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Abstract

Type III secretion (TTS) is an essential virulence factor for Shigella flexneri, the causative agent
of shigellosis. The Shigella TTS apparatus (TTSA) is an elegant nano-machine that is composed
of a basal body, an external needle to deliver effectors into human cells, and a needle tip complex
that controls secretion activation. IpaD is at the tip of the nascent TTSA needle where it controls
the first step of TTS activation. The bile salt deoxycholate (DOC) binds to IpaD to induce
recruitment of the translocator protein IpaB into the maturing tip complex. We recently used
spectroscopic analyses to show that IpaD undergoes a structural rearrangement that accompanies
binding to DOC. Here we report a crystal structure of IpaD with DOC bound and test the
importance of the residues that make up the DOC binding pocket on IpaD function. IpaD binds
DOC at the interface between helices α3 and α7, with concomitant movement in the orientation of
helix α7 relative to its position in unbound IpaD. When the IpaD residues involved in DOC
binding are mutated, some are found to lead to altered invasion and secretion phenotypes. These
findings suggest that adoption of a DOC-bound structural state for IpaD primes the Shigella TTSA
for contact with host cells. The data presented here and in the studies leading up to this work
provide the foundation for developing a model of the first step in Shigella TTS activation.
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INTRODUCTION

Shigella flexneri is a Gram-negative, facultative intracellular bacterium that causes
shigellosis, a severe form of human bacillary dysentery. Every year, 165 million cases of
shigellosis occur worldwide with more than one million deaths 1. The bacterium can be
acquired from contaminated water or be spread by the fecal-oral route with as few as 10–100
organisms sufficient to cause disease 2. A key step in the onset of shigellosis is bacterial
invasion of colonic epithelial cells. The genes required for intestinal epithelial cell invasion
are located on a 31-kb fragment of a large virulence plasmid which encodes a type III
secretion system (TTSS) and numerous effector proteins 3.

TTSS are key virulence factors for many Gram-negative pathogens, and serve as a channel
that directly connects the bacterium to the host cell. TTSS architecture resembles that of a
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molecular syringe containing a cytoplasmic bulb, a basal body that spans the inner and outer
bacterial membranes and an external needle possessing a tip complex at its distal end 3–5.
The bacterial protein IpaD localizes at the needle tip of S. flexneri prior to secretion
induction 6. IpaD is a dumbbell shaped protein with a stabilizing intramolecular coiled-coil
flanked by two globular domains; this protein is responsible for regulating secretion. The N-
terminal two helix chaperone domain of IpaD has been proposed to prevent self-association
prior to its secretion through the molecular syringe 7. Meanwhile, the C-terminal domain is
necessary for binding of IpaB following its recruitment to the needle tip 7. IpaD recruits and
stably associates with the first true translocator protein, IpaB, at the needle tip, in the
presence of environmental stimuli like deoxycholate (DOC) and other bile salts 8. This
occurs with a concomitant increase in Shigella’s ability to invade cultured cells 4. Computer
docking simulations predicted, and fluorescence spectroscopy experiments confirmed that
DOC can associate with IpaD, possibly within a cleft formed by the interface of the two
helices (α3 and α7) that form the central coiled-coil 8.

Because IpaD can be detected at the TTSS needle tip prior to any other secreted proteins 6

and since bile salts lead to recruitment of IpaB to the IpaD/needle tip complex 9, we have
proposed that IpaD serves as a small-molecule biosensor at the tip of the TTSA needle. It
can thus trigger the recruitment of IpaB to form the needle/IpaD/IpaB ternary complex
which is then primed for full TTS induction immediately upon detecting host cell contact.
Furthermore, we recently suggested that IpaD undergoes a conformational change upon
DOC binding 10. To refine these findings so that a mechanism for TTSA priming can be
developed, we have now determined a crystal structure of a large fragment of IpaD bound to
DOC. This allows us to make the first structural comparison between the bound and free
IpaD structures (PDB entries 2J0O and 2J0N) 7. Significantly, this DOC-bound structure has
identified a bile-salt binding site that differs from what was previously predicted 8. Based on
identification of the binding site reported here and knowing the structural adaptations that
either allow or result from DOC binding, mutants were generated to better understand the
role of DOC in initiating recruitment of IpaB to the TTSA needle tip and the influence of
this event on Shigella invasion functions. Single point mutations in the newly identified
DOC binding pocket were found to influence IpaD’s ability to direct Shigella invasion of
cultured cells, while elimination of the two residues that appear to strongly interact with
DOC greatly reduced the ability of IpaD to direct invasion or control secretion. The overall
findings appear to indicate that the binding of small molecules at the TTSA needle tip
stabilizes an alternative conformation in IpaD that is ultimately sensed by the apparatus and
which promotes a single, discrete step in TTS. This step occurs without inducing full TTS
and appears to prime the system for making contact with a host cell.

MATERIALS AND METHODS

Materials

The S. flexneri ipaD null strain (SF622) was from P.J. Sansonetti (Institute Pasteur, Paris,
France). Antibodies against IpaB, IpaC and IpaD were provided by E.V. Oaks (Walter Reed
Army Institute for Research, Silver Spring MD). Alexa-fluor labeled secondary antibodies
were from Invitrogen. E. coli Nova Blue cells and ligation reagents were from Novagen
(Madison, WI). Restriction enzymes were from New England Biolabs (Tozer, MA).
Oligonucleotide primers were from IDT (Coralville, IA). All other chemicals were reagent
grade.

