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Abstract

AIM: Bacillary dysentery caused by Shigella flexneri is still
a threat to human health. Of four invasion plasmid antigen
proteins (IpaA,B,C and D), IpaC plays an important role in
the pathogenicity of this pathogen. The purpose of this study
was to investigate the proteins interacting with IpaC in the
host cell during the pathogenic process of this disease.

METHODS: By applying two-hybrid system, the bait
plasmid containing ipaC gene was constructed and
designated pGBKT-ipaC. The bait plasmid was transformed
AH109, and proved to express IpaC and then HeLa cDNA
library plasmids were introduced into the above transformed
AH109. The transformation mixture was plated on medium
lacking Trp, Leu, and His in the initial screen, then restreaked
on medium lacking Trp, Leu, His and Ade. Colonies growing
on the selection medium were further assayed for b-
galactosidase activity. BLAST was carried out in the
database after sequencing the inserted cDNA of the positive
library plasmid.

RESULTS: Among the 2x10° transformants, 64 positive
clones were obtained as determined by activation of His,
Ade and LacZ reporter genes. Sequence analysis revealed
that cDNA inserts of two colonies were highly homologous
to a known human protein, RanBPM.

CONCLUSION: These results provide evidence that IpaC
may be involved in the invasion process of S. flexneri by
interacting with RanBPM, and RanBPM is most likely to be
the downstream target of IpaC in the cascade events of S.
flexneri infection.
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INTRODUCTION

ShigellaisaGram-negative bacterium responsiblefor intestinal
diseases ranging from mild watery diarrhea to bacillary

dysentery in humans. The severe forms of shigellosis are due
to colonization and destruction of the colonic mucosa by this
invasive pathogen. The infectious potential of Shigellaisvery
high, since as few as 100 microorganisms administered orally
are sufficient to cause dysentery in volunteers. Each year, at
least a billion cases of diarrheal diseases account for about
three million deaths. In the developing world, children under
5 years of age are the most susceptible victims, with over half
amillion deaths occurred annually worldwide.

The phenotype which is essential to the pathogenicity of
S. flexneri is encoded by a 31kb sequencel?® |ocated on the
200kb large virulence plasmid“®, One locus in this fragment,
composed of the ipa operon (invasion plasmid antigen), is
necessary to encode and secrete the effectors, the | paproteins
or invasins. The ipa operon encodes four secreted proteins:
IpaB(62kDa), IpaC(42kDa), |paD(37kDa) and |paA(70kDa),
which dicit the formation of the entry focusvialocalized actin
polymerization'®. The |pa proteins are rapidly secreted from
S. flexneri when the bacterium comes into contact with
epithelial cellg”9. Following their secretion, IpaB and IpaC
are found as part of a protein complex and this complex is
absolutely required for entry into epithelial cellg”112, Latex
beads coated with anti-1paC antibodies have been used to
recover the extracellular | pa complex containing IpaB and
IpaC, and were shown to beinternalized in HeL acellsthrough
the formation of membrane ruffles similar to those induced
upon bacterial entry™. These results have led to the proposal
that 1paB and IpaC play major roles in the entry of shigella
into epithelial cells.

Although IpaB is undoubtedly important for S. flexneri
invasion!**17, a great deal of foci were shifted to IpaC as a
potential effector of S. flexneri invasion when purified |paB
was shown not to possess in vitro membranolytic activity!™,
and purified IpaC was demonstrated to have such activities
consistent with its contribution to invasion!*®, Effector-related
functions that have been demonstrated for purified |paC
include: enhanced invasion of cultured cells by S. flexneri at
nanomlar | paC concentrationg*®*¥; induced uptake of virulence
plasmid-cured at micromolar IpaC concentrations?¥;
association with model phospholipid membranes*®?Y; and
triggering of cytoskeletal changes in cultured cells?227,
Additional activities associated with IpaC aso includein vitro
recongtitution into complexes with [paB, which may promote
the uptake of non-invasive strains of Escherichia colil*? 9,

Shigellosis provides a model to study how a pathogenic
microorganism can subvert an integrated defense barrier and
interact with the host cells, which in turn facilitatesinvasion at
the early stage of the process. A major challenge is to
understand therole of Ipaproteinsin entry into epithelial cells.
In order to investigate the mechanism of IpaC in the entry
process, two-hybrid system was exploited to identify the
proteinsin host cellsthat interacted with IpaC invasin.

