid pKR6 (H6-YopD/LcrH), pKR4 (H6-LerH), pEC346
(GST-YscM1), or pGEX2TK (GST) was grown at 37 °C to A4
0.7 (11, 12). IPTG (1 mm) was added to induce expression of
genes under T7p promoters, and cultures were incubated an
additional 3 h at 37 °C. Bacteria were sedimented by centrifu-
gation at 8000 X g and lysed with 2 cycles in French pressure
cell at 14,000 p.s.i. Lysates were cleared with centrifugation at
13,000 X g for 30 min, and supernatant was applied to chroma-
tography. For His-tagged constructs, supernatant was applied
to nickel-nitrilotriacetic acid-agarose equilibrated with 50 mm
Tris-HCI (pH 7.5), 150 mm NaCl, 20 mm imidazole. Proteins
were eluted with 50 mm Tris-HCI (pH 7.5), 150 mMm NaCl, and
500 mm imidazole. For GST-tagged constructs, supernatant
was applied to glutathione-Sepharose equilibrated with 50 mm
Tris-HCI (pH 7.5), 150 mMm NaCl. Proteins were eluted with 50
mM Tris-HCI (pH 7.5), 150 mm NaCl, and 10 mwm glutathione.
Eluates were dialyzed at 4 °C in Slide-A-Lyzer dialysis cassettes
(3500 molecular weight cutoff; Thermo Scientific) against Col-
umn Buffer 50 mm Tris-HCI (pH 7.5), 150 mm NaCl. Proteins
were concentrated using Amicon® Ultra centrifugal filters
(10,000 molecular weight cutoff; Millipore).

In Vitro Translation—Translation reactions were performed
with the PURExpress ARibosome Kits (NEB) following the
manufacturer’s specifications with the following exceptions.
Ribosomes were isolated as described above and added a final
concentration of 13.3 um. Purified class II factors were added
before the addition of mRNA. Murine RNase inhibitor was
added to each reaction (NEB). For experiments with translation
inhibition, 3 ug of mRNA were used rather than 250 ng of
plasmid DNA. mRNA was obtained using pKR10 or pKR11 as
template for MEGAscript T7 in vitro transcription reactions.

Transmission Electron Microscopy—Ribosomal samples were
pipetted on a carbon-coated copper grid and stained with 1%
uranyl acetate before viewing with a Tecnai F30 electron micro-
scope at 300 kV.

Sucrose Density Ultracentrifugation—Class Il factors and
ribosome particles were purified as described above. Twenty ug
of H6-YopD/LcrH or GST-YscM1 were added alone or were
mixed with the indicated concentrations of 30, 50, or 70 S par-
ticles in ribosome storage buffer and incubated for 15 min at
37 °C. The mixture was layered over 6 ml of 30% sucrose cush-
ion and centrifuged for 4 h at 36,000 X g in a fixed angle rotor.
Twelve 0.5-ml fractions were collected from the bottom of the
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FIGURE 1. Control of Y. enterocolitica YopQ production and type Il secre-
tion by three classes of genes. Y. enterocolitica\W22703 and its variants yopN
(class 1), yopD (class Il), yscN (class Ill), yopN/yopD (class I/11), yopN/yscN (class
I/111), and yopD/yscN (class lI/1ll) and as well as Y. enterocolitica W22703 (pYV ™)
with plasmid pyopQ were analyzed for the production of YopQ and the type lll
secretion of YopQ. Cultures were grown in the presence of 5 mm CaCl, (secre-
tion non-permissive) or 5 mm EGTA (secretion permissive) and centrifuged.
Proteins in the supernatant (S) and Yersinia sediment (P) fractions were ana-
lyzed by immunoblotting for the presence of YopQ.

tube using a peristaltic pump; sediments were suspended in 0.5
ml of ribosome storage buffer. For SDS-PAGE analysis, col-
lected samples were heated with sample buffer before electro-
phoresis. To determine the dissociation constant, secondary
antibody coupled to IRDye® 680 was used. Quantification of
immunoblots was conducted using a Li-Cor Biosciences Odys-
sey imager. Data were used to calculate the dissociation con-
stant K, = [30 S] X ([YopDl,ota1 — [YOPDliound)/[YOPD]pound:

RESULTS

Genetic Relationships for Three Classes of Yersinia Type III
Regulators—Wild-type Y. enterocolitica W22703 and its yopN
(class I), yopD (class II), and yscN (class III) mutants were ana-
lyzed for the production and the type III secretion of YopQ. As
reported earlier, growth of Y. enterocolitica W22703 at 37 °C in
the presence of calcium leads to the expression of type III
machine components, and the assembly of the secretion
machine (36). Under these conditions the yopQ effector gene is
not expressed (Fig. 1).

