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Abstract

Type three secretion systems (T3SS) are specialized nano-machines that support infection by 

injecting bacterial proteins directly into host cells. The Shigella T3SS has uniquely evolved to 

sense environmental levels of the bile salt deoxycholate (DOC) and upregulate virulence in 

response to DOC. In this study, we describe a rare i+5 hydrogen bonding secondary structure 

element (π-helix) within the type three secretion system tip protein IpaD that plays a critical role 

in DOC-enhanced virulence. Specifically, engineered mutations within the π-helix altered the 

pathogen’s response to DOC with one mutant construct in particular exhibiting an unprecedented 

reduction in virulence following DOC exposure. Fluorescence polarization binding assays showed 

that these altered DOC responses are not the result of differences in affinity between IpaD and 

DOC, but rather differences in the DOC-dependent T3SS tip maturation resulting from IpaD 

binding the translocator/effector protein IpaB. Together, these findings begin to uncover the 

complex mechanism of DOC-enhanced Shigella virulence while identifying an uncommon 

structural element that may provide a much needed target for non-antibiotic treatment of Shigella 
infection.
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Introduction

Infection by Shigella spp. results in bacillary dysentery (shigellosis) and represents one of 

the leading bacterial causes of diarrheal disease worldwide.2,3 Severe symptoms of 

shigellosis and an extraordinarily low infectious dose (10–100 organisms)4 make Shigella a 

significant public health threat resulting in an estimated 90 million infections and 100,000 

deaths per year.5 Infections are primarily spread through the fecal-oral route, driving an 

especially high mortality rate in developing countries with a lack of clean water supplies and 

necessary medical care.5 Furthermore, the children in these regions often suffer frequent 

infections and infection-related malnutrition leading to declines in childhood growth and 

cognitive development.6 While generally better controlled, Shigella infections are not 

uncommon in industrialized nations where the rapid emergence of antibiotic resistant 

Shigella strains make shigellosis a true worldwide threat, underscoring the urgency for better 

understanding the virulence mechanisms supporting Shigella infection.7,8

Shigella is a Gram-negative facultative anaerobe that employs a type three secretion system 

(T3SS) as a primary virulence factor.9,10 Structurally, the type III secretion apparatus 

(T3SA) is highly conserved among pathogens including Shigella, Salmonella, E. coli, 
Yersinia, and Burkholderia, resembling a nano-syringe and needle through which proteins 

are injected directly from the bacterial cytoplasm into the targeted host cell. Once injected, 

the effector proteins alter host cell function, support infection, and help the bacteria evade 

host cell immune responses.8,11

The overall structure of the T3SA is quite similar from pathogen to pathogen, however, the 

specific apparatus details provided below refer to the Shigella T3SA. The nascent apparatus 

is made of three main components including the basal body that anchors the apparatus to the 

bacterial inner and outer membranes, a hollow needle-like structure that extends beyond the 

lipopolysaccharide (LPS) layer12,13 and a pentameric protein tip complex including invasion 

plasmid antigen D (IpaD).14,15 From this location at the tip of the needle, IpaD serves as a 

critical sensor of environmental small molecules such as bile salts, helping to control the 

structure and composition of the tip complex and secretion of effector proteins.14,16 The bile 

salt deoxycholate (DOC) is essential for proper dietary fat solubilization and intestinal 
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absorption and is found in concentrations as high as 30 mM in human bile.17 As an enteric 

pathogen, Shigella encounter high concentrations of DOC as they pass through the small 

intestine en route to the colon. The T3SS tip protein IpaD binds DOC with micromolar 

affinity,18 resulting in significant protein conformational changes that support the 

recruitment of the first hydrophobic translocator, invasion plasmid antigen B (IpaB),19,20 to 

the maturing tip complex in preparation of host membrane interaction.18,19 Upon contact 

with host membrane components, the second hydrophobic translocator, invasion plasmid 

antigen C (IpaC), is recruited to the tip of the Shigella T3SA.21 IpaC incorporation into the 

Shigella T3SA completes formation of the translocon pore in the host cell membrane and 

initiates secretion of effectors into the host cell, promoting pathogen entry.21

Shigella has provided an invaluable system for following the individual steps involved in 

T3SA tip complex maturation and helped to shape the current understanding of the 

apparatus in related pathogens, however, the precise mechanisms and molecular interactions 

involved in the maturation of the Shigella T3SS tip complex remain unclear. Uncovering 

these mechanisms remains a high priority for understanding of the overall function of the 

complex T3SS and may ultimately be key in the development of much needed anti-infective 

agents and vaccines against Shigella and related pathogens. We have previously employed 

several techniques including NMR,19 FRET,19,20,22 and high-resolution X-ray 

crystallography23 to identify the DOC binding site within IpaD and to determine the 

structural influence of the interaction on IpaD itself. Alignment of apo-24 and DOC-bound23 

structures of IpaD (Figure 1) clearly illustrates the global structural influence that DOC 

binding has on IpaD. The most evident effect is the altered orientation of the central helices 

with respect to one another and a “bulge” in helix 3 that becomes exaggerated upon binding 

DOC, allowing the aforementioned conformational changes to occur. The identified “bulge” 

is a rare form of secondary structure, a π-helix, that results from a localized deviation from 

the traditional α-helix i+4 backbone hydrogen bonding pattern to i+5 hydrogen bonding in 

two consecutive positions within the structure (Figure 1).25,26 In this study, we probed the 

influence of the π-helix on DOC-mediated Shigella T3SA maturation and virulence 

enhancement by first identifying three residues within the π-helix that are 

thermodynamically unfavorable in terms of α-helix formation (ΔΔG values 0.31 – 0.68 

kcal/mol relative to alanine).27 The presence of these residues may play important roles in 

the formation of the π-helix structure and the resulting flexibility in that region. These 

residues were targeted for mutagenesis and tested for in vitro and in vivo function, finding 

that the targeted residues are essential for proper IpaD/IpaB interaction and DOC-enhanced 

Shigella invasion phenotype.