Bacterial strains

The strains used in this study are listed in Table I. All ipaD mutants were constructed by
inverse PCR using pWPsf4D (which contains a copy of the wild-type ipaD gene 11) as a
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template and primers incorporating the desired mutation. The resulting linear plasmid was
digested with NdeI, intramolecularly ligated, and introduced into E. coli Nova blue cells by
transformation. Each plasmid was subsequently purified and introduced by electroporation
into S. flexneri SF622. Ampicillin selection ensured the presence of the recombinant plasmid
while kanamycin resistance and/or Congo red binding were used to ensure the presence of S.
flexneri virulence plasmid.

Cloning, over-expression and purification of recombinant IpaD

A gene fragment encoding IpaD residues 39–322 (possessing a C322S mutation to prevent
covalent dimerization) was amplified from the S. flexneri virulence plasmid using PCR and
the resulting fragment was subcloned into the expression plasmid pT7HMT 12. The
sequence-confirmed plasmid was transformed into Escherichia coli BL21 (DE3) cells,
which were then cultured in Terrific Broth supplemented with kanamycin (50 μg/ml) at 37
°C to an A600nm of 0.8. Protein expression was induced overnight at 18 °C by adding IPTG
to 1 mM. Bacterial cells were harvested by centrifugation, resuspended in lysis buffer (20
mM Tris (pH 8.0), 500 mM NaCl, and 10 mM imidazole), and then lysed by
microfluidization. The soluble tagged protein was collected in the supernatant following
centrifugation of the cell homogenate and purified on a Ni2+-NTA Sepharose column
according to published protocols 12. Recombinant TEV protease was used to digest the
fusion affinity tag from the target protein as previously described 12. After desalting into 20
mM Tris (pH 8.0), final purification was achieved by Resource Q anion-exchange
chromatography (GE Biosciences). Following this, the purified protein was concentrated to
30 mg/ml, buffer exchanged by ultrafiltration into double-deionized water, and stored at 4
°C for further use.

Crystallization

Whereas attempts to cocrystallize “full-length” IpaD (residues 39–332) in the presence of
DOC failed to yield any samples suitable for X-ray diffraction analysis, unexpected in-drop
proteolysis of IpaD in the presence of a molar excess of DOC (~0.3 mM) yielded single
block-shaped crystals after 4 months at 20 °C. Optimization of the mother liquid condition
resulted in the overnight formation of large, block-shaped crystals (~300 μm in diameter),
which could be reproduced by vapor diffusion of hanging drops with the degraded
IpaD122.319 sample. In particular, 1 μl of protein solution (10 mg/ml in double-deionized
water) was mixed with 1 μl of reservoir solution that contained 20 mM magnesium chloride
hexahydrate, 100 mM HEPES (pH 7.5) and 20% (w/v) polyacrylic acid sodium salt 5100,
and equilibrated over 500 μl of reservoir solution. Crystals were flash cooled in a
cryoprotectant solution consisting of reservoir buffer with an additional 15% (v/v) glycerol.

Diffraction data collection, structure determination, refinement and analysis

Monochromatic X-ray diffraction data were collected at −173 °C to 1.9 Å limiting resolution
from a single crystal using beamline 22-BM of the Advanced Photon Source, Argonne
National Laboratory (Table II). Following data collection, individual reflections were
indexed, integrated and merged using HKL2000 13. Initial phase information was obtained
by maximum-likelihood molecular replacement using PHASER 14. Specifically, chain A of
PDB entry 2J0O (wild-type S. flexneri IpaD) was manually truncated to residues 131–322
within PyMol 15 to reflect the truncated form of IpaD within the cocrystal, and this resulting
structure was used as a search model. The single most highly scored solution contained an
IpaD dimer in the asymmetric unit; this arrangement corresponded to a Matthews coefficient
of 2.93 Å3/Da and a solvent content of 57.7%.

Structure refinement was carried out using the protocols implemented in phenix. refine 16.
To begin, one round of simulated annealing, individual coordinate and isotropic atomic-
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displacement factor refinement was conducted, and the refined model was used to calculate
both 2Fo−Fc and Fo−Fc difference maps. These maps were used to iteratively improve the
model by manual building in Coot 17,18, followed by additional coordinate and atomic-
displacement factor refinement. Ordered solvent molecules were added according to the
default criteria of phenix. refine, and inspected manually using Coot prior to model
completion. Additional information and refinement statistics are presented in Table II. Chain
A contains an intact polypeptide encompassing residues 122–319, while regions of poor map
quality corresponding to residues 174–194 and 270–278 prevented complete sequence
coverage for chain B.

Ligand fitting

Inspection of the initial Fo−Fc difference maps described above revealed unmodeled
contiguous density that corresponded to DOC bound in a region near the N-termini (α3 and
α7) of both polypeptides within the asymmetric unit. To appropriately model this ligand, a
PDB file for DOC was first prepared using the PRODRG server 19, and molecular restraint
files were generated using phenix. elbow 16. Then phenix. ligandfit 16 was used to place a
single DOC molecule per IpaD monomer. Refinement of the ligand-bound IpaD structure
was carried out as described above, with the exception that constrained group occupancy
refinement was used to estimate the fraction of ligand bound at each site independently.

