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Abstract

Shigella rely entirely on the action of a single type three secretion system (T3SS) to support 

cellular invasion of colonic epithelial cells and to circumvent host immune responses. The ATPase 

Spa47 resides at the base of the Shigella needle-like type three secretion apparatus (T3SA), 

supporting protein secretion through the apparatus and providing a likely means for native 

virulence regulation by Shigella and a much needed target for non-antibiotic therapeutics to treat 

Shigella infections. Here, we show that MxiN is a differential regulator of Spa47 and that its 

regulatory impact is determined by the oligomeric state of the Spa47 ATPase, with which it 

interacts. Both in vitro and in vivo characterization find that MxiN interaction with Spa47 requires 

the six N-terminal residues of Spa47 that are also necessary for stable Spa47 oligomer formation 

and activation. This interaction with MxiN negatively influences the activity of Spa47 oligomers 

while upregulating the ATPase activity of monomeric Spa47. Detailed kinetic analyses of 

monomeric and oligomeric Spa47 in the presence and absence of MxiN uncover additional 

mechanistic insights into the regulation of Spa47 by MxiN, suggesting that the MxiN/Spa47 

species resulting from interaction with monomeric and oligomeric Spa47 are functionally distinct 

and that both could be involved in Shigella T3SS regulation. Uncovering Spa47 regulation by 

MxiN addresses an important gap in the current understanding of how Shigella controls T3SA 

activity and provides the first description of differential T3SS ATPase regulation by a native T3SS 

protein.
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Introduction

Diarrheal disease is the leading cause of malnutrition and the second leading cause of death 

in children under the age of five, killing approximately 525,000 children each year.3 

Diarrhea is a symptom of numerous bacterial, parasitic, and viral infections that often result 

from the consumption of contaminated water.3,5 The bacterial pathogen Shigella is a major 

contributor to diarrheal burden and is responsible for an estimated 90 million infections and 

100,000 deaths annually, primarily occurring in the developing world where access to clean 

drinking water and appropriate medical care are limited.8 However, the recent worldwide 

emergence of multidrug resistant Shigella strains9,10 and the low dose necessary to initiate 

an infection (10–100 bacteria)5 make Shigella a true worldwide health concern. Together, 

these factors underscore the need to fully understand the mechanism(s) Shigella employ to 

invade human host cells, evade host immune responses, and ultimately cause the symptoms 

associated with dysentery.11–13 Like many Gram-negative bacterial pathogens, Shigella rely 

on a type three secretion system (T3SS) as a primary virulence factor.14–17 The type three 

secretion apparatus (T3SA) is the heart of the system and resembles a nano-hypodermic 

needle and syringe that injects effector proteins directly from the bacterial cytoplasm into 

the host cell where they take over native function and support infection.7,18–21 How the 

T3SA harnesses the energetics necessary to secrete effector proteins through the narrow 

(~2.5 nm diameter) channel of the apparatus has been of great interest,22,23 but perhaps even 

more intriguing is the question of how protein secretion through the apparatus is regulated to 

minimize wasteful loss of effectors and maximize virulence.

T3SSs from bacterial pathogens including Shigella, Yersinia, E. coli, Salmonella, 

Chlamydia, and Burkholderia contain associated ATPases that are presumed to reside at the 

base of the apparatus and convert the potential energy in ATP to mechanical energy that 

supports protein unfolding and secretion through the apparatus.24–29 Most recently, the 

Shigella protein Spa47 was identified as an oligomerization-dependent T3SS ATPase whose 

activity was directly linked to T3SA formation and protein secretion.30 Shigella expressing 

Spa47 with mutations that eliminated ATP hydrolysis by either mutating active site residues 

or preventing Spa47 oligomer formation resulted in secretion-deficient strains that displayed 

wild-type growth characteristics in media, but were unable to infect cultured cells.30 
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Structural and biochemical analyses showed that Spa47 oligomerization is essential for 

completion of the active site(s) and ATPase activity.24,30 Specifically, isolated/stable Spa47 

oligomers exhibit significantly higher rates of ATP hydrolysis than isolated monomeric 

species. The Spa47 oligomers presumably contain pre-formed active sites at the protomer 

interfaces of the complex while Spa47 monomers must form transient activated multimers 

minimally consisting of two Spa47 molecules forming a single complete active site at the 

interface between the Spa47 protomers. The precise mechanistic role that T3SS ATP 

hydrolysis provides to support secretion, however, is unclear and somewhat controversial. 