Chelation of calcium ions with EGTA in growth media
induces Yersinia YopQ production and secretion of YopQ poly-
peptide (Fig. 1). Mutations in class I genes (yopN) trigger Yers-
inia YopQ production and type III secretion of YopQ even in
the presence of calcium ions (Fig. 1). In the presence of calcium
ions, mutations in class II genes (yopD) cause Yersinia to syn-
thesize YopQ without promoting YopQ secretion (Fig. 1).
Finally, mutations in class III genes (yscN) abolish Yersinia
YopQ production in the presence or absence of calcium (Fig. 1).

Mutants with defects in both class I (yopN) and II (yopD)
genes trigger YopQ synthesis and secretion in the presence and
absence of calcium, the same phenotype as class I (yopN)
mutants (Fig. 1). Mutants with defects in class I (yopN) and III
(yscN) genes cannot produce YopQ, similar to class III (yscN)
mutants. Finally, Yersinia with mutational lesions in class II
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(yopD) and 111 (yscN) genes synthesize YopQ in the presence or
absence of calcium ions but cannot secrete YopQ polypeptide
(Fig. 1). Taken together, these data suggest effector translation
is negatively regulated by class II genes, whereas secretion is
negatively regulated by class I genes. Class I genes are only nec-
essary to repress Yop effector synthesis in the presence of a
secretion-competent type III machine, suggesting these gene
products serve as a mediator between the machine and class II
genes. We conclude that the class II genes perceive a translation
signal originating with class III genes, and class I genes nega-
tively regulate signal transmission.

Expression of yopQ mRNA in the Absence of Type III Secretion
Factors—Previous studies entertained models whereby effector
mRNA may assume structures that prevent their translation,
which could subsequently be relieved by a regulatory activator
(20, 37). However, genetic experiments did not identify an acti-
vator specially required for the expression of yopQ. In contrast,
the observation that yopD/yopN, yopD/yscN or any other yopD-
class III mutants express yopQ suggests to us that yopD and
other class II genes may function as negative regulators of yopQ
expression. As a further test for the existence of a positive reg-
ulatory factor, we expressed yopQ from an IPTG-inducible pro-
moter in the Y. enterocolitica W22703 (pYV ™) strain, which
lacks genes of the type III secretion pathway. Immunoblotting
experiments revealed yopQ expression in Y. enterocolitica
W22703 (pYV™) independent of extracellular calcium ions
(Fig. 1). Plasmid-encoded yopQ, placed under control of the
IPTG-inducible T7 polymerase promoter, was expressed in
E. coli BL21 (DE3) (pT7-yopQ) (Fig. 2A). Similarly, the neomy-
cin-phosphotransferase gene (npt) was also expressed in E. coli
BL21 (DE3) (pT7-npt) (Fig. 2A). To test whether yopQ and npt
transcript are also effectively translated in vitro, we added pT7-
yopQ or pT7-npt to purified E. coli or Y. enterocolitica ribo-
somes (Fig. 2B). In the presence of purified transcription and
translation factors, both yopQ and npt were effectively trans-
lated by E. coli and Y. enterocolitica ribosomes and generated
YopQ and Npt products, respectively (Fig. 2C). Together these
results suggest that neither Yersinia nor E. coli require a specific
activator for yopQ expression.

YopD Associates with Yersinia 30 S Ribosomal Particles—If
class II gene products function as negative regulators of yopQ
expression, this could occur via their specific association with
yopQ mRNA or by implementing a translational block at the
ribosome. Our initial experiments measured binding of YopD/
LerH or YscM1 to yopQ mRNA (11). However, we and others
failed to detect a specific association between class II proteins
and yopQ mRNA (11, 13). We, therefore, wondered whether
class II gene products block yopQ translation at the ribosome
and explored a possible association between these regulatory
factors and ribosomal particles. Y. enterocolitica W22703 was
grown in either secretion-permissive (chelation of calcium ions
with 5 mm EGTA) or non-permissive (5 mm CaCl,) conditions.
Bacteria were broken in a French pressure cell, insoluble mate-
rial was removed by centrifugation and ammonium sulfate pre-
cipitation, and ribosomal particles were purified by hydropho-
bic interaction chromatography (Fig. 3A). Fractions that
represent 50, 30, and 70 S ribosomal particles were subjected to
transmission electron microscopy, which confirmed the pres-