MATERIALS AND METHODS

Materials
The strains and plasmids used in this study are listed in
Table 1.
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Table 1 Strains and plasmids

Relevant characteristics Source
Strains
S. flexneri 2a, 2 457T  Wild type, Nal” Maurelli AT
E. coli DHb5a SupE44, A lacU169 (¢ 80 lacZ A M15), hsdR17, recAl, endAl, gyrA96, thi-1, relAl, Nal" Our lab
S. cerevisiae AH109 MATa, trp1-901, leu2-3, ura3-52, his3-200, gal4 A, gal80 A, LYS2::GAL1yas-GALL a1a-HIS3, Clontech
GAL2yps-GAL21a1a-ADE2, URA3::MEL1as-MEL1ata-Lacz
Plasmids
pGBKT7? GAL4 DNA-BD, TRP1, c-Myc epitope tag, Km" Clontech
pPGBKT-ipaC GAL4 DNA-BD fusion of IpaC, TRP1, c-Myc epitope tag, Km" This study
pACT2 GAL4 DNA-AD, HA epitope, LEU2, Ap" Clontech
pLAM5’-1 GAL4 DNA-BD fusion of the human lamin C, TRP1, a false-positive detection plasmid, Ap" Clontech
pl A positive library plasmid This study

Human HeLaMATCHMAKER cDNA library (HL4048AH),
c-Myc monoclonal antibody, Y PD medium, minimal SD base
and DO supplement medium were purchased from Clontech.
Peroxidase-conjugated goat anti-mouse 1gG was from Santa
Cruz. Mini- and Megapreps plasmid kits were obtained from
Promega. Restriction endonucleases and T4 DNA ligase were
purchased from New England Biolabs. Tag DNA polymerase,
deoxyribonucleotides, and PCR fragment recovery kit were
from TaKaRa. Primersfor the5' and 3' endsof ipaC gene, P1
and P2, were synthesized in our lab.

Methods

Growth and maintenance of strains Shigella flexneri 2a was
grown at 37 ‘C with constant stirring in trypticase soy broth
(TSB). Prior to use, the bacteria were streaked onto trypticase
soy agar (TSA) containing 0.025 % Congo red so that colonies
binding the dye could be selected. Bacteria that had lost the
invasion plasmid were not able to bind this dye and thus
appeared white in the presence of Congo red. Y east strain
AH109 was grown at 30 ‘C with vigorous shaking in Y PAD.
Antibioticswere used at thefollowing concentrations: ampicillin
(Ap), 100 mg- L*; kanamycin (Km), 50 mg- L; nalidixic acid
(Nal),40mg- L.

Construction of bait plasmid Isolation of plasmid and all
other molecular biology procedureswere carried out according
to the standard published procedures®. ipaC gene was
amplified by PCR in a standard 100-m reaction containing
2.5 mM MgCl,, 0.25 mM of each dNTP, 100 pmol of P1 and
P2 primers, 10 m boiled S. flexneri, and 5U Taq DNA
polymerase. Reactions were allowed to proceed in a Perkin-
Elmer 2400 thermal cycler programmed for 30 cycles (94 °C,
305,56 'C,30s, and 72 °C, 90 s) with one additional cyclefor
7 min at 72 ‘C. PCR product was purified by agarose gel
electrophoresis, digested by Ncol and Sall, then ligated into
the pGBKT7 plasmid digested by Ncol and Sall. Theligation
products were then transformed into E.coli DH5a. The insert
of ipaC gene was then confirmed by PCR using the conditions
described above. To confirm if the ipaC gene was fused in
frame to the coding sequence of the GAL4 DNA-binding
domain, the plasmids were subjected to double-stranded DNA
sequencing with T7 sequencing primer according to the
manufacturer’ s specifications.