The Spa47 homolog InvC from Salmonella enterica recognizes T3SS effector/chaperone 

complexes, releases the bound chaperone, and unfolds the effector proteins in an ATP-

dependent manner, presumably preparing the effectors for secretion through the apparatus.31 

On the other hand, Erhardt et al. showed that a S. enterica strain expressing a catalytically 

inactive InvC mutant was secretion competent when an increased proton motive force (PMF) 

was generated across the inner bacterial membrane.32 Similarly, protein secretion by the 

related flagellar type three secretion system was also shown to be independent of the ATPase 

FliI, but dependent on PMF.32,33 Most recently, Morimoto and colleagues identified FliI as a 

critical component of a proton/protein antiporter in the flagellar T3SA, suggesting that ATP 

hydrolysis by FliI is not directly involved in protein unfolding and secretion.34 Rather they 

suggest that PMF provides the energy required for the export gate to unfold proteins in 

preparation for secretion and that FliH supports efficient coupling of proton movement to 

protein secretion through the T3SA. Regardless of the specific mechanism(s) that T3SS 

ATPases employ, it seems clear that T3SS ATPases are critical for proper T3SA function and 

that they would make an ideal means of rapidly regulating T3SA activity in vivo, potentially 

activating secretion upon contact with host cells and downregulating activity to prevent 

wasteful protein secretion during times when the T3SS is not required.

Several examples of T3SS ATPase inhibition by protein interactions have been reported, 

supporting this hypothesis that T3SS activity is controlled via activity of the associated 

ATPase. Specifically, the S. enterica serovar Typhimurium flagellar protein FliH 

downregulated FliI activity in vitro by disrupting active FliI homo-hexamers and preventing 

ATP hydrolysis.35 The FliI homologs YscL and CdsL from the Y. enterocolitica and C. 
pneumoniae T3SSs, respectively, also downregulated the activity of their respective ATPases 

in vitro25,28 with overexpression of YscL in wild-type Y. enterocolitica decreasing protein 

secretion levels in vivo.25 Fewer examples of T3SS ATPase activation are available, though 

oligomerization plays a clear role.24,36–39 Additionally, FliI activity was shown to increase 

10-fold in the presence of phospholipids40 and 5-fold following exposure to an engineered 

FliH mutant lacking its 5 C-terminal residues,41 suggesting that T3SS ATPase activity can 

be both up and downregulated in response to specific molecular interactions.

In this study, we investigated the interaction between the Shigella T3SS ATPase, Spa47 and 

the FliH homolog, MxiN. MxiN interaction with Spa47 was confirmed both in vitro and in 
vivo, identifying specific residues in Spa47 that are required for the interaction. A liposome 

flotation assay showed that MxiN interacts with phospholipid membranes and Spa47 

simultaneously, perhaps providing a membrane anchor to help locate the highly-soluble 

Spa47 within the cytoplasmic T3SA sorting platform. Additionally, we found MxiN not only 

downregulates oligomeric Spa47 activity, but that it also upregulates the ATPase activity of 
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monomeric Spa47. Biochemical and biophysical analyses of MxiN and Spa47, 

characterization of MxiN/Spa47 interactions, and detailed kinetic analyses describe an 

unprecedented differential regulation of the T3SS ATPase Spa47 by a single T3SS protein 

and provide insight into the mechanism through which MxiN regulates Spa47 activity.

Experimental Procedures

Materials

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

1954.42 The S. flexneri spa47 null strain was engineered by Abdelmounaaïm Allaoui as 

described in Jouihri et al.43 E. coli strains and 2X ligation mix were from Novagen 

(Madison, WI). Restriction enzymes, the pTYB21 protein expression plasmid, PCR buffer, 

Phusion High-Fidelity polymerase, and chitin resin were purchased from New England 

Biolabs (Ipswich, MA). Oligonucleotide primers and the synthesized spa47 gene were from 

Integrated DNA Technologies (Coralville, IA). Defibrinated sheep blood was from Colorado 

Serum Company (Denver, CO) and HeLa cells were from the American Type Culture 

Collection (Manassas, VA). The Superdex 200 Increase 10/300 size exclusion, 5 mL 

HisTrap Crude FF, and 5 mL HiTrapQ FF columns were purchased from GE Healthcare 

(Pittsburgh, PA). ATP and asolectin were from Sigma–Aldrich (St. Louis, MO) and α-32P-

ATP was from Perkin Elmer (Boston, MA). Dithiothreitol (DTT), ampicillin, and 

chloramphenicol were from Gold Biotechnology (St. Louis, MO). Mouse anti-6x-Histidine 

primary antibodies were from Santa Cruz Biotechnology (Dallas, TX) and Alexa Fluor 647 

goat anti-mouse secondary antibodies were purchased from Thermo Scientific (Rockford, 

IL). All other solutions and chemicals were of reagent grade.