The findings from these studies help tie together several previous works from us and others 

describing DOC interaction with IpaD and provide valuable mechanistic insight into the role 

of the identified π-helix in Shigella T3SA tip maturation and ultimately the pathogen’s 

ability to infect host cells.16,18–20,23 Our hope is that these findings may aid in the 

development of much needed anti-infective treatments against Shigella and perhaps 

Salmonella, which also exhibits a conserved π-helix in its SPI1 T3SS tip protein SipD.
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Experimental Procedures

Materials

Wild-type (WT) S. flexneri corresponds to the serotype 2a 2457T strain originally isolated in 

1954.28 The nonpolar ipaD null strain (ΔIpaD) was engineered by Philippe Sansonetti.29 

FITC-deoxycholate and rabbit polyclonal antibodies against IpaB, IpaC, and IpaD were 

generous gifts from William and Wendy Picking (University of Kansas). E. coli strains, the 

pET15b expression plasmid, and 2X ligation mix were from Novagen (Madison, WI). 

Restriction enzymes, PCR buffer, and Phusion High-Fidelity polymerase were purchased 

from New England Biolabs (Ipswich, MA). Oligonucleotide primers were from Integrated 

DNA Technologies (Coralville, IA). The Superdex 16/600 size exclusion and 5 mL Q FF 

columns were purchased from General Electric (Pittsburgh, PA). Thiol reactive fluorophores 

used for selective cysteine labeling were from Thermo Fisher Scientific (Waltham, MA). 

Defibrinated sheep red blood cells were from Colorado Serum Company (Denver, CO). All 

other solutions and chemicals were of reagent grade.

Cloning

Wild-type ipaD and ipaB genes were amplified from the isolated virulence plasmid of S. 
flexneri 2457T using primers to generate restriction sites that allowed insertion into pET15b, 

pWPsf4, and pT7HMT expression plasmids. The truncated gene encoding the soluble IpaB 

construct, IpaB28–226, was previously generated within the pT7HMT construct using inverse 

PCR.20 The ipaD π-helix alanine mutants in pET15b and pWPsf4 were similarly generated 

in the respective vectors using inverse PCR. All sequences were verified by Sanger 

sequencing prior to transformation into chemically competent E. coli using the 

manufacturer’s recommended heat shock protocol or electro-competent S. flexneri strains 

via electroporation.

Protein expression and purification

Wild-type ipaD and the seven π-helix ipaD point mutants in pET15b were transformed into 

E. coli Tuner (DE3) cells (Novagen). Each strain was grown overnight in Luria-Bertani (LB) 

media containing 0.1 mg/mL ampicillin to maintain the expression plasmid. Two milliliters 

of the overnight cultures were used to inoculate 500 mL of Terrific Broth (TB) media 

containing 0.1 mg/mL ampicillin prior to incubation at 37 °C and 200 rpm. Once the 

cultures reached an optical density (OD600) of 0.8, they were cooled to 17 °C and protein 

expression was induced with the addition of isopropyl-β-D-1-thiogalactopyranoside (IPTG) 

to a final concentration of 1 mM. The cultures continued to incubate at 17 °C and 200 RPM 

for 18–24 hours. IpaB28–226 pT7HMT protein expression was carried out identically as 

described above for IpaD, but the media contained 0.05 mg/mL kanamycin in place of 

ampicillin. Following the 18–24 hour protein expression period, the cells were harvested via 

centrifugation, resuspended in binding buffer (20 mM Tris, 500 mM NaCl, 5 mM imidazole, 

pH 7.9) containing 0.2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride 

(AEBSF), and lysed using a probe sonicator. The resulting lysate was clarified by high-

speed centrifugation and each of the expressed proteins were initially purified via their N-

terminal 6x-Histidine tags using nickel chelation chromatography. The IpaD proteins were 

further purified using anion exchange chromatography (GE 5 mL HiTrap Q FF Column) 
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followed by dialysis into PBS pH 7.4. The nickel-purified IpaB28–226 was concentrated 

using an Amicon Ultra 15 centrifugal filter unit with a 30-kDa molecular weight cutoff and 

further purified using a GE Superdex 200 16/600 size exclusion column equilibrated with 

PBS, pH 7.4. All purified protein fractions were evaluated using SDS-PAGE, stored at 4 °C, 

and used within one week, though they appeared to remain stable much longer.

Far-UV Circular Dichroism (CD)

Far-UV CD spectra and secondary structure thermal stability profiles were collected for 

wild-type IpaD and each of the engineered IpaD mutants in the absence and presence of 1 

mM DOC. All data were collected using a JASCO model J-1500 spectropolarimeter 

equipped with a temperature controlled sample chamber. CD spectra were collected from 

200 nm to 260 nm at 10 °C using 0.1 cm quartz cuvettes, 0.5 nm data sampling, a 50 nm/min 

scan rate, and a 1 sec data integration time. Secondary structure thermal stability profiles 

were collected in the same 0.1 cm quartz cuvettes by monitoring the CD signal at the 222 

nm minimum while the solution temperature was increased from 10 °C to 90 °C at a rate of 

0.3 °C/min. Measurements were performed at 0.3–0.6 mg/mL protein concentration and CD 

signals were normalized by converting to mean residue molar ellipticity. Spectral analysis 

was performed using the Dichroweb software package and K2D reference set to quantify 

protein secondary structure content.30,31 Thermal unfolding transition temperatures (Tm) 

were determined by plotting the derivative of each thermal stability curve and identifying the 

corresponding local maxima of the derivative.

IpaD FITC-DOC Fluorescence Polarization

Fluorescence polarization has previously been used to show that FITC-DOC binds IpaD 

with micromolar affinity and that the interaction is specific and reversible when titrated with 

un-labeled DOC.18 A modified version of this assay was used to determine the effect of the 

engineered IpaD point mutants on the interaction between IpaD and FITC-DOC. 

Specifically, 25 nM FITC-DOC was incubated for 30 minutes at 23 °C with increasing 

concentrations of each of the individual IpaD mutants (0 - 30 μM IpaD) in PBS and 

transferred to low-binding opaque 96 well flat bottom plates. Fluorescence polarization of 

the FITC-labeled DOC was measured using a Synergy H4 fluorescence plate reader 

equipped with polarizers and bandpass filters providing 485 ±10 nm excitation and detection 

of fluorescence emission at 528 ± 10 nm. Change in polarization relative to that of FITC-

DOC alone was plotted as a function of IpaD concentration. The apparent dissociation 

constant (Kd) for each interaction was determined by fitting the raw data to a single site 

saturation binding model in SigmaPlot 12.