Overnight Ipa protein secretion

Shigella were grown overnight at 37°C with aeration in tryptic soy broth (TSB). The
bacteria were then removed by centrifugation at 6000 × g and the proteins in the culture
supernatant were precipitated by bringing the solution to 10% (w/v) with trichloroacetic acid
and incubating at 4°C. The precipitated protein was collected by centrifugation at 10,000 × g
for 10 min and the resulting pellet washed with ice-cold acetone prior to resuspending in
10mM sodium phosphate (pH 7.2) containing 150mM NaCl (PBS). Two volumes of SDS-
sample buffer were then added and the proteins were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were then transferred to nitrocellulose for
routine immunoblot analysis using a mixture of antibodies against IpaB, IpaC, and IpaD.
Proteins were detected using Alexa Fluor 680-labeled goat anti-rabbit IgG. Western blot
images were obtained using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE).

Bacterial invasion of cultured epithelial cells and contact-mediated hemolysis

S. flexneri invasion of HeLa cells was monitored with a gentamycin protection assay as
previously described 11. HeLa cells were seeded into 24-well plates and grown overnight in
MEM supplemented with 10% calf serum (containing penicillin and streptomycin) at 37 °C,
5% (v/v) CO2, and a relative humidity of 100%. S. flexneri was then grown on trypic soy
agar plates containing 0.025% (w/v) Congo red. Ampicillin was included on plates for
growing bacteria harboring pWPsf4 to maintain the plasmid. Red colonies (indicative of
bacteria that had not lost the Shigella virulence plasmid) were used to inoculate 10 ml of
TSB containing kanamycin (to maintain the virulence plasmid if the bacteria were derived
from SF622) and ampicillin (to ensure maintenance of the pWPsf4 plasmid). The bacteria
were grown at 37°C to early log phase (A600 ~ 0.4) with aeration. The cultures were then
split so that half could be incubated for the final 30 min in the presence of 2.5 mM (0.1% w/
v) deoxycholate (DOC). The bacteria were then incubated with the HeLa cells for 30 min as
described 11 without the centrifugation step. Extracellular bacteria were killed with 50 μg/ml
gentamycin. The invading bacteria were visualized by overlaying the HeLa cell monolayers
with 1.0% agarose in water, followed by an overlay of 2× LB media in agar. After overnight
incubation at 37 °C, the colonies were counted and the relative level of invasion for bacteria
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making mutant IpaD was compared to that of S. flexneri SF622 harboring pWPsf4D which
expressed wild-type IpaD.

Shigella contact-mediated hemolysis was initially measured as described previously 11.
Because this method essentially results in 100% lysis of the erythrocytes, it was modified by
reducing the number of bacteria incubated with the epithelial cells and shortening the
incubation time. This allowed us to obtain subsaturating levels of contact-mediated
hemolysis which could be used to detect subtle differences caused by Shigella expressing
different mutant forms of IpaD. Briefly, bacteria were grown to mid-log phase, collected by
centrifugation and resuspended in PBS. Sheep red blood cells were washed and resuspended
in PBS to a concentration of 1010/ml. Blood cells and bacteria were mixed and forced into
contact by centrifuging at 2,200 × g for 15 min at 20°C. The cells were then incubated at
37°C for 30 min, resuspended in cold PBS and centrifuged again at 2,200 × g. The amount
of hemolysis was then measured by determining the absorbance of the resulting supernatant
fraction at 545 nm. The data are presented as a percent of total lysis, which was determined
by incubating the erythrocytes in water. Incubation in PBS served as a negative control for
hemolysis.

Surface localization of IpaD

To visualize the presence of IpaD at the tip of the S. flexneri TTSA needle, bacteria were
first grown to early log phase (A600 ~0.4) in TSB with or without 2.5 mM DOC. The
bacteria were then collected by centrifugation, resuspended in PBS, and fixed with 1.5% (v/
v) formaldehyde. The bacteria were affixed to glass slides and blocked with 1% (w/v)
bovine serum albumin in PBS:Odyssey blocking buffer (1:1) (LiCor Biosciences, Lincoln,
NE). IpaD was detected using rabbit anti-IpaD antiserum as the primary antibody and Alexa
Fluor 488 goat anti-rabbit IgG as the secondary antibody. Fluorescence microscopy was the
carried out using an Olympus IX-81 spinning disk confocal microscope using a mercury
light source with the appropriate bandpass filters to excite the fluorophore. In multiple fields
(n ≥10), the number of bacteria with IpaD on their surface was determined as a function of
total bacteria in the field. In some cases where the bacteria were found to have elevated
invasion levels in the absence of DOC, they were examined for the presence of IpaB on their
surfaces prior to DOC-induced maturation.

RESULTS

Structure of the IpaD122.319-DOC complex

IpaD122.319-DOC cocrystals were generated as described in Methods and diffracted
synchrotron X-rays to 1.9 Å limiting resolution. Since the initial crystals took nearly 4
months to appear, a number of routine analyses were conducted to address potential
questions regarding sample degradation. In particular, the results of SDS-PAGE and
MALDI-TOF strongly suggested proteolytic loss of α helices 1–2′ (approximately residues
40–120) that comprise the IpaD N-terminal domain. With this information, the crystal
structure was then solved by molecular replacement and contained two molecules of
IpaD122.319 within the asymmetric unit (Supplemental Figure S1). Significantly, Fo−Fc
maps (calculated as described in Methods) revealed unmodeled contiguous density (Fig. 1A,
following refinement and Supplemental Figure S2, prior to refinement) that represented a
single copy of bound DOC near the N-terminus (α3 and α7) of each IpaD122.319

polypeptide. Upon placing each DOC ligand, the final model was refined to Rwork and Rfree
values of 22.9% and 25.5%, respectively (Fig. 1B and Table I).