DECEMBER 6, 2013« VOLUME 288+NUMBER 49

Translational Control of Yersinia Type lll Substrate

A B

Ribosomes: E. coli Y. enterocolitica

Translation - + + + - + + +
pT7-yopQ Factors: ¥ 08 ¥ 08

T7 K Transcript: @ @ & § 0 @ & X
UTR yopQ - “

-1 -1 K3

-178 1 549 72—-*‘-””.--&-“
13- GHEDED b eed

~iauning
~iaN.

S3
E. coliBL21

FIGURE 2. In vivo and in vitro expression of yopQ. A, top panel, schematic of
plasmids expressing yopQ or npt under control of the T7 promoter. Bottom
panel, plasmids were transformed into E. coli BL21(DE3), and expression was
induced by the addition of IPTG to induce T7 polymerase expression. Plasmid-
or mock (@)-transformed bacteria were lysed, and cell extracts were analyzed
by immunoblotting with polyclonal antisera raised against YopQ or Npt as
wellas monoclonal antibody against ribosomal protein S3. B, ribosomes were
isolated from E. coli BL21(DE3) and Y. enterocolitica W22703 lysates with
hydrophobic interaction chromatography and sedimentation through 30%
sucrose cushion. T7 polymerase derived yopQ and npt mRNA from pT7-yopQ
and pT7-npt and in vitro translation system were used to measure translation
by E. coliBL21(DE3) and Y. enterocolitica W22703 ribosomes. Translation reac-
tions were analyzed by Coomassie-stained SDS-PAGE. C, translation products
were identified by immunoblotting with polyclonal antibodies against YopQ
and Npt.

ence of these particles, as previously described for E. coli and
Thermus thermophilus ribosomes (38) (Fig. 3, B-D).

Ribosomal fractions were subjected to immunoblot analysis
using a monoclonal antibody against the small ribosomal sub-
unit protein S3 as well as polyclonal antibodies directed against
YopD, LerH, or YscM1. As expected, S3 was detected in the
cleared lysate, in the flow-through (S3 molecules that are not
associated with ribosomes), and in 70 S and 30 S particle frac-
tions but not in the 50 S particle fraction (Fig. 3E). YopD was
detected in the cleared lysate, the flow-through, and the 30 S
particle fraction but not in 50 S and 70 S ribosomal particle
fractions (Fig. 3E). LcrH and YscM1 were detected in lysates of
wild-type Y. enterocolitica W22703 cells; however, these pro-
teins sedimented during ammonium sulfate precipitation and
were not found associated with ribosomal particles (Fig. 3E).
We used quantitative immunoblotting of ribosomal particle
fractions to measure YopD association with 30 S particles. In
three independent experiments, 12% of YopD molecules in
cleared lysates of Y. enterocolitica W22703 grown in 5 mm
CaCl, were associated with 30 S ribosomal particles (Table 1).
Similarly, 15% of YopD from Y. enterocolitica W22703 grown in
5 mm EGTA were associated with 30 S particles. These data
suggest that a significant portion of cytoplasmic YopD associ-
ates with 30 S ribosomal particles but not with assembled (70 S)
ribosomes (Table 1).
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FIGURE 3. YopD associates with Y. enterocolitica 30 S ribosomal particles. A, lysate of Y. enterocolitica W22703 were subjected to hydrophobic interaction
chromatography with stepwise increases of ionic strength (buffer B with 1.5 m (NH,),*SO,). Left, the y axis denotes absorbance at 254 nm to detect ribosomal
RNA. Right, the y axis denotes the percentage of buffer B. mAU, milliabsorbance units. The indicated fractions were collected and subjected to transmission
electron microscopy, which revealed the purification of 50 S (B), 70 S (C), and 30 S (D) ribosomal particles; scale bars represent 50 nm. E, immunoblot analysis of
ribosomal particles purified in A. Polyclonal antisera raised against class Il regulatory factors YopD, LcrH, or YscM1 as well as monoclonal antibodies directed against
ribosomal protein S3 were used to probe collected fractions. FT = flow-through fractions. Average percentages of YopD or YscM1 in the cleared lysate that are
associated with either 30 or 70 S ribosomal particles are listed in Table 1. Images and data analyses are representative examples from three independent experiments.