Effects of directed IpaD π-helix point mutants on Shigella translocator secretion

IpaD is known to reside at the tip of the Shigella T3SA14,32 where it plays a critical role in 

controlling secretion of subsequent T3SS proteins, including the translocators IpaB and 

IpaC.14,33 To determine the effect of the engineered IpaD mutations on translocator 

expression and secretion profiles in S. flexneri, the ipaD null S. flexneri strain (ΔIpaD) was 

complemented with each of the engineered IpaD mutants and grown overnight in tryptic soy 

broth (TSB) containing 0.1 mg/mL ampicillin and 0.05 mg/mL kanamycin. The bacteria 

were gently separated from the culture supernatant via centrifugation and the soluble, 
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secreted proteins were isolated by precipitation in the presence of 5% trichloroacetic acid 

(TCA) followed by centrifugation at 20,000 x g. The resulting protein pellet was washed 

with acetone, resuspended in SDS sample buffer (210 mM Tris pH 6.8, 100 mM NaCl, 3 

mM EDTA, 200 mM SDS, 3 mM NaN3, 0.03% Bromophenol Blue, 30% Glycerol), 

separated by SDS-PAGE, and transferred to polyvinylidene fluoride (PVDF) membranes. 

The relative levels of the secreted Shigella T3SS translocator proteins IpaB and IpaC were 

determined using primary antibodies against the proteins followed by Alexa647 conjugated 

anti-rabbit secondary antibodies. The membranes were visualized using a BioRad 

ChemiDoc fluorescence imager and protein band intensities quantified via fluorescence 

densitometry. The relative levels of IpaB and IpaC remaining within the bacterial cells were 

determined by lysing the isolated bacteria using SDS sample buffer, separating the cellular 

proteins by SDS-PAGE, transferring to PVDF membranes, and detecting with the same 

primary and secondary antibody combinations described above. A monoclonal antibody 

against the cytoplasmic enzyme glyceraldehyde 3-phosphate dehydrogenase was used as a 

control in the western blot to ensure that the proteins observed in the supernatant were 

secreted from the bacteria and not the result of cell lysis (Supplementary Figure S1).

The effect of the engineered IpaD π-helix mutations on type three secretion system 

activation was tested using an established Congo red induction assay that mimics the natural 

activation of the T3SS by inducing secretion of effector proteins from S. flexneri.34 The 

protocol is described in detail elsewhere,35 but briefly S. flexneri expressing wild-type IpaD 

or one of the IpaD mutants were grown overnight on tryptic soy agar (TSA)-Congo red 

plates and a small number of isolated colonies were used to inoculate 10 mL of TSB 

containing appropriate antibiotics. The cultures were grown to an OD600 of 1.0. The cultures 

were then cooled and collected via centrifugation at 4 °C prior to resuspension in 500 μL 

cold Sodium Phosphate buffer, (12 mM Na2HPO4 or NaH2PO4, 140 mM NaCl, pH 7.2). 

Congo red solution was added to a final concentration of 0.3 mg/mL and the bacterial 

solutions were incubated at 37°C for 10 minutes to induce protein secretion. Following 

incubation, the mixtures were centrifuged at 14,000 x g for 15 minutes at 4 °C to separate 

the bacteria from the secreted proteins. A sample of the supernatant for each S. flexneri 
strain was separated by SDS-PAGE, transferred to PVDF membranes, and quantified using 

anti-IpaB and anti-IpaC antibodies as described above. A monoclonal antibody against the 

cytoplasmic enzyme glyceraldehyde 3-phosphate dehydrogenase was used as a control in the 

western blot to ensure that the proteins observed in the supernatant were secreted from the 

bacteria and not the result of cell lysis (Supplementary Figure S1).

Contact-mediated hemolysis

The effects of the engineered IpaD mutations on contact-mediated hemolysis of red blood 

cells was determined using a modified method of one described previously.36 Briefly, S. 
flexneri expressing wild-type IpaD or one of the IpaD π-helix mutants were grown 

overnight on TSA-Congo red plates and a small number of isolated colonies were used to 

inoculate 10 mL of TSB containing appropriate antibiotics. The cultures were grown to an 

OD600 of 1.0, collected by centrifugation, and gently resuspended in 200 μL PBS. Fifty 

microliters of each bacterial mix was combined with approximately 5x108 red blood cells in 

a 96 well microtiter plate and centrifuged at 2300 x g and 30 °C for 15 minutes to initiate 
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contact between the bacteria and the red blood cells. The plate was then incubated at 37 °C 

for 1 hour prior to the addition of 100 μL cold PBS and resuspension by pipetting. The 

resuspended mix was centrifuged at 2300 x g and 10 °C for 15 minutes to separate the 

bacteria, red blood cells, and red blood cell membranes from the released hemoglobin. One 

hundred microliters of the supernatant was transferred to another 96 well plate and the 

released hemoglobin quantified by measuring absorbance at 545 nm.

Bacterial invasion of epithelial cells

S. flexneri invasion of cultured HeLa cells was monitored by a gentamicin protection assay 

as previously described.37 Sterile 24-well plates were seeded with passaged HeLa cells and 

grown overnight in DMEM supplemented with 10% fetal calf serum, penicillin, and 

streptomycin at 100% relative humidity, 37 °C, and 5% CO2. The S. flexneri strains tested 

were streaked onto TSA plates containing 0.025% Congo red and grown overnight at 37 °C. 

A small number of isolated colonies from each plate were used to inoculate 10 mL of TSB 

containing appropriate antibiotics to maintain the transformed plasmid. The cultures were 

grown to an OD600 of approximately 0.4 at 37 °C and 200 RPM. Each culture was split with 

half transferred to a sterile flask containing sodium deoxycholate (final concentration 1 mg/

mL). The split cultures were grown an additional 30 minutes before equivalent bacterial 

loads were introduced to the cultured HeLa cells, which had been rinsed with an antibiotic 

free 0.45% glucose DMEM solution. The plates were centrifuged at 1000 x g to synchronize 

contact between the bacteria and HeLa cells prior to incubation at 37 °C for 30 min. Each 

well in the plate was then rinsed to remove the majority of the extracellular bacteria. The 

remaining Shigella that had not successfully invaded the HeLa cells were selectively killed 

by treatment with 50 μg/mL gentamicin. Bacteria that had invaded HeLa cells were 

visualized by lysing the host cells with 1% agarose in water and overlaying with a 2x LB 

agar solution. Overnight incubation at 37 °C resulted in bacterial colony formation that was 

quantified and used to provide relative levels of invasiveness between the tested S. flexneri 
strains and directly compare the sensitivity of each strain to DOC exposure.