In light of previous findings 8, the more relevant 1:1 complex was that shown in Figure 1C
in which DOC is bound by a hydrophobic pocket formed by the interface of α3 and α7 of

Barta et al. Page 5

Proteins. Author manuscript; available in PMC 2014 January 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



the central IpaD122.319 coiled-coil. While this was lower on the coiled-coil than predicted by
previous computer docking simulations, it was still consistent with Förster resonance energy
transfer (FRET) measurements between a coumarin fluorescence donor probe on Cys322
and the fluorescein acceptor tethered via a linker on FITC-DOC 8 when the length of the
linker and dimensions of FITC were considered. The FRET-based distance between these
two probes was determined at 42 Å and this was originally interpreted to position the DOC
binding site about half way up the central coiled-coil of IpaD122.319. However, when the
length of the six-carbon tether linking the fluorescein (~20 Å) to DOC is considered, the
FRET measurements are still in agreement with the Cys322-DOC distance measured in the
crystal, and would actually be expected to lie in approximately the position shown in Figure
1C.

When the structure of IpaD122.319 with DOC bound was superimposed with free structures
of IpaD (“full-length”, 2J0O and truncated, 2J0N), it was apparent that bile salt binding was
accompanied by a change in the overall conformation of the protein (Fig. 2A). However,
structural superposition of DOC-bound IpaD with free, truncated IpaD (Figure 3) reveals
that DOC interaction stabilizes a pre-existing intrinsic conformation within IpaD.
Specifically, the central coiled-coil (α3 and α7) became constricted by 2.7 Å in the DOC-
bound state, with α5 of the C-terminal domain contracting slightly as well. This constriction
of α7 led to a 7.8 Å shift with respect to its original position within free IpaD. Again,
however, these data were consistent with the previous FRET-based findings of Dickenson et
al. 10 who proposed that a kink formed between residues 146 and 149 in α3 of the central
coiled-coil may be a key contributor to the conformational changes observed in solution.
This change is illustrated in the structural overlay depicted in Figure 2B. It was previously
found that DOC binding to an N146Q mutant of IpaD did not appreciably change the
conformational distribution of the protein between free and bound states (as determined by
NMR chemical shift mapping) 10. This was accompanied by a significant reduction in
Shigella invasiveness. Interestingly, while Dickenson et al. 10 proposed that DOC binding
likely stabilized the helical character of α3, the overlay in Figure 2B instead suggests that
ligand binding stabilizes formation of a bulge at this position.

Site directed mutagenesis of residues involved in DOC binding – effect on host cell
invasion

The IpaD122.319-DOC structure described in Figure 1 was analyzed by the CCP4 program
Contact 20,21 to identify residues located within 2.6 – 5.0 Å of DOC that appeared to
contribute to DOC binding. This identified several positions along IpaD helix α3 (Ile129,
Lys137, Ile138, Ser141 and Ile145) as well as a single residue (Leu311) along helix α7,
however, two other residues within this hydrophobic pocket appeared to be most intimately
involved in DOC binding. These two residues were Leu134 and Leu315, which are
highlighted within Figure 4. Using this information, a majority of these positions were
targeted for mutagenesis to directly assess their importance with respect to DOC binding and
IpaD function. In particular, changes to serine were used to render these normally
hydrophobic positions more polar, while changes to glutamate were used to introduce a
formal negative charge at these sites.

Whereas several mutants displayed invasion phenotypes that were largely similar to that of
S. flexneri SF622 expressing wild-type IpaD (the results for only K137S and I138S are
shown in Table III), two of the mutants proposed to be most directly involved in DOC
binding showed notable changes in invasiveness (Table III). In a typical experiment, the
addition of DOC has been shown to cause a three- to four-fold increase in Shigella
invasiveness of cultured HeLa cells 9. Significantly, the L134S and L134E mutants
displayed enhanced invasiveness relative to wild-type IpaD in the absence of DOC. The
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addition of DOC then had what appeared to be a reduced stimulatory effect on this level of
invasiveness (Table III). L315S was also mildly enhanced in invasiveness relative to wild-
type IpaD, however, and the addition of DOC to Shigella expressing this mutant caused an
increase in invasiveness that was somewhat greater than expected (approaching six-fold;
Table III). Together, these findings suggested that L134 and L315 contribute in important
ways to the observed DOC effect on Shigella invasiveness.

In contrast to what was seen with the mutations L134S, L134E or L315S, mutation of L315
to glutamate (L315E) resulted in a nearly complete loss of invasiveness (Table III). A
similar phenotype was observed if L134 and L315 were mutated simultaneously to serine or
glutamate (L134S/L315S and L134E/L315E, respectively) (Table III). Because the latter
mutants contained multiple mutations, it was possible that their loss of function was due to
induced structural instability, however, each protein could be purified without observable
degradation and their circular dichroism (CD) spectra were nearly identical to free IpaD.

Because some of the mutations at L134 and L315 resulted in what appeared to be enhanced
invasiveness prior to DOC addition, it was also possible that they might be causing IpaB to
appear prematurely on the bacterial surface. Indeed, this appeared to be the case since
immunofluorescence microscopy showed staining for IpaB on the surface of S. flexneri even
in the absence of DOC (approximately 93% of cells in each case). At the same time, the
same sets of mutations did not change the levels of IpaD presentation on the Shigella surface
relative to bacterial expressing wild-type IpaD (Table III). Thus, when considered as a
whole, these results suggest that L134 and L315 of IpaD have important roles in invasion by
S. flexneri.