TABLE 1
Association of YopD and YscM1 with ribosomal 30 S and 70 S particles
YopD* YscM1¢
Strain“ Fraction” CaCl,* pP¢ EGTA? P CaCl, P EGTA P
Wild type 308 12.3 (0.8 15.1(2.7) 6.77 (3.9) 5.7 (6.9)
70S 0.5 (0.4) 1.7 (1.5) 2.40 (2.4) 10.1 (17.)
lerH 30S 4.6 (3.2) <0.05 0.5(2.2) 0.004 9.78 (11.2) 0.7 1.8 (4.1) 0.5
70S 0.6 (0.9) 0.9 0.5 (2.4) 0.3 17.3(19.) 0.3 21.0 (11.) 0.4
lerH (plerH) 308 17.0 (6.6) 0.7 14.3 (1.2) 0.7 1.90 (1.5) 0.2 0.7 (2.2) 0.3
70S 3.2 (4.3) 0.4 0.2 (0.2) 0.2 245 (3.9) 1.0 8.2 (7.8) 0.9
yopD 308 ND¢ ND 1.35 (0.4) 0.1 3.9 (3.7) 0.7
70S ND ND 2.71 (1.6) 0.9 23.0 (21.) 0.5
yopD (pyopD) 308 12.1 (1.0) 0.9 16.9 (2.6) 0.086 1.11 (1.0) 0.1 1.0 (1.1) 0.3
70S 0(0.3) 0.9 0.5 (1.2) 0.3 1.90 (0.7) 0.8 0.8 (0.8) 0.4
yscM1/yscM2 308 13.7 (9.4) 0.8 15.4 (2.6) 0.9 ND ND
70S 4.5 (6.2) 0.4 0.00 (6.0) 0.6 ND ND

“ Identifies Y. enterocolitica strain used to generate ribosomal fractions, including complementing plasmids in parentheses.

? Fractions comprising the 70 S and 30 S ribosomal particles were isolated by hydrophobic interaction chromatography.

¢ Fractions were subjected to quantitative immunoblotting using chemiluminescence to detect YopD or YscM1.

“ Cells were grown in TSB with 5 mm CaCl, (secretion non-permissive condition or with 5 mm EGTA (secretion-permissive).

¢ Statistical significance of YopD or YscM1 present in the indicated fractions compared to wild-type samples was evaluated with the unpaired Student’s ¢ test and p values

recorded.

/ Abundance of YopD or YscM1 was measured with quantitative immunoblotting in three independent determinations, averaged with S.D. calculated in parentheses.

£ND, not detected.

LcrH-dependent Association of YopD with Yersinia Ribo-
somes—LcrH is the cytoplasmic-binding protein of YopD,
which functions as a secretion chaperone promoting type III
secretion of YopD and completion of the type III pathway for
delivery of effectors into host cells (16, 39, 40). LcrH harbors
tetratricopeptide-like repeats and, in addition to binding YopD
and YopB at discrete sites, also associates with the class III
machine component YscY (41-43). To explore a possible
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requirement of LerH binding for the association of YopD with
30 S particles, we isolated ribosomal particles from the lcrH
mutant strain CT133 (11) via hydrophobic interaction chroma-
tography and analyzed fractions by immunoblotting for the
presence or absence of S3, YopD, LcrH, and YscM1. When
grown in the presence of 5 mm CaCl,, lcrH mutant Yersinia
positioned 4.6% of YopD with 30 S particles (Fig. 44 and Table
1). When grown in the presence of 5 mm EGTA, /lcrH mutant
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FIGURE 4. LcrH is required for YopD association with 30 S ribosomal par-
ticles. A-E, immunoblot analysis of hydrophobic interaction chromatogra-
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colitica strains IcrH (A), lcrH (plcrH) (B), yopD (C), yopD (pyopD) (D), and yscM1/
yscM2 (E). Each strain was grown in the presence of either 5 mm CaCl,
(secretion non-permissive) or 5 mm EGTA (secretion permissive). Polyclonal
antisera raised against class Il factors YopD, LcrH, and YscM1 as well as mono-
clonal antibodies against ribosomal protein S3 were used to probe collected
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Yersinia positioned only 0.48% of YopD on 30 S particles (Table
1). The defect in YopD association with 30 S ribosomal particles
was restored when lcrH mutant Yersinia was transformed with
plasmid encoded wild-type lcrH (Fig. 4B and Table 1). As
expected, YopD was not detected in the lysates and ribosomal
fractions of the yopD mutant (Fig. 4C); however, yopD expres-
sion and association with 30 S ribosomal particles were restored
after transformation with plasmid-encoded wild-type yopD
(Fig. 4D and Table 1).