Yeast transformation The lithium acetate (LiAc)-mediated
method was performed to transform DNA into yeast as
described in the reference®. I n brief, the yeast competent cells
were prepared and suspended in a LiAc solution with the
plasmids DNA to be transformed, along with excess carrier
DNA. Polyethylene glycol (PEG) with an appropriate amount
of LiAc was then added and the mixture of DNA and yeast
was incubated at 30 C. After incubation, DM SO was added
and the cells were heat shocked at 42 °C. The cells were then

plated on the appropriate medium to select transformants. The
amount of plasmids used for transformation was 0.1 ng except
that 50 ng library plasmid was used.

SDS-PAGE and western blot analysis Extraction of yeast
protein sample was carried out by using urea/SDS method as
described in reference®!. SDS-PAGE was performed using
the standard procedure of Laemmlif??, The samples were
resolved on a 12 % polyacrylamide gel. The samples could
be stained with Coomassie brilliant blue R250, or the proteins
electroblotted to NC membranes for western blot analysis
using a Bio-Rad Transbolt Semi-dry Blotter according to the
manufacturer’ s instructions. Western blot analysis was
performed as previously described!??2?%, Briefly, the
membranes were blocked following protein transfer by
incubation in TBS (50 mM Tris-HCI pH7.4, 5 % BSA, 500
mM NaCl) and then incubated with c-Myc monoclonal
antibody diluted in TBS containing 0.1 % Tween 20 (v/v).
After several rinses in the same buffer, the membrane was
incubated with HRP-conjugated secondary antibody in the
same buffer. The membrane was then rinsed in TBS
containing 10 mM EDTA, 0.5 M NaCl , and 0.1 % Tween 20
(w/v). Blots were developed using TBS (50 mM Tris-HCI
pH7.4,5 % BSA, 500 mM NaCl) containing 0.7 mg/ml 3,3’ -
diaminobenzidine (DAB) and 0.003 % H,0,, finally
terminated with 2M H,SO,.

Two-hybrid strategy Before the screening process, intrinsic
activation function of the bait was tested as demonstrated by a
bait-testing assay. To perform the two-hybrid screening, the
bait plasmid pGBK T-ipaC wastransformed into the yeast strain
AH109. The HeLacDNA libraries were extracted from E.coli
and introduced into the AH109 transformed with the bait. Cells
were first spread on plates lacking Leu, Trp and His, and
containing 1mM 3-aminotriazole to select colonies by
prototrophy for histidine. The His' colonies were streaked on
selective plateslacking Leu, Trp, Hisand Ade. The His', Ade*
colonieswere assayed for expression of b-galactosidase by an
X-Gal overlay assay, and blue colonies were streaked twice
on selective plates. After that, individual His', Ade*, LacZ*
colonies were cultured in liquid SD synthetic medium. Y east
DNA was recovered and transformed into E. coli DH5a by
electroporation. The insert carried by the prey plasmid in each
of the selected clones was amplified by PCR and grouped.
Representative plasmids from each group were retransformed
back into yeast to test their interaction with IpaC. The cDNA
inserts were subjected to sequencing.

RESULTS

Construction of bait plasmid
PCR primersforthe5 and 3’ endsof ipaC gene were designed
as follows based on its published sequences®!: P1, 5’ -
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CGGCCATGGTAATAGAACTGATGTTGC-3' containing
an Ncol restriction site and 18 bases of the 5’ end of ipaC
gene; and P2, 5 -GCGTCGACTTAAGCTCGAATGTTAC-3
containing a Sall restriction site and 18 bases of the 3' end of
ipaC gene. After amplification of ipaC gene by PCR, there
was aband of about 1.1kb by agarose gel electrophoresis (data
not shown). The fragment was purified, digested by Ncol and
Sall, and cloned into the Ncol and Sall sites of pGBKT7. The
resulting plasmid was designated as pGBK T-ipaC (Figure 1).
Sequencing revealed that the ipaC gene was fused in the correct
reading frame with the coding sequence of GAL4 DNA-
binding domain (data not shown).
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Figure 1 Construction of recombinant plasmid expressing IpaC.