Effect of mutations on contact-mediated hemolysis by Shigella

Contact hemolysis provides a measure of Shigella’s ability to insert translocon pores into
target cells when the two are forced into contact with one another. As such, it provides an
alternative measure of TTSA maturation and function. When the standard contact-mediated
hemolysis assay was modified so that it gave a subsaturating level of erythrocyte lysis,
similar trends were observed as for the invasion results presented above in the absence of
DOC (Table III). S. flexneri producing mutant forms of IpaD that had lost their invasion
ability (notably L315E, L134S/L315S and L134E/L315E) were unable to cause significant
red blood cell lysis, which indicated that they could not efficiently insert a functional
translocon pore into the erythrocytes 22. L315E did appear to display a minor amount of
contact hemolytic activity that seemed to correlate with its very low level of invasiveness.
Interestingly, those mutants that displayed elevated invasiveness relative to S. flexneri
making wild-type IpaD in the absence of DOC also appeared to demonstrate modest
increases in contact hemolysis activity (Table III).

In contrast to the invasion results following the addition of DOC, there was no clear increase
in contact hemolysis by bacteria following incubation with DOC. In fact, Shigella making
wild-type IpaD appeared to show a decrease in contact hemolysis activity (Table III). This is
probably due to the fact that this assay requires that the bacteria be forced into contact with
the red blood cells, thereby making it inherently less sensitive to any subtle changes that
might be caused by prior incubation with DOC. Nevertheless, mutations within the DOC
binding pocket of IpaD did appear to influence Shigella’s contact hemolysis activity;
however, monitoring invasion appears to be the most sensitive method to follow the TTSA
needle tip maturation process.

The ability to properly deliver a functional translocon pore (consisting of IpaB and IpaC)
into target cells is essential for delivery of the effector proteins needed for cellular invasion.
Because of this, one possible reason for the inability to invade or cause contact-mediated
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hemolysis was that the IpaD mutants had lost the ability to remain stably anchored at the
TTSA needle tip. Indeed, this appeared to be the case as judged by immunofluorescence
microscopy studies. While S. flexneri producing mutant forms of IpaD that could not restore
invasion or contact-hemolysis failed to show detectable staining for IpaD on their surfaces in
the presence or absence of DOC (Table III), all of the invasive Shigella strains showed
similarly high levels of IpaD on their surfaces without regard to DOC. Curiously, L315E
displayed very low levels of both invasiveness and contact hemolysis and had variable
staining for low levels of IpaD on the surface (Table III), however, DOC addition for this
mutant resulted in loss of invasiveness, contact hemolysis, and IpaD surface localization
altogether.

Influence of IpaD mutations on secretion control

As mentioned above, the loss of invasiveness for L134S/L315S correlated with a loss of
detection of IpaD on the Shigella surface (Table III). Because an important function of IpaD
is to control type III secretion, the different IpaD mutants were likewise examined with
respect to overnight secretion of the translocators. As would be expected, an ipaD null strain
(SF622) showed no IpaD in overnight culture supernatant fractions, but released elevated
levels of IpaB and IpaC into the medium. This reflected an inherent inability to control
background levels of type III secretion; however, secretion control was restored back to low
overnight levels when SF622 was complemented with wild-type IpaD (Fig. 5). This level of
secretion control was equivalent to what has been seen routinely for both complemented and
wild-type S. flexneri 11.

For most of the remaining IpaD single-site mutants described in Table III, overnight
secretion appeared to be approximately equivalent to that of the wild-type form of the
protein. In contrast, the L134S/L315S double mutant had completely lost secretion control
and released amounts of IpaD, IpaB and IpaC into Shigella culture supernatant fractions that
were even greater than that seen for the ipaD null mutant (Fig. 5). The L134E/L315E and
L315E mutants gave similar results (data not shown). Based on surface localization
experiments (Table III), there could be a change in their conformational distribution that
leads to a disruption of the protein-protein contacts needed to maintain IpaD at the TTSA
needle tip. In this regard, it is interesting to note that a similar phenotype was observed for
IpaD when short C-terminal deletions had been introduced 11. In these deletion mutants,
IpaD retained its structural integrity, but was released into the culture supernatants along
with IpaB and IpaC at greatly elevated levels.

DISCUSSION

In this report, we have expanded upon previous studies 10 by generating Shigella strains that
express mutant forms of IpaD and performing detailed phenotypic analyses of the earliest
stages of TTSA needle-tip complex formation and progression. This work was made
possible by identifying a bile salt-binding pocket in IpaD, as judged by a 1.9 Å cocrystal
structure of DOC bound to a core fragment of IpaD (i.e. IpaD122.319). Even though initial
crystallization studies were conducted with “full-length” protein, time-dependent proteolytic
degradation of IpaD occurred slowly in the presence of saturating levels of DOC and lead to
the loss of helices 1 to 2′ specifically (approximately up to residue 120). These residues
comprise a small domain that has previously been proposed to serve a self-chaperoning
function that prevents premature IpaD oligomerization 7. A similar, yet even more
extensively truncated form of IpaD (i.e. residues 133–319; PDB ID 2J0N) was also
identified during the prior crystallographic studies of Johnson et al. 7. Indeed, superposition
of this truncated form of IpaD with that of DOC-bound IpaD reveals that both polypeptides
adopt similar structures (168/198 Cα positions align within 5.0 Å with an RMSD of 1.18 Å,