Measurement of DOC dependent IpaB-IpaD interactions

The binding affinity between each of the engineered IpaD alanine mutants and the stable 

IpaB28–226 construct was measured using fluorescence polarization much as it was described 

above for measuring DOC binding to IpaD. We previously engineered the IpaB28–226 

peptide to contain a single N-terminal cysteine to which an Alexa568 fluorophore was 

bound through maleimide chemistry, allowing fluorescence polarization measurements to 

quantify the binding affinity between IpaD and IpaB in the presence and absence of DOC. 

Here, the DOC effect on binding affinity between IpaB and the engineered IpaD π-helix 

mutants was quantified by holding IpaB28–226-Alexa568 concentration constant at 80 nM 

while the concentration of IpaD or engineered IpaD mutant was titrated from 0–10 μM with 

identical conditions then tested in the presence of 1 mM DOC. The polarization values under 

each condition were collected using a Synergy H4 fluorescence plate reader equipped with 

motorized polarizers and appropriate filter sets. The change in polarization relative to that of 

IpaB28–226-Alexa568 alone DOC was plotted as a function of IpaD concentration in the 

presence and absence of DOC. The apparent dissociation constant (Kd) for each interaction 

was determined by fitting the data to a single site saturation binding model in SigmaPlot 12. 
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A binding-site competition assay was additionally performed to ensure that the observed 

binding under DOC conditions was specific to the ligand and not a result of the introduced 

fluorophore. For this competition assay, 3.5 μM IpaD was incubated with 80 nM IpaB28–226- 

Alexa568 in the presence of 1 mM DOC prior to the addition of 0–16 μM IpaB28–226-Ncys 

that does not contain a fluorescent label. These results were also fit to a single site saturation 

binding model with the observed decrease in polarization plotted as a function of unlabeled 

IpaB28–226. The observed decrease in polarization corresponds to the competitive removal of 

the labeled IpaB peptide from IpaD.

Results

Targeting IpaD π-helix residues for mutational analysis

We have previously employed several techniques including NMR,19 FRET,19,20 and high-

resolution X-ray crystallography23 to determine the structural effects of DOC binding on 

IpaD. Alignment of high-resolution apo-24 and DOC-bound23 structures of IpaD clearly 

illustrates the global structural influences that DOC binding has on IpaD (Figure 1). The 

most noticeable influences are observed in the relative positioning of the two long central 

helices (α3 and α7) and in the region of the identified π-helix in α3. The π-helix appears to 

act like a molecular hinge, adopting a more angled geometry upon binding DOC. FRET and 

fluorescence polarization assays have previously suggested that these DOC-induced 

conformational changes may be necessary to support the interaction between IpaD and the 

first translocator protein, IpaB, preparing the T3SA for contact with host cell membranes 

and ultimately cellular invasion.21,38 To better understand the mechanistic details of how 

DOC affects IpaD, we looked at the IpaD primary structure within the region of the π-helix. 

We found three residues within the region that are thermodynamically unfavorable in terms 

of α-helix formation and predicted that the deviation from α-helical structure is what 

permits the necessary DOC-induced conformational changes within this region. The 

identified residues (D144, N146, and Y149) were each mutated individually and in all 

permutations to alanine(s) because of alanine’s thermodynamic favorability with respect to 

α-helix formation.27 The engineered mutants were first expressed in E. coli and purified 

using an N-terminal histidine tag, resulting in protein expression levels and protein purities 

that are consistent with wild-type IpaD (data not shown). Secondary structure content and 

stability were examined by circular dichroism for recombinant wild-type IpaD and each of 

the IpaD π-helix mutants used in the study. The far-UV CD spectra are nearly 

superimposable for each of the engineered IpaD mutants both in the absence and presence of 

1mM DOC, suggesting that the overall secondary structure of the proteins was not adversely 

affected by the mutations (Figure 2A and Supplementary Figure S2). In addition to empirical 

analysis, each CD spectrum was analyzed for secondary structure content, finding that each 

of the mutants maintain approximately 68% α-helix, 2–5% β-sheet, and 24–29% random 

coil secondary structure (Supplementary Table S1), consistent with the solved structures of 

both apo- and DOC-bound IpaD. Additionally, CD thermal unfolding profiles monitoring 

CD signal at 222 nm as a function of temperature found that the thermal stabilities of the 

mutants were similar to that of wild-type IpaD with dominant transitions from ~73 – 78 °C 

in the absence of DOC and a trend toward lower transition temperature of each construct in 

the presence of DOC (Figure 2B, Supplementary Figure S2 and Supplementary Table S1). 
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This observed decrease in transition temperature in the presence of DOC is consistent with 

protein binding to a small amphipathic bile salt and appears to be specific as exposure to 

1mM concentrations of the bile salt analog dehydrocholate (DHC) does not affect the 

secondary structure content or thermal stability of IpaD (data not shown), consistent with the 

inability of DHC to bind IpaD18. A fluorescence polarization assay confirmed that the 

incorporated π-helix mutations did not affect the ability of IpaD to bind DOC. Specifically, 

a synthetic fluorescein-DOC construct was incubated with increasing concentrations of each 

of the IpaD mutants and the polarization values for each condition were determined using a 

fluorescence plate reader. As the small fluorescently labeled DOC ligand binds to IpaD, the 

rotational diffusion rate of the bound ligand decreases significantly, resulting in an increase 

in the measured polarization value. Plotting the change in polarization as a function of IpaD/

mutant concentration provided similar binding curves for each of the IpaD constructs and 

apparent dissociation constants ranging from 8.2 ± 2.2 μM to 10.9 ± 0.2 μM (Table 1 and 

Supplementary Figure S3), confirming that all of the mutants are able to bind DOC similarly 

to wild-type IpaD (9.3 ± 1.8 μM).

IpaD π-helix mutants are competent for Shigella secretion induction and regulation

IpaD resides at the tip of the nascent needle14,32 and is involved in preventing premature 

protein secretion through the apparatus in addition to triggering apparatus maturation 

following DOC interaction.14,20 We examined the ability of each ipaD π-helix mutant to 

restore secretion control and translocon pore formation to the ΔIpaD Shigella flexneri strain.

Shigella strains lacking ipaD are avirulent, at least in part due to the loss of secretion control 

through the incomplete T3SA.29,32,33 A comparative analysis of uninduced protein secretion 

(leakage) and cytoplasmic protein levels of IpaD and the translocator proteins IpaB and IpaC 

is shown in Figure 3. The western blot signals were quantified and scaled to the ΔIpaD strain 

complemented with wild-type ipaD (Figure 3B and 3C) and the relative secretion levels 

compared to detected cytoplasmic stores (Supplementary Table S2). As shown previously, 

high levels of IpaB and IpaC were secreted from the ΔIpaD strain (~250% and ~175%, 

respectively), confirming a loss of secretion regulation in the absence of IpaD. 