YscM1 was detected by immunoblotting in the 70 S ribo-
somal particle fractions of the /crH mutant grown in the pres-
ence or absence of calcium ions (Fig. 44). The percent amount
of YscM1 on ribosomes of the lcrH mutant grown in the pres-
ence of 5mM EGTA was 21% of YscM1 with 70 S and 1.8% on 30
S particles (Table 1). YscM1 associations with ribosomal frac-
tions were reduced in the complemented lcrH (plcrH) mutant
strain (Fig. 4B). Similar results were obtained with the yopD
mutant and its complementing plasmid, pyopD (Fig. 4, C and
D). As expected, YscM1 was not detected in the cleared lysate of
the yscM1/yscM2 class Il mutant strain (44) (Fig. 4E). Associa-
tion of YopD with 30 S ribosomal particles was not affected in
yscM1/yscM2 mutant Yersinia (Fig. 4E, Table 1). Taken
together these data indicate that the association of YopD with
30 S ribosomal particles of Y. enterocolitica is dependent on LerH
(wild-type versus lcrH (5 mm CaCl,), p = 0.048; wild-type versus
lerH (5 mm EGTA), p = 0.004). Although we observed an associ-
ation of YscM1 with 70 S ribosomes in both the presence and
absence of calcium ions, the overall variability of this association
did not allow us to reach a statistically firm conclusion whether or
not YscM1 interacts with Yersinia 70 S ribosomes (Table 1).

Co-sedimentation of Purified YopD with Yersinia 30 S
Particles—The class II regulatory functions of Y. enterocolitica
yopD mutants can be complemented with plasmid encoded
wild-type and six-histidyl (Hy)-tagged yopD (11). Affinity puri-
fication of H6-YopD is, however, only successful from Yersinia
strains expressing lcrH, as the production of soluble YopD is
diminished in the absence of its LcrH chaperone (11, 43). For
these reasons we used nickel-nitrilotriacetic acid affinity chro-
matography experiments to isolate soluble H6-YopD/LcrH
complexes for the study of class II function. Plasmid-encoded
yscM1 complements the class Il regulatory defects of Y. entero-
colitica yscM1 and yscM1/yscM2 mutants (44). Of note, over-
expression of yscM1, but not overexpression of yopD or lcrH,
abolishes the expression of Yersinia yop effector genes under
low calcium conditions. Similar class II regulatory phenotypes
are observed with GST-YscM1, which can be purified by affin-
ity chromatography on glutathione-Sepharose (12, 45).

The data presented above suggest that YopD may associate
with 30 S ribosomes. We sought to assess whether purified
YopD can associate with isolated ribosomal particles. Purified
H6-YopD/LerH or GST-YscM1 were mixed with 30, 50, or 70 S
ribosomal particles isolated from Y. enterocolitica W22703
(pYV ™) and layered over a 30% sucrose cushion. Co-sedimen-

fractions. FT = flow-through fractions. Average percentages of YopD or
YscM1 in the cleared lysate that are associated with either 30 or 70 S ribo-
somal particles are listed in Table 1. Images and data analyses are represent-
ative examples from three independent experiments.
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FIGURE 5. Purified H6-YopD associates with 30 S ribosomal particles. A-C,
immunoblot analysis of sucrose density ultracentrifugation fractions (12 indi-
cates top of supernatant, 7 indicates bottom of supernatant) collected after
mixing class Il factors with the indicated ribosomal particles and analyzing
mobility through 30% sucrose. Either purified H6-YopD/LcrH (A and B) or
GST-YscM1 (C) were mixed with 30, 50, or 70 S ribosomal particles for 15 min
at 37 °C before loading on 30% sucrose cushion and ultracentrifugation.
YopD was found in sediment after mixing with 30 S ribosomes from Y. entero-
colitica (A), not from E. coli (B). Using quantitative immunoblotting, the disso-
ciation constant for the YopD/30 S ribosomal particle complex was deter-
mined: K; 2.1 X 10% um (0.5 X 10%). D, amount of YopD bound for a given
concentration of 30 S particles as determined in A. Data are representative of
four independent determinations.