Expression of IpaC in yeast

SDS-PAGE and western blotting were carried out with the
protein extracted from yeast AH109, AH109 transformed with
pGBKT7 and pGBKT-ipaC (Figure 2). An approximate 20kDa
GAL4 DNA binding domain containing c-Myc epitope tag
was expressed in AH109 transformed with pGBKT7, whilea
62kDa peptide was expressed in AH109 transformed with
pGBKT-ipaC. This showed that IpaC could be expressed in
frame with the GAL4 DNA binding domain and the bait
plasmid could be used in two-hybrid screening.

kD 1 2 3

62
20 e

Figure 2 Western blot analysis of the fused expression of IpaC
with c-Myc monoclonal antibody as a primary antibody. Lane
1, AH109; lane 2, AH109 transformed with pGBKT-ipaC; lane
3, AH109 transformed with pGBKT?7.

Two-hybrid screening

In order to identify whether the fused bait protein could activate
the expression of reporter genes, yeast containing the bait
plasmid (pGBKT-ipaC) and yeast containing the empty vector
of library (pACT2) were tested as demonstrated by a bait-
testing assay (Table 2). The results indicated that | paC was
devoid of transcriptional activity and could be used as bait in
ayeast two-hybrid assay.

The bait plasmid and cDNA library were sequentially
transformed into yeast strain AH109. Initial screening of 2x10°
colonies of a human HeLa MATCHMAKER cDNA library
identified 92 clones that showed specific activation of His
reporter gene. Further testing of the specificity of interaction

screening on selective medialack of Trp, Leu, His, Ade and
by b-galactos dase assay showed that only 64 coloniesinteracted
specifically with the bait BD-IpaC protein, but not with fusion
proteins between BD and human lamin C (Table 3).

Table 2 Detection of transcriptional activity of bait fusion
protein in AH109

Tranformed plasmids Growth on SD His X-Gal
pGBKT-ipaC - white
pGBKT-ipaC + pACT2 - white

Table 3 Verification of the interaction in positive clones

Tranformed plasmids b-Gal activity
1 pl white
2 pl + pGBKT7? white
3 pl+pLAM5’-1 white
4 pl + pGBKT-ipaC blue

Sequence analysis of the clonesrevealed that two independent
colonies (pl and p25) contained the same gene. A database
search using the BLAST program showed that this gene
encoded the protein which had as much as 99 % homology
with RanBPM (GenBank accession number AB055311). The
two library coloniesisolated from the yeast-two hybrid assay
contained amino acid sequences that were upstream of the
BPM55 start codon, but were within the coding region of
BPM90. Theresulting product of p1 contained 584 C-terminal
amino acids of RanBPM, which fused in the frame with the
GAL4 activation domain.

DISCUSSION

Animportant step in S. flexneri infection is bacterial invasion
of colonic epithelial cells, ascharacterized by host cytoskeletal
rearrangements at the site of bacterial contact®. These
localized changesin the host cytoskel eton lead to the formation
of filopodia that combine and trap the pathogen within a
membrane-bound vacuolethat israpidly lysed, thereby providing
the bacterium with accessto the host cell cytoplasm!®. Evidence
indicates that IpaC is necessary and sufficient to promote the
formation of filopodial extensions localized at the edge of
fibroblastic cells?Y. These extensions appear within seconds
after exposure of permeabilized cells to IpaC. The data
presented above and those from other |aboratoriesindicate that
IpaC proteins play an important role in this process.

Current understanding of therole of S flexneri |paproteins
in epithelial cell invasion is primarily based on deletion
mutagenesis, genetic complementation, and immunological
analysed*>142829 Tgo better understand the roles of the Ipa
proteins in the pathogenesis of shigellosis, it is necessary to
isolate proteins that interact with Ipa proteins in host cells.
The two-hybrid system is an effective genetic method to
identify protein-protein interaction and has been increasingly
used**3l, Therefore, we exploited a two-hybrid screen to
identify the IpaC-interacting protein in host cells. The foci of
infection of this pathogen are human colonic epithelia cells,
soalibrary prepared from them should be used in our screening.
Unfortunately, it isnot commercialy available. The mechanism
of entry of Shigella into cells has been studied extensively in
cultured cell lines. Of these cell lines, Helawas derived from
human epithelial cells and has been frequently used in the
invasion of S. flexneri®?%, Therefore a HeLa cDNA library
was used instead in our screening. Two library colonies that
were isolated in the yeast-two hybrid assay contained amino
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acid sequences with high homology to RanBPM.