Complementation of the ΔIpaD strain with wild-type ipaD, or any of the ipaD π-helix 

mutants, reduced T3SS leakage to less than or equal to wild-type levels (one-way ANOVAs 

comparing secretion levels of IpaB, IpaC and IpaD to wild-type levels of the corresponding 

protein; followed by a Dunnett’s post test, p ≤ 0.01).

The ability of the IpaD π-helix Shigella mutants to actively secrete translocator proteins was 

examined using an established Congo red secretion assay (Figure 4). Congo red is a small 

molecule dye that activates the Shigella T3SS, initiating secretion of proteins including IpaB 

and IpaC, among others.34 The Shigella mutants were exposed to Congo red, the supernatant 

containing secreted proteins was collected, and the levels of secreted IpaD, IpaB and IpaC 

quantified by western blot (Figure 4A and 4B). Each of the engineered mutants supported 

Congo red induced T3SS activation as observed by secreted IpaB and IpaC levels similar to 

those of the strain expressing wild-type IpaD. IpaC secretion levels were particularly 

sensitive to Congo red activation with each of the engineered IpaD π-helix mutants showing 
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a significant increase in secretion levels compared to the ipaD null strain (one-way ANOVA 

followed by a Dunnett’s post test, p ≤ 0.01).

In addition to secretion regulation, IpaD also serves as the platform for the hydrophobic 

translocon pore that resides at the tip of the mature T3SA and spans the membrane of 

targeted host cells.38–41 Contact-mediated hemolysis quantifies the efficiency of pore 

formation through detection of hemoglobin released from red blood cells compromised by 

T3SS translocon insertion.36 Table 2 includes the results of the contact-mediated hemolysis 

assay in which each of the seven mutant Shigella strains exhibited hemolysis levels similar 

to the Shigella strain expressing wild-type IpaD (one-way ANOVA (F(7,16) = 2.785, p = 

0.043)). This confirms that each of the engineered IpaD π-helix Shigella strains is capable of 

responding to cell membrane contact and that their T3SA can support translocon formation 

but the more sensitive gentamycin protection assay is required to uncover the influence of 

DOC interaction with the IpaD π-helix mutants on Shigella virulence.

The identified π-helix in IpaD regulates IpaD/IpaB interaction and is critical for DOC 
enhancement of cellular invasion

The Shigella secretion and hemolysis assays described above provide a sensitive means of 

evaluating the effects of the engineered IpaD π-helix mutations on secretion regulation and 

ability to support translocon formation, respectively. Technical limitations of these assays, 

however, prevent them from observing effects resulting from deoxycholate exposure, 

requiring a gentamicin protection assay to specifically probe for DOC effects. A gentamicin 

protection assay was used to quantify the invasion capabilities of the ipaD mutant S. flexneri 
strains, mimic the environment that the pathogen experiences in the small intestine during a 

normal course of infection, and uncover the influence of the engineered IpaD π-helix 

mutants on DOC-enhancement of invasion phenotype. Table 2 and Supplementary Figure S4 

provide the quantitated results of cellular invasion scaled to the wild-type ipaD 
complemented ΔIpaD strain. The response to DOC is included as the percent increase in 

invasion observed following DOC exposure for each strain. While the ipaD null strain is 

completely non-invasive, complementation with wild-type ipaD or any of the ipaD π-helix 

mutants at least partially restored invasion phenotype. In fact, in the absence of DOC, the 

invasion phenotype of many of the IpaD π-helix mutants were not statistically different from 

that of the wild-type ipaD complemented strain (one-way ANOVA followed by a Dunnett’s 

post test, p ≤ 0.01)). The ipaDD144A strain exhibited 142 ± 28% relative invasion compared 

to the wild-type ipaD complement while the ipaDN146A and ipaDN146A/Y149A strains were 

only 78 ± 25% and 68 ± 7% invasive, respectively. Given the predicted role of the IpaD π-

helix in DOC-mediated Shigella virulence enhancement, however, the more interesting 

experiment tested the effect the mutations had on Shigella invasion following DOC 

exposure. As expected, DOC exposure resulted in an 83 ± 14% increase in the invasiveness 

of the Shigella strain expressing wild-type IpaD. However, some of the IpaD π-helix 

mutants showed much different sensitivities to DOC exposure (Table 2 and Supplementary 

Figure S4). For example, while the strain expressing IpaDD144A/Y149A displayed essentially 

wild-type invasion levels in the absence of DOC (85 ± 38%), it only exhibited a 39 ± 15% 

increase in invasion following DOC exposure, suggesting the mutation reduced the 

sensitivity of the T3SS to DOC (one-way ANOVA followed by a Dunnett’s post test, p ≤ 
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0.01)). On the other hand, the strain expressing IpaDD146A was found to be deficient in both 

invasion capability and response to DOC with a 78 ± 25% invasion phenotype in the absence 

of DOC and a reduced sensitivity to DOC resulting in a modest 50 ± 35% increase in 

invasion. Most unexpectedly, however, we found that while the strain expressing the 

IpaDD144A/N146A/Y149A triple mutant showed wild-type invasion levels in the absence of 

DOC, it resulted in an unprecedented 28 ± 20% decrease in invasion following DOC 

exposure.

It is clear that Shigella exposure to DOC mobilizes the translocator protein IpaB to the tip of 

the T3SA where it interacts with IpaD and forms a stable oligomeric pre-pore complex.18,20 

Additionally, we have previously shown that in vitro binding between IpaD and a soluble 

IpaB construct (IpaB28–226) requires the addition of DOC and that binding is accompanied 

by conformational changes in IpaD that are consistent with the significant flexibility 

afforded by the identified π-helix.23 To bridge the gap between these findings and the 

observed differences in DOC effect on Shigella invasion phenotype among the IpaD π-helix 

mutants, we implemented a fluorescence polarization assay to quantify the binding affinity 

between the engineered IpaD mutants and the translocator protein IpaB. Fluorescence 

polarization binding curves between the fluorescein-labeled soluble IpaB28–226 construct 

and each of the engineered IpaD π-helix mutants were generated in the absence and 

presence of DOC and compared to wild-type IpaD (Figure 5). The binding data were fit to a 

single site saturation model, providing apparent Kd values for each interaction and finding 

that wild-type IpaD was unable to appropriately interact with IpaB28–226 in the absence of 

DOC (determined by a significantly attenuated overall change in polarization and inability 

of the data to be fit by the binding model (R2 ≤ 0.95).