tation of H6-YopD or GST-YscM1 with ribosomal particles was
assessed by ultracentrifugation, which sedimented 30, 50, and
70 S particles. Fractions (0.5 ml) were collected from the bot-
tom of each tube and analyzed by immunoblotting for the pres-
ence or absence of H6-YopD and GST-YscM1. Without the
addition of ribosomal particles, neither H6-YopD nor GST-
YscM1 sedimented through the sucrose cushion during ultra-
centrifugation (Fig. 5, A and C). When GST-YscM1 was mixed
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with 30, 50, or 70 S particles, the protein remained near the top
of the gradient, indicating that GST-YscM1 does not sediment
with purified ribosomes (Fig. 5C). H6-YopD mixed with either
50 or 70 S particles also did not associate with ribosomes. How-
ever, when mixed with 30 S particles, H6-YopD sedimented
across the sucrose cushion (Fig. 54). This attribute was unique
to 30 S particles from Y. enterocolitica, as control experiments
with 30 S particles from E. coli did not reveal H6-YopD co-sed-
imentation (Fig. 5B). These data suggest that purified H6-YopD
can associate with Yersinia 30 S ribosomal particles. By varying
the concentration of 30 S particles in the presence of fixed
amounts of H6-YopD, the dissociation constant K, 2.1 X 10*
uM (*£0.5 X 10%) was calculated. The association curve for
H6-YopD and 30 S particles is indicative of a weak association
(Fig. 5D). We note that the association between YopD and 30 S
ribosomal particles must be transient, as YopD is not found on
fully assembled 70 S ribosomes. Presumably, the association
between YopD and 30 S particles may function as a block for the
translation of effector yop transcripts.

Translational Control of yopQ Expression with Purified Ribo-
somes and Class II Proteins—To explore whether class II regu-
latory factors affect the in vitro translation of yop transcripts, we
measured translation of yopQ mRNA by Y. enterocolitica and
E. coli ribosomes in the presence of H6-YopD/LcrH or GST-
YscM1 (Fig. 6). In the presence of equimolar amounts (20 ug) of
H6-YopD/LerH (13.3 um H6-YopD/LerH and ribosome),
Y. enterocolitica W22703 ribosomes translated yopQ and npt
control transcripts similar to ribosomes without H6-YopD/
LerH (Fig. 6A). When the molar concentration of H6-YopD/
LcrH exceeded that of ribosomes (3:1, 60 ug), the translation of
yopQ and npt was quenched (Fig. 6A4). The addition of equimo-
lar amounts (20 ug) of GST-YscM1 to Y. enterocolitica W22703
ribosomes also did not affect the translation of yopQ or npt (Fig.
6C). At greater than a 6-fold molar excess (120 ug), GST-
YscM1 quenched ribosomal translation of yopQ and npt (Fig.
6C). This effect was not specific, as the addition of excess puri-
fied GST or H6-LcrH alone also affected the translation of yopQ
and npt (Fig. 6E). When yopQ and npt translation was measured
using E. coli ribosomes, we obtained similar results. Equimolar
amounts of H6-YopD/LcrH (Fig. 6B) or GST-YscM1 (Fig. 6D)
did not affect translation, whereas large molar excesses of
H6-YopD/LcrH, GST-YscM1, GST, or H6-LerH reduced the
production of YopQ and Npt (Fig. 6F).