RanBPM was originaly identified by its interaction with
Ran, asmall Ras-like GTPase. Ran shuttles between the nucleus
and the cytoplasm to complete its GT Pase cycle, carrying out
nucleocytoplasmic transport of macromolecules and inducing
microtubule self-assembly by interacting with distinct Ran
binding protein®31, RanBPM wasinitially identified asa55kD
protein (BPM55) which contains 500 amino acids®". A
subsequent report has shown that BPM55 isatruncated protein
and thefull-sized RanBPM isa90kD protein (BPM90) which
contains 729 amino acids®*®. Here we demonstrated that the
function domain within BPM 90 was able to interact with IpaC
invivo. RanBPM was predominantly localized both in thenucleus
and in the cytoplasmic region surrounding the centrosome®.
When truncated RanBPM was overexpressed in green monkey
kidney COS7 cells, the multiple spots which were colocalized
with g-tubulin were formed and acted as ectopic microtubule
nucleation sites, resulting in a reorganization of microtubule
network®%, The function of BPM90 is still unclear, but it has
recently been linked to the Ras/Erk signaling pathway®.

Actin filaments and microtubule (MT) arrays have been
regarded as constituting separate cytoskeletal systems with
distinct functions. However, it has become clear that the cell’ s
system of cytoskeletal filaments and its network of signaling
pathways are intimately linked and function cooperatively to
generate a cell phenotype tailored to the immediate conditions
of the cell®?, When a signal occurs, the structural responses
driven by the cytoskeleton are usually complex, such as
establishing new axes of polarity, making and breaking
contacts, moving or dividing, especially generating protrusions
as observed in the entry process of S. flexneri.

Taken the data presented above together, we therefore
become greatly interested in possible involvement of IpaC in
the signaling cascade resulting in massive cytokeletal
rearrangements (Figure 3).

S. flexneri Epithelial cells

Contact

Secretion of IpaB, IpaC and formation of a complex

.

RanBPM

/\ Nucleocytoplasmic

Actins polymerization  Microtubule nucleation

transport of
/ macromolecules

/ -

/ e
g
S. flexneri entry or infection

Figure 3 A schematic diagram of possible IpaC signaling cas-
cade in S. flexneri entry.

The early step of infection istheinvasion of epithelial cells
of the colon. As bacteria contact the cell surface, Ipainvasins
are secreted through the specialized secretory apparatus, two
of which (IpaB and IpaC) form a complex. IpaC has
hydrophobic regions that form transmembrane helices and
insert into cell membrane!“Yl. This complex constitutes the
primary effector of Shigella entry and is able to activate entry
viaits interaction with the host cell membrane. Then IpaC
stimulates localized accumulation of filamentous actin at the
site of bacterial contact. Meanwhile IpaC also leads to

microtubul e nucleation and/or nucleocytoplasmic transport of
macromol ecules possibly by interacting with RanBPM. So it
islikely that 1paC elicits major rearrangements of host cell
cytoskeleton, and these cytoskeletal filaments function
cooperatively and form bundles supporting the membrane
projections which achieve bacterial entry. Both the pathogen
and the host cell actively contribute to this process.

Thisisthe first report that |paC interacts with RanBPM
identified by two-hybrid screening. Thisinformation provides
an important step in studying the protein-protein interaction
that occurs in the host cells during initiation of Shigella
pathogenesis. Although our understanding of the mechanisms
that govern Shigella entry and actin-based intracellular motility
has improved at a considerable pace, many guestions remain
open. In particular, it will be interesting to establish various
connections between signaling pathwaysinvolved in Shigella
entry and responses linked to the ipa proteins. Understanding
how these responses integrate together and act in a concerted
manner to induce bacterial entry will represent another exciting
field of investigations.
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