Subsequent addition of DOC supported binding of the labeled IpaB construct to IpaD with 

an apparent dissociation constant of 2.0 ± 0.7 μM. Competition with unlabeled IpaB28–226 

displaced the labeled construct, ensuring specificity of the interaction (Supplementary 

Figure S5). Furthermore, we found that DOC was required for the interaction between 

IpaB28–226 and all but one of the IpaD π-helix mutants, resulting in affinities ranging from 

0.3 ± 0.2 μM to 2.2 ± 0.8 μM (Table 3). Unexpectedly, the IpaDD144A/N146A/Y149A triple 

mutant efficiently bound IpaB in the absence of DOC with an apparent binding constant of 

7.4 ± 2.4 μM, suggesting that mutation of the three targeted π-helix residues together either 

mimics the DOC-bound conformation of IpaD or perhaps provides the conformational 

flexibility necessary for IpaD to bind IpaB in vitro. It should be noted, however, that in 

either case, the interaction still benefits from the addition of DOC as the affinity was 

increased to 2.2 ± 0.8 μM following DOC exposure. The precise relationship between the 

effects of the π-helix mutations observed for IpaD/IpaB interaction and invasion phenotype 

enhancement remain somewhat unclear. We hypothesize, however, that the π-helix 

mutations provide additional structural flexibility that supports the observed in vitro increase 

in affinity for IpaB in the absence of DOC while restraints within the IpaD pentamer at the 

tip of the MxiH needle may ultimately result in unfavorable conformations following DOC 

binding in vivo, ultimately resulting in the observed decrease in invasion phenotype of the 

triple mutant following DOC exposure.
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Discussion

The findings presented in this study uncover the importance of the IpaD π-helix in 

Shigella’s virulence response to DOC as well as providing the first demonstration of DOC-

independent IpaD/IpaB interaction in vitro, beginning to uncover the mechanism driving 

Shigella T3SA maturation and preparation for host cell infection. Ultimately, complex 

computational studies and high-resolution structures of isolated and complexed T3SA 

components will be required to fill in the remaining gaps regarding T3SS function with 

respect to DOC sensitivity, however, this work provides a strong foundation for these studies 

and will hopefully lead to much needed anti-infective treatments against the broad range of 

pathogens that harbor type three secretion systems.

Type three secretion systems are nano-machines that uniquely transport bacterial effector 

proteins across three membranes (two bacterial and one host) to reach the host cell 

cytoplasm, subverting host function and ultimately supporting infection.42–44 While the 

overall structure of the type three secretion apparatus is highly conserved among a diverse 

set of plant, animal, and human pathogens, insight into specific structural and mechanistic 

differences is beginning to help us understand how each pathogen functions in its own niche 

environment.45 Here, for example, we characterized a prominent π-helix located in the 

Shigella tip protein IpaD, finding that it is critical in supporting bile salt-mediated 

enhancement of Shigella virulence. When the available structures of the T3SS tip proteins 

from Burkholderia pseudomallei,46 Yersinia pestis,47 and Salmonella enterica serovar 

Typhimurium48 (BipD, LcrV, and SipD, respectively) are evaluated and compared to the 

structure of IpaD,24 only the Salmonella enterica protein SipD exhibits a canonical π-helix 

structure as seen in IpaD (Figure 6). Both BipD and LcrV maintain traditional i+4 hydrogen 

bonding patterns throughout the length of their central helices.

The π-helix secondary structure element identified in IpaD (and SipD) has also been 

referred to in other proteins as a π-bulge, α-aneurism, or looping out, but in all cases, is 

defined by at least two consecutive π-type i+5 hydrogen bonds that in many proteins results 

in an observed discontinuity within a traditional α-helix surrounding the π-helix 

element.25,26 The bonding pattern that results from incorporating a π-helix provides an 

increase in Gibbs free energy of approximately 3–6 kcal/mol,49,50 explaining why it is rare 

to observe π-helices in protein structures and why those that are found are generally 

associated with critical function(s).

Thorough discussions concerning the roles and evolutionary implications of π-helices in 

specific proteins can be found elsewhere,25,26 however, it is important to note that π-helices 

are critical to the function of a diverse set of proteins and it is likely that the known cases 

only represent a fraction of what exists. For example, a short α- to π-helix transformation in 

the E. coli glucosyltransferase OtsA provides the non-linear geometry necessary to orient an 

essential tryptophan sidechain into the binding pocket for the coenzyme PLP.25,51 

Additionally, Cooley et al. found that ligand-induced conformational changes within the 

hydroxylase component of methane monooxygenase are driven by peristaltic-like shifts in 

active site π-helices with similar results seen upon binding of a regulatory protein subunit to 

the related toluene-4-monooxygenase hydroxylase.25,52 In the latter example, the π-helices 
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appear to translate the binding of the regulatory protein subunit to the active site, much as 

we propose is happening upon DOC binding to the Shigella protein IpaD.

Stensrud et al. first showed that the bile salt deoxycholate binds specifically to IpaD18 with 

micromolar affinity and we later used NMR and FRET to show that DOC binding results in 

significant conformational changes within IpaD and that these DOC-induced conformational 

changes support a stable interaction between IpaD and the T3SS translocator protein 

IpaB.19,20 It was not until later when we solved the DOC-bound IpaD structure, however, 

that the importance of the structural flexibility provided by the π-helix in IpaD became 

apparent.23 Upon binding DOC, the π-helix acts as a hinge driving the constriction of the 

two central helices (α3 and α7) relative to one another and supporting a nearly 8 Å 

movement of the proximal end of α7 relative to the apo-structure.5 In this study, we have 

shown that targeted mutations within the π-helix did not abrogate the secretion capabilities 

of the Shigella T3SS or the ability of Shigella to infect host cells, however, the mutants did 

provide compelling results with respect to sensitivity to DOC. The Shigella strain expressing 

the IpaDD144A/N146A/Y149A mutant lost DOC-based enhancement of host cell invasion and in 

fact exhibited an unprecedented reduction in virulence following DOC exposure. 