Increasing concentrations of GST-YscM1 were added to
equimolar amounts of H6-YopD/LcrH and Y. enterocolitica
W22703 ribosomes, which caused decreasing translation of
yopQ transcripts without affecting the translation of npt con-
trol mRNA (Fig. 6G and Table 2). This effect was specific for
GST-YscM1, as the addition of GST did not affect the transla-
tion of yopQ and npt transcripts (Fig. 6G and Table 2). The class
II regulatory effects of H6-YopD/LcrH and GST-YscM1 were
not observed with E. coli ribosomes, as increasing concentra-
tions of GST-YscM1 incubated with equimolar amounts of
H6-YopD/LcrH and E. coli ribosomes did not affect the trans-
lation of yopQ and mpt transcripts (Fig. 6 and Table 2).
Together these results suggest that the class II regulatory fac-
tors YopD/LcrH and YscM1 control the expression of yopQ by
blocking the translation of its mRNA at Yersinia ribosomes.
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DISCUSSION

Type III secretion machines can be thought of as bacterial
weapons for close combat with host immune cells (26). A strik-
ing feature of the Yersinia type 11l pathway is its specificity of
delivering effector Yops into the cytoplasm of host cells without
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FIGURE 6. Class Il factors control yopQ translation on Yersinia ribosomes.
Ribosomes (70 S) were isolated from Y. enterocolitica W22703 (A, C, E, and G)
and E. coli BL21 (B, D, F, and H) using hydrophobic interaction chromatogra-
phy and mixed at a concentration of 13.3 um ribosomes with 3 g of in vitro
transcribed yopQ or npt mRNAs (A-H). Purified class Il factors H6-YopD/LcrH
(A and B) or GST-YscM1 (C and D) were added at increasing concentrations
(indicated as g purified protein), and after 2 h of incubation, mRNA transla-
tion was monitored by immunoblotting of samples for the abundance of
YopQ and Npt with specific antibodies. Yersinia (A) or E. coli (B) ribosomes
were incubated with yopQ or npt mRNA in the presence of increasing concen-
trations (0-60 ug) of H6-YopD/LcrH complex. Yersinia (C) or E. coli (D) ribo-
somes were incubated with yopQ or npt mRNA in the presence of increasing
concentrations (0-120 ug) of GST-YscM1. Yersinia (E) or E. coli (F) ribosomes
were incubated with yopQ or npt mRNA in the presence of control proteins
GST (120 ng) or H6-LcrH (60 wg). Yersinia (G) or E. coli (H) ribosomes were
incubated with yopQ or npt mRNA in the presence of 13.3 um H6-YopD/LcrH
in either the absence (0) or the presence of equal (7 = 13.3 um), or two- (2 =
26.6 um) as well as 3-fold (3 = 39.9 um) excess of GST-YscM1 or GST.

Translational Control of Yersinia Type lll Substrate

secreting these polypeptides into the extracellular milieu (31,
46, 47). Yersinia accomplish this by distinguishing three stages
of type III secretion and assembly reactions beginning with the
assembly of the needle as an extension of the membrane
embedded type III machine, which requires the secretion of
YscH (YopR), Yscl, and YscF (48 -50). During the following
stage, the needle cap/translocator proteins LcrV, YopD, and
YopB are secreted, and these factors complete the type I1I path-
way to form a conduit from bacterial cells into the cytoplasm of
host cells (4, 10, 46). Finally, large amounts of effectors travel
the type III pathway to block the motility and signaling func-
tions of immune cells (2, 51).

Earlier work explored the secretion signals of type III sub-
strates for entry into the pathway (52, 53). These studies iden-
tified discrete types of signals in different substrates, in agree-
ment with a general model whereby type III secretion can be
viewed as a developmental program that switches substrate
specificity as different stages of pathway assembly are being
completed (14). This concept also explains why fusions of some
secretion substrates with impassable reporter proteins can
block type III machines at one stage but not another. Of partic-
ular interest are the Yop effectors. Surprisingly, Yop fusions
with impassable reporters are rejected from the type III path-
way and cannot block the secretion of other effectors (54, 55). In
all cases examined, the secretion signals of effectors have been
mapped to the first 10—15 codons of yop genes, which when
fused to passable reporter molecules promote the secretion of
hybrid polypeptides (56 —58). In several cases, the function of
these secretion signals is not perturbed by mutations that
frameshift the first 15 codons but can be abolished by muta-
tions that change the nucleotide sequence without altering the
amino acid sequence of Yops (20, 21, 59, 60). These signals are
not restricted to Y. enterocolitica but have been described for
other Yersinia spp. (61, 62) as well as Pseudomonas (37), Salmo-
nella (22), and Xanthomonas spp. (63). Nevertheless, the
molecular mechanisms whereby nucleic acid signals in yop
mRNAs may be decoded for their entry into the secretion path-
way have remained elusive.