Barta et al. Page 8

Proteins. Author manuscript; available in PMC 2014 January 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3). It is interesting to note while that the truncated IpaD characterized by Johnson et
al. was generated by an unknown protease during crystallization trials over a period of up to
12 months 7, the degradation product described here arose in the presence of DOC over a 4
month period. Furthermore, the extent of degradation within the DOC-bound structure was
significantly less, as a minimum of 11 N-terminal amino acids (residues 122–143 within
chain A and 122–132 within chain B) were degraded away in the free, truncated IpaD
structure (Figure 3). It is possible that DOC binding stabilizes this region of IpaD in the
absence of the N-terminal chaperone domain, as DOC binding is intimately associated with
this region of IpaD (Figure 4). Finally, loss of the self-chaperone domain in IpaD was both
time and DOC-dependent, since “full-length” IpaD itself is stable up to one year at
concentrations approaching 1 mM in neutrally-buffered saline solutions (unpublished
observations).

Protease sensitivity in the presence of ligand(s) has been documented in the past, and has
found use as a sensitive biochemical probe for changes in protein conformation and
dynamics 23. For example, increased trypsin sensitivity in the presence of a small bacterial
protein (~8.5 kDa) was used to identify a conformational change in the human complement
protein C3b (~175 kDa) 24,25. Such changes in C3b involve fairly substantial movements
while the conformational differences seen for free and DOC-bound IpaD appear to be less
dramatic. In particular, the IpaD structural differences are centered around exacerbation of
the helical bulge in α3 and a constriction of the central α3–α7 coiled-coil of IpaD (Fig.
2A,B). It has to be noted that loss of the self-chaperone domain when preparing the crystals
used for determining the structure presented here precludes a comparison between free and
DOC-bound forms for the “full-length” IpaD. The absence of the N-terminal chaperone
domain from the DOC-bound structure may, however, actually provide a more appropriate
protein model with respect to IpaD structure. The chaperone domain of IpaD is proposed to
move away from the protein body (i.e. the central coiled-coil) as it docks at the needle
tip 6,7,22. Because of such structural flexibility in IpaD, recent models of ligand-mediated
structural transitions would argue that DOC binding actually stabilizes a pre-existing
intrinsic conformation in IpaD, rather than “inducing” an altogether new conformation per
se 26,27. Thus, the truncated form of IpaD identified by Johnson et al. may actually represent
the ligand-bound conformation of IpaD seen in the absence of DOC. Finally, while it would
be overly speculative to comment on the statistical distribution between the free and DOC
binding-competent forms within “full-length” IpaD, the fact that conformational changes
could be detected by both FRET and NMR shift mapping in the presence of DOC strongly
suggest that these transitions must occur readily, at least in vitro.

Mutational analysis presented here reveals that disruption of the two IpaD residues most
closely linked to DOC binding (L134 and L315) resulted in the greatest effects on IpaD’s
role as a virulence factor. In particular, both the L134S/L315S and L315E mutants lost
control of secretion regulation, which potentially implicates the ability to bind DOC in
maintenance of IpaD at the needle tip. Since DOC-binding correlates with structural
differences in IpaD (as determined by FRET, NMR, and now crystallography), it is possible
that changes emanating from the DOC binding pocket precipitate minor conformational
shifts that affect the manner in which IpaD interacts with the TTSA needle. In the most
conceptually-simple case, mutations that influence these conformational changes could
impact how well IpaD is stably maintained at the TTSA needle tip. This would be
interesting because loss of IpaD from the bacterial surface following mutation of residues
within its DOC-binding site suggests that bile salts influence key protein-protein interactions
within the needle tip complex and, further, that these interactions are critical for regulating
secretion control. It is also possible that these altered interactions could serve to propagate a
DOC-mediated signal from the TTSA needle tip to the base of the TTSA structure. Finally,
DOC binding could influence the nature of IpaD’s interaction with the first translocator,

Barta et al. Page 9

Proteins. Author manuscript; available in PMC 2014 January 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



IpaB, which is held within the lumen of the TTSA needle or needle tip complex 9. This
could explain why only IpaB is recruited to the TTSA needle tip after following IpaD/DOC
binding 9.

Recently there have been two papers published that describe the structures of the IpaD
homologue from Salmonella, SipD, with bile salts bound. In the first of these, Chatterjee et
al. presented the structures of a fragment of SipD (SipD39.342) bound to deoxycholate and
chenodeoxycholate 28. Comparison of these structures with that of IpaD122.319-DOC
described here reveals two noteworthy differences. First, while DOC binding appears to
involve an alternative conformation in IpaD, indeed one that was additionally seen within
PDB code 2J0N (Figure 3) at a further truncated level, the apo-and bile salt-bound structures
of SipD39.342 are nearly identical to each other 29. Whether or not this is due to the presence
of the N-terminal self-chaperone domain in SipD remains unclear at this time. Second,
whereas the stoichiometry of the IpaD122.319-DOC interaction presented here appears to be
1:1 for each IpaD monomer, the SipD39.342 co-crystal structures displayed 1:1 stoichiometry
only when considered within the context of the needle tip multimer 7. Confounding the
interpretation of these SipD data is a second paper, which was published after the present
work was first submitted. In this report, Lunelli et al. proposed a DOC binding site on SipD
that is entirely different than that described by Chatterjee and colleagues 30. In particular,
they analyzed a form of SipD fused to the Salmonella TTSA needle protein monomer PrgI,
and suggested that DOC binding involved a region that arose via the interface of SipD and
PrgI. Mutagenesis of the SipD residues involved in PrgI binding indicated that the residues
involved in binding DOC were also important for SipD function. Among these positions in
SipD are R232, Q233 and S236, which are in close proximity to the DOC binding site, as
are at least eight residues from PrgI. This stands in perplexing contrast to the previous report
on SipD 28, in which residues near the bile salt-binding site are derived from the two
different polypeptides (i.e. R41, I45, K338 and F340 from the A subunit, and N104, A108,
L318, N321 and L322 from the B subunit). In light of our work described here, it is actually
this latter SipD binding site that corresponds more closely to the DOC-binding residues from
IpaD. Nevertheless, it has to be mentioned that this binding site described by Chatterjee et
al. is comprised of an interface between adjacent SipD monomers and involves residue
contributions from the N-terminal chaperone domain, which is missing in the IpaD122.319-
DOC co-crystal.