Additionally, the same IpaD mutant also represents the only engineered IpaD construct 

capable of binding the translocator protein IpaB regardless of DOC conditions, suggesting 

that the mutations in the π-helix either altered the overall IpaD structure to more closely 

mimic that of DOC bound IpaD, or perhaps provided the additional structural flexibility 

necessary to support the IpaD/IpaB interaction. It is additionally worth noting that while 

none of the π-helix mutations except the triple mutant resulted in DOC-independent IpaD/

IpaB interaction, most of the engineered IpaD mutants did result in higher affinity for IpaB 

in the presence of DOC (Table 3 and Figure 5). These results suggest that some of the π-

helix mutations provide favorable conformations or additional flexibility to IpaD even 

following DOC binding, though mutation of all three targeted residues was required to 

mitigate the need for DOC to support IpaD-IpaB interaction.

These data and others presented in this study expand on previous work from ourselves and 

others to uncover a specialized role for the IpaD π-helix in which IpaD serves as an 

environmental sensor for DOC capable of translating ligand binding to conformational 

changes that support IpaB recruitment and stable interaction at the T3SA tip. This 

recruitment of IpaB serves as the first active step in the maturation of the tip complex and 

prepares Shigella for host cell contact and invasion of the colonic epithelium. Given that 

Shigella is strictly an enteric pathogen and that it specifically targets the large intestine for 

infection, it makes sense that it would exploit the high levels of DOC found in the small 

intestine to essentially provide a biological landmark and ensure that the pathogen is only 

fully prepared for invasion just prior to reaching the colon. In contrast, while Burkholderia 
pseudomallei is also a T3SS-expressing human pathogen, infection is generally initiated by 

direct environmental contact and there is little chance of bile salt exposure during 

infection,53 perhaps explaining the inability of BipD to bind DOC18 and the lack of π-

helices in the protein structure (Figure 6). Similarly, human infection by Yersinia pestis 
results from direct transfer of the pathogen from a flea vector into the bloodstream of the 

host, bypassing intestinal and bile salt exposure,54 again perhaps explaining why LcrV from 

Y. pestis does not contain any apparent π-helices. Infection from either Yersinia 
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enterocolitica or Yersinia pseudotuberculosis, on the other hand, often results from 

consumption of contaminated food.53 As a result, they do encounter similar host 

environments as Shigella and may in fact benefit from bile salt sensitivity. Unfortunately, no 

specific bile salt sensitivity assays have been performed and no structures exist for LcrV 

from these species to identify such an interaction or provide much needed structural 

comparisons. Additionally, while sequence alignments of LcrV from Y. pestis, Y. 
enterocolitica and Y. pseudotuberculosis share 91% sequence identity and do not exhibit 

sequence deviations one would predict to provide π-helices within LcrV of the enteric 

Yersinia species, π-helices are notoriously difficult to identify a priori and it remains likely 

that high-resolution structures will be required to ultimately answer this question. Finally, 

perhaps the most interesting IpaD homolog to consider with respect to bile salt response is 

SipD from Salmonella enterica. Much like Shigella spp., S. enterica is an enteric pathogen 

with infection most often resulting from consumption of contaminated food or water. Once 

ingested, the bacteria pass through the small intestine where they rely on two independent 

type three secretion systems to invade the colonic epithelium and escape the endocytic 

vacuole to access the blood and lymphatic systems.55,56 Prouty and colleagues published a 

series of studies showing that Salmonella grown in the presence of DOC exhibit reduced 

invasion phenotypes and that deoxycholate plays a strong role in Salmonella transcriptional 

regulation.57–59 Specifically, DOC binds the repressor MarR, upregulating transcription of 

the marRAB operon responsible for multiple antibiotic resistance and independently 

activating transcription of the genes encoding the AcrAB efflux pump.57 In the context of 

the Salmonella T3SS, crystal structures of SipD confirm the presence of a π-helix as well as 

a specific binding site for DOC.48 In contrast to IpaD, however, the affinity of SipD for 

DOC is significantly reduced18 and DOC binding does not result in notable conformational 

changes within the protein48 or any reports of altered pathogen virulence, leaving the role of 

DOC binding to SipD unclear. Based on the results presented here, it is tempting to 

speculate that the observed T3SS π-helices evolved as a means to permit DOC sensing by 

pathogens whose primary infection pathways pass through the small intestine, however 

Shigella currently represents the only T3SS encoding pathogen for which a comprehensive 

characterization, with respect to DOC, has been performed. Similar work with additional 

enteric pathogens such as S. enterica, E. coli, Y. pseudotuberculosis, and Y. enterocolitica 
will shed light on the evolutionary role of π-helices in T3SS and help to better define 

environmentally driven diversification of T3SSs in general.

Supplementary Material

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

AEBSF 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride

CD circular dichroism

DMEM Dulbecco’s Modified Eagle’s medium

DOC deoxycholate

FM fluorescein maleimide

FP fluorescence polarization

FRET Förster resonance energy transfer

IpaB Invasion plasmid antigen B

IpaC Invasion plasmid antigen C

IpaD invasion plasmid antigen D

LB Luria-Bertani

LPS lipopolysaccharide

NMR nuclear magnetic resonance

PDVF polyvinylidene fluoride

PBS phosphate buffered saline

T3SA type III secretion apparatus

T3SS type three secretion system

TB terrific broth

TCA trichloro acetic acid

TSB tryptic soy broth
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Figure 1. A π-helix supports DOC-induced conformational changes in IpaD
An overlay of apo- (gray) and DOC-bound (blue) crystal structures of IpaD identifies the 

DOC binding site (DOC in yellow) as well as regions of the protein that undergo significant 

conformational changes upon binding. The π-helix within α3 is identified by a black box 

and the peptide backbone of the corresponding region is shown to the right with carbon, 

oxygen, and nitrogen atoms represented in gray, blue, and red, respectively. The sidechains 

targeted for mutation are shown in cyan and the i+5 hydrogen bonds supporting the π-helix 

are depicted by dashed lines. This figure was generated using PyMol1 and the PDB files 

2J0O and 3R9V for the apo- and DOC bound IpaD structures, respectively. The proximal 

domain containing helices α1 and α2 was removed from 2J0O for clarity. The coordinates 

from 3R9V were used to generate the peptide backbone view.
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Figure 2. Engineered IpaD π-helix mutants maintain native secondary structure content and 
stability
A) Far-UV CD spectra of all the IpaD mutant proteins are similar to that of wild-type IpaD 

with minima observed at 208 and 222 nm, consistent with predominantly α-helical 

secondary structure. B) Thermal unfolding of the secondary structures of IpaD and the IpaD 