The expression of yop effector genes is controlled by mor-
phogenetic events associated with assembly of the type I1I path-
way (64). Before assembly of the membrane-embedded

TABLE 2
Inhibition of yopQ mRNA translation in the presence of H6-YopD/LcrH (added to Yersinia or E. coli ribosomes at a concentration of 13.3 um) and
GST-YscM
Y. enterocolitica ribosomes” E. coli ribosomes®
Factor” yopQ“* pe npt” pe yopQ P npt P
GST-YscM1 (13.3 pum) 0.68 0.023 0.97 0.906 1.00 0.725 0.93 0.786
GST (13.3 um) 1.09 0.95 1.04 1.25
GST-YscM1 (26.6 um) 0.37 0.005 0.83 0.357 0.95 0.227 1.02 0.544
GST (26.6 um) 1.04 0.96 1.00 1.08
GST-YscM1 (39.9 um) 0.33 0.013 1.12 0.511 0.88 0.918 1.29 0.190
GST (39.9 um) 0.98 0.98 0.85 1.58

“ Purified GST-YscM1 or GST were added to Yersinia or E. coli ribosomes at indicated concentrations.
® Ribosomes were isolated via hydrophobic interaction chromatography from Y. enterocolitica W22703 grown in TSB at 37 °C with 5 mm EGTA and added at a concentration

of 13.3 um.

¢ Ribosomes were isolated via hydrophobic interaction chromatography from E. coli BL21 (DE3) grown in LB at 37 °C and added at a concentration of 13.3 um.
4 Translation of yopQ was measured with quantitative immunoblotting using LI-COR in three or more independent determinations, normalized to control samples and

averaged.

¢ Statistical significance of YopQ abundance between GST-YscM1 vs. GST samples was evaluated with the paired Student’s ¢ test and p values recorded.
/Translation of npt was measured with quantitative immunoblotting using LI-COR in three or more independent determinations, normalized to control samples, and

averaged.

£ Statistical significance of Npt abundance between GST-YscM1 vs. GST samples was evaluated with the paired Student’s ¢ test and p values recorded.
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machine, the formation of capped needle complexes and the
completion of the type III conduit, yop expression is quenched
by class II factors YopD, LcrH, and YscM1/YscM2 (65). Once
regulators are secreted (YopD) and translocated into host cells
(YscM1/YscM2), yop genes are expressed, and their products
travel along the type III pathway (45). Genetic experiments
reported here provide evidence that the regulation of yop
expression and their secretion represent coupled events that
involve class II genes (to regulate expression) and class I genes
(to regulate secretion). Although earlier studies explored the
possibility that class II factors YopD/LcrH and YscM1 interact
with mRNA to control translational initiation (11), we report
here that the class II factor YopD modifies the ribosome and
blocks the translation of yop mRNA but not of other transcripts.
The specificity for this block in translation can be found in the
nucleic acid sequences of effector transcripts that harbor mul-
tiple repeats of the sequence AUAAA in addition to AU-rich
elements in the vicinity of the Shine-Dalgarno sequence and
AUG start codon (12, 13). The specific mechanism(s) of block-
ing translation is currently not appreciated; however, they must
require the transient, LcrH-dependent interaction of YopD
with 30 S particles in addition to the quenching action of YscM1
(LcrQ) and probably affect translational initiation, presumably
perturbing the formation of the 30 S complex before 50 S ribo-
some engagement, as the interaction of YopD and the ribosome
is lost once the 70 S particle is assembled.

How can Yersinia couple a class II factor-mediated block of
yop mRNA translation to the low calcium signal for effector
secretion? We hypothesize that class I gene products, for exam-
ple YopN/TyeA, may accomplish this task by blocking trans-
duction of the inducing signal to the class II regulatory factor
YopD (23, 66). In view of the finding that YopD/LcrH and
YscM1 block yopQ translation by Yersinia ribosomes, the pur-
pose of specific class I and class III gene products may be to
relieve the translational block and to guide effector polypep-
tides into the type III secretion pathway. Taking advantage of
the experimental system developed here, the identity of the
Yersinia factor(s) required for the YopD/LcrH/YscM1-medi-
ated translational block, which is not operational with E. coli
ribosomes, may be revealed by a combination of genetic and
biochemical approaches. If so, one may be able to recapitulate
the post-transcriptional control of yop expression and substrate
recognition of effectors by type III machine components by
measuring both the in vitro blockade and the relief of yop
mRNA translation with purified proteins.
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