When viewed at first glance, it would be tempting to speculate that the ligand-binding mode
identified for IpaD is more relevant because it is supported by a previous series of in vitro
binding studies 8. It is critical to realize, however, that Salmonella respond much differently
to bile salts than do Shigella 31. Chief amongst these differences are that bile salts mediate
repression of expression of Salmonella pathogenicity island 1 (SPI-1) which encodes the
TTSS that includes SipD and PrgI (i.e. the needle protein) 32 and that short incubation in
presence of DOC causes rapid loss of Salmonella invasiveness for cultured cells
(unpublished results). Curiously, there exists a high degree of structural conservation
between both the tip proteins (IpaD and SipD) 7 and the needle proteins (MxiH and
PrgI) 32,33 from these two organisms. This suggests that the needle-tip protein interaction is
likely to be conserved as well, even though the surface electrostatic features of MxiH and
PrgI differ significantly. Thus, while it cannot be ruled out whether different electrostatic
properties play a role, it is reasonable to suggest that the difference in binding modes
presented here might ultimately give rise to pathogen-specific responses to the same bile
salts. In any case, it is clear that fundamental differences in TTSA function exist between
these two closely related organisms. Thus, additional work will be needed to dissect the
molecular level changes that occur in response to bile-salts by other TTSAs 28.
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As discussed earlier, the N-terminal domain of IpaD is predicted to swing away from the
core of the protein upon association with MxiH at the needle tip. In line with this, the N-
terminal portion of DOC-bound IpaD122.319 assumes a non-canonical secondary structure
that extends further away from the central α3–α7 coiled-coil than the same region within
free IpaD122.319 (Fig. 2C). Previously, Zhang et al. proposed a model of the IpaD-MxiH
interaction in which α3 of IpaD plays a critical role 22. Modeling of this interaction
(Supplemental Figure S3) may place the C-terminal domain of IpaD on the outside of the
needle core. More significantly in terms of the present work, it places the location of the
DOC binding site identified here on the outside face of the needle. While there is currently
some uncertainty regarding the number of IpaD molecules present in the tip complex, it
seems fairly likely that the polypeptides involved in forming the secretion plug would
continue the helical rise seen within the polymerization of the needle protein MxiH 7. Thus,
constriction of both helices comprising the central coiled-coil (as judged by the free versus
DOC-bound IpaD structures) provides a potentially attractive mechanism for the opening of
the needle pore. Anchoring of IpaD to MxiH would imply that a global constriction of the
tip protein should pull IpaD away from the central pore of the needle. This scenario would
resemble the opening of an iris on a microscope.

Our previous use of solution dynamics along with the crystalline state studies presented here
have allowed for a comprehensive analysis of IpaD structural changes that correlate with its
binding to bile salts. This has permitted well-informed mutagenesis and phenotypic analysis
of what appears to be the first discrete step in TTS activation in Shigella, and also provided
a framework for developing a testable model of this critical process. This initial step is
characterized by the recruitment and stable binding of the first translocator protein, IpaB, to
the maturing TTSA needle tip complex. At the tip of the nascent TTSA needle, IpaD is able
to sense environmental small molecules such as bile salts that associate with the protein and
thereby bind to the needle. The resulting stabilization of a particular IpaD conformation
perturbs or alters the interaction between the tip complex and the needle itself, giving rise to
a conformational signal that brings IpaB to the tip without further type III secretion. How
this signal is processed by the apparatus is not clear; however, it could involve interactions
between IpaD and IpaB, which is itself located within the needle prior to recruitment 9. This
would fit with the previous observation that while we do not detect IpaB on the surface of S.
flexneri SF622 expressing wild-type IpaD, we can detect it by immunoblot analysis of
isolated needles. Alternatively, it is possible that the DOC-stabilized structural transition at
the needle tip is relayed through the polymerized needle monomers and then detected by the
TTSA base. This would be consistent with previous studies which showed that point
mutations within MxiH can lead to altered secretion status 34. While there are still
unanswered questions, this report provides a sound starting point for determining the
mechanism of type III secretion induction in Shigella.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ipa invasion plasmid antigen