π-helix mutants is observed by plotting the mean residue molar ellipticity at 222 nm while 

the protein solutions are heated from 10 to 90 °C. All CD measurements were collected at 

0.3 – 0.6 mg/mL IpaD concentrations with the displayed data representative of triplicate 

measurements of at least two biological replicates.
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Figure 3. Basal secretion of IpaB and IpaC is impacted by mutations in the IpaD π-helix
A) Representative western blot of the protein secreted through the T3SS into growth media 

(top) and remaining in the whole cell extract (bottom) by ΔIpaD Shigella strains 

complemented with the indicated IpaD variants. The western blot intensities for each 

secreted protein were quantified relative to wild-type IpaD and plotted as the average 

relative protein levels recovered from the culture media (B) and remaining within in the 

whole cell extract (WCE) (C) from 3 independent secretion experiments. * Indicates a 

significant difference in the detected protein level relative to the wild-type ipaD complement 

strain (one-way ANOVA followed by a Dunnett’s post test, p ≤ 0.01)).
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Figure 4. Congo red-induced active secretion of IpaB and IpaC is unaffected by IpaD π-helix 
mutations
A) Representative western blot of secreted IpaB, IpaC, and IpaD following Congo red 

exposure to the ΔIpaD Shigella strain and those complemented with the indicated IpaD 

variants. B) The western blot intensities resulting from actively secreted IpaB, IpaC, and 

IpaD were quantified and plotted as the average ± standard deviation from three independent 

analyses. The quantified protein levels are displayed as a percentage relative to those 

secreted by the Shigella strain expressing wild-type IpaD. * Indicates a significant difference 

in the detected protein level relative to the wild-type ipaD complement strain (one-way 

ANOVA followed by a Dunnett’s post test, p ≤ 0.01)).
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Figure 5. Engineered IpaD π-helix mutations alter DOC-dependence on IpaD-IpaB interactions
Polarization assays were carried out both in the absence (closed triangles) and presence 

(closed circles) of 1 mM deoxycholate. The results were fit to a single site saturation model 

and only fits resulting in a R2 ≥ 0.95 were overlaid on the binding data. Each graph was 

generated from triplicate technical replicates and is representative of a minimum of three 

independent experimental analyses used to determine the apparent binding affinity for each 

condition. Error bars represent standard deviation around the mean at each data point.
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Figure 6. Shigella IpaD and Salmonella SipD exhibit rare π-helices
The central coiled coil, distal domain and proximal domain in each protein is shown in blue, 

red, and gray, respectively. The π-helices in IpaD and SipD are found in similar regions of 

the proteins and are indicated by black arrows. Though overall structurally similar to IpaD 

and SipD, BipD and LcrV both lack π-helices in their structures. The structures were 

generated using PyMol and the PDB coordinates from 2J0O, 3NZZ, 3NFT, and 4JBU for 

IpaD from Shigella flexneri, SipD from Salmonella enterica serovar Typhimurium, BipD 

from Burkholderia pseudomallei, and LcrV from Yersinia pestis, respectively.

Bernard et al. Page 25

Biochemistry. Author manuscript; available in PMC 2018 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bernard et al. Page 26

Table 1

Measured binding affinities between engineered IpaD π-helix mutants and the bile salt deoxycholate

IpaD Mutant Kd (μM) ± SDa

Wild-type IpaD 9.3 ± 1.8

D144A 10.5 ± 2.5

N146A 10.9 ± 0.2

Y149A 10.8 ± 0.3

D144A/N146A 9.7 ± 1.7

D144A/Y149A 10.7 ± 1.5

N146A/Y149A 9.9 ± 2.3

D144A/N146A/Y149A 8.3 ± 2.2

a
Apparent Kd values between IpaD and fluorescein-DOC reported as the mean ± standard deviation resulting from three independent analyses. 

There is no statistical difference among the means (one-way ANOVA (F(7,16) = 0.803, p = 0.597)).
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Table 2

Effect of engineered IpaD π-helix mutations on Shigella hemolysis and invasion phenotype

IpaD Mutant

Hemolysisa Invasionb

(%WT ± SD) −DOC (%WT ± SD) DOC response (%change ± SD)

ΔIpaD 2.1 ± 0.2* 0 ± 0* 0 ± 0*

Wild-type IpaD 100.0 ± 2.2 100 ± 0 83 ± 14

D144A 80.3 ± 9.1 142 ± 28* 88 ± 26

N146A 70.6 ± 10.4 78 ± 25* 50 ± 35*

Y149A 88.1 ± 2.9 93 ± 16 75 ± 21

D144A/N146A 82.2 ± 16.9 103 ± 24 75 ± 28

D144A/Y149A 88.4 ± 9.4 85 ± 38 39 ± 15*

N146A/Y149A 85.8 ± 5.7 68 ± 7* 83 ± 37

D144A/N146A/Y149A 92.5 ± 7.0 107 ± 36 −28 ± 20*

a
Hemolysis results are presented as a percentage of the hemoglobin released from red blood cells by the ΔIpaD S. flexneri strain complemented 

with wild-type IpaD.

b
Invasion results are presented as a percentage of the number of colonies resulting from the ΔIpaD S. flexneri strain complemented with wild-type 

IpaD in the absence of DOC and as a percent change in invasion for each strain following DOC exposure. All data result from a minimum of three 
independent analysis with the results presented as the mean ± standard deviation.

*
Indicates statistical difference from the wild-type IpaD complement strain tested under identical conditions (one-way ANOVA followed by a 

Dunnett’s post test, p ≤ 0.01)).
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Table 3

Effect of DOC on the binding affinity between engineered IpaD π-helix mutants and IpaB28–226

IpaD Mutant

Kd (μM ± SD) a,b

− DOC + DOC

Wild-type IpaD - 2.0 ± 0.7

D144A - 0.4 ± 0.2*

N146A - 1.4 ± 0.3*

Y149A - 0.5 ± 0.3*

D144A/N146A - 0.6 ± 0.2*

D144A/Y149A - 0.3 ± 0.2*

N146A/Y149A - 2.1 ± 0.6

D144A/N146A/Y149A 7.4 ± 2.4 2.2 ± 0.8

a
Apparent dissociation constants between IpaD and IpaB28–226 are reported as the mean ± standard deviation resulting from at least three 

independent analyses.

b
Kd values are only reported for conditions resulting in fits with R2 values ≥ 0.95.

*
Indicates statistical difference from the wild-type IpaD complement strain (one-way ANOVA followed by a Dunnett’s post test, p ≤ 0.01)).
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