Sip Salmonella invasion protein

Mxi major exporter of Ipas

PrgI needle protein monomer from Salmonella

DOC deoxycholate

TTS type III secretion

TTSS type III secretion system

TTSA type III secretion apparatus

PBS phosphate-buffered saline

TSB trypticase soy broth

FRET Forster resonance energy transfer

CD spectroscopy circular dichroism spectroscopy
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Figure 1. 1.90 Å-resolution cocrystal structure of IpaD122.319 from S. flexneri bound to DOC
A, Fo−Fc map (green mesh at 2.0σ contour, carve radius of 1.6 Å) of the refined structure,
following a single round of atomic-displacement factor and occupancy refinement in the
absence of modeled bile salt in order to eliminate “phase memory bias”. IpaD backbone is
depicted in cartoon ribbon format (purple). B, Representative model-to-map correlation of
an aromatic region of IpaD122.319 with the 2Fo−Fc weighted electron density (contoured at
2.0σ) depicted as a blue mesh. C, Crystal structure of a single copy of IpaD122.319 in cartoon
ribbon format bound to DOC. The two views of the molecule are related by a 90 degree
rotation about the central coiled-coil axis. Molecule A is depicted in all three panels.
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Figure 2. Structural superposition of free and DOC-bound IpaD crystal structures
PDB ID: 2J0O, ‘free’ IpaD15–332 (aquamarine); 3R9V, DOC-bound IpaD122.319 (purple). A,
Structural superposition of free and DOC-bound IpaD structures. Constriction of α3 (left)
and α7 (right) highlighted (in red) with distance apart (Å) for both structures (measured
from Ile138 to Leu315 on each helix). Movement of α7 (measured from Thr319 carbonyl
atom of each structure) within both structures is highlighted in yellow. B, Superposition of
free and DOC-bound IpaD structures highlighting the exacerbation of the ‘kink’ region.
Coloring of both structures is the same as in panel A. C, Superposition of free and DOC-
bound IpaD structures, highlighting the distension of the 10 most N-terminal residues within
the DOC-bound structure when compared to the equivalent region in free IpaD (DOC
removed for clarity). Coloring of both structures is the same as in panel A.
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Figure 3. Structural superposition of truncated and DOC-bound IpaD crystal structures
Crystal structures of proteolytically truncated, free IpaD (PDB ID: 2J0N, chain A, colored
cyan) and DOC-bound IpaD122.319 (colored purple). 168/198 Cα positions align within 5.0
Å with an RMSD of 1.18 Å. The superpositioned structures are rotated 180° about the
central coiled-coil axis on the right.
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Figure 4. DOC-bound active site within IpaD
Amino acid side chains (aquamarine) of IpaD122.319 within 2.6 – 5.0Å of DOC (yellow).
IpaD backbone is depicted in cartoon ribbon format (purple). Side chains intimately
involved in DOC interaction, Leu134 and Leu315, are highlighted in orange. Crystal
structure rotated 90° about the central coiled-coil axis on the right.
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Figure 5. Control of overnight secretion for S. flexneri SF622 expressing different IpaD mutants
Bacteria were grown overnight in TSB and the proteins present in equal amounts of culture
supernatant were separated by SDS-PAGE. IpaB, IpaC and IpaD (labeled) were then
detected by immunoblot analysis as described in Methods. The relative abundance of each
protein was estimated based on the size of the observed bands. The lanes shown are for
supernatants from the following: 1) S. flexneri SF622 (ipaD null mutant), 2) SF622
expressing wild-type IpaD or 3) L134S, 4) K137S, 5) I138S, 6) L315S, and 7) L134S/
L315S. The level of overnight secretion seen for the complemented strain was similar to that
seen for overnight secretion by wild-type S. flenxeri 11.
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Table I

Bacterial strains used in the study

Strain designation Resistance

Shigella flexneri ipaD null (SF622) Kan

SF622 harboring pWPsf4Da Amp/Kan

L134Sb Amp, Kan

L134E Amp, Kan

K137S Amp, Kan

I138S Amp, Kan

L315S Amp, Kan

L315E Amp, Kan

L134S/L315S Amp, Kan

L134E/L315E Amp, Kan

a
pWPsf4D contains the wild-type ipaD gene for expression in S. flexneri.

b
Each mutant designation is for IpaD harboring the designated amino acid change encoded on pWPsf4.
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Table II

Diffraction Data Collection and Structure Refinement Statistics

Data Collectiona

Crystal IpaD-DOC

Beamline APS 22-BM

Wavelength (Å) 1.0000

Space Group P21

Cell Dimensions a=62.97, b=43.72, c= 93.76
β=97.42°

Resolution (Å) 25.28-1.90 Å

Reflections (unique) 224,385 (39,374)

Completeness (%) 97.7 (82.9)

Redundancy (fold) 5.7

<I>/<σI> 21.1 (2.48)

Rmerge (%)b 7.2 (45.1)

Refinement

RCSB Accession Code 3R9V

Protein Molecules/AU 2

Rwork/Rfree (%)c 22.9/25.5

Number of Atoms

 Protein 2826

 Ligand 56

 Solvent 244

Ramachandran Plot (%)

 Favored 96.6

 Allowed 2.3

 Outliers 1.1

RMSD

 Bond Lengths (Å) 0.010

 Bond Angles (°) 1.186

B factor (Å2)

 Protein 38.0

 Ligand 37.4

 Solvent 38.8

Ligand Occupancy (%)

 Chain A 0.95

 Chain B 0.96

a
Numbers in parentheses are for the highest-resolution shell.

b
Rmerge = ΣhΣi|Ii(h)−<I(h)>|/ΣhΣiIi(h), where Ii(h) is the ith measurement of reflection h and <I(h)> is a weighted mean of all measurements of

h.

c
R = Σh|Fobs(h)−Fcalc(h)|/Σh|Fobs|. Rcryst and Rfree were calculated from the working and test reflection sets, respectively. The test set

constituted 5% of the total reflections not used in refinement.
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