Cloning

The spa47 gene was purchased as a double-stranded gBlock product from Integrated DNA 

Technologies with modifications for cloning into the expression plasmid pTYB21 encoding 

an N-terminal chitin binding domain (CBD) and intein linker as described previously.24 The 

Spa47Δ1-6 and Spa47Δ1-79 N-terminal truncations were generated in pTYB21 using inverse 

PCR and the spa47/pTYB21 construct as a template. The gene encoding MxiN was 

amplified from the S. flexneri 2457t strain and ligated into the expression plasmid pET15b. 

mxiN was similarly cloned into the first multiple cloning site of pACYCDuet-1. All 

constructs were sequence verified by Sanger sequencing (Genewiz, Inc., South Plainfield, 

NJ)

Protein expression and purification

E. coli Tuner (DE3) cells transformed with mxiN in pET15b were streaked onto a LB 

agarose plate containing 0.1 mg/mL ampicillin, incubated overnight at 37 C, and used to 

start fresh 1 L Terrific Broth (TB) cultures containing 0.1 mg/mL ampicillin. The cultures 

were grown to an OD600 of 0.8 at 37 C and 200 RPM (New Brunswick Innova 44) prior to 

inducing with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (20 h, 17 ° C, 200 

RPM). The expressed MxiN was harvested by first separating the cells from the media by 

centrifugation followed by re-suspension in binding buffer (20 mM Tris, 500 mM NaCl, 5 

mM imidazole, 5% (v/v) glycerol, pH 7.9) containing 0.2 mM of the protease inhibitor 4-(2-
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aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) and membrane disruption by 

sonication. The suspension was clarified by centrifugation and the soluble MxiN was 

purified using an IMAC affinity column (5 mL GE HisTrap Crude FF) connected to an 

ÄKTA FPLC and eluted using a 0% to 100% elution buffer gradient (20 mM Tris, 500 mM 

NaCl, 400 mM imidazole, 5% (v/v) glycerol, pH 7.9) over 40 column volumes. IMAC 

elution fractions containing purified MxiN were assessed by SDS-PAGE and the peak 

fractions were buffer exchanged into 20 mM Tris 100 mM NaCl, 5 mM DTT, 5% (v/v) 

glycerol, pH 7.9 using PD 10 desalting columns (GE Healthcare). The buffer exchanged 

protein was then pooled and concentrated to approximately 30 μM using a Sartorius 

centrifugal concentrator with a 30 kDa molecular weight cut off. Concentration was 

determined using in gel densitometry of Coomassie stained acrylamide gels and bovine 

serum albumin as a standard.

spa47, spa47Δ1-6, and spa47Δ1-79 in pTYb21 were independently transformed into E. coli 
Tuner (DE3) cells and expressed as described previously for Spa47.24 Following isolation 

from the media, the cells were re-suspended in 20 mM Tris, 500 mM NaCl, pH 7.9 

containing 0.2 mM AEBSF and lysed by sonication. The Spa47 constructs were purified 

from the clarified supernatant using hand poured chitin resin columns (New England 

Biolabs, Ipswich, MA) to bind the N-terminal chitin binding domains of the expressed 

chimeras (10 mL resin / liter of culture). The Spa47 proteins were released from the resin by 

on-column intein cleavage with 50 mM DTT. Column elutions were collected over the 

course of several days until no further elution of Spa47 was observed by SDS-PAGE (~3 

days). The elution fractions were diluted, resulting in a final buffer concentration of 20 mM 

Tris, 100 mM NaCl, 10 mM DTT, pH 7.9 prior to purification by negative selection over two 

tandem 5 mL Q Sepharose FF anion exchange columns. The purified Spa47 in the flow 

through was concentrated using a Sartorius centrifugal concentrator with a 30 kDa molecular 

weight cut off and further purified/characterized using a Superdex 200 Increase 10/300 size 

exclusion column equilibrated with 20 mM Tris, 100 mM NaCl, 5 mM DTT, pH 7.9. Spa47 

concentrations were determined using in gel densitometry of Coomassie stained protein with 

bovine serum albumin as a standard. All Spa47 concentrations are reported in monomer 

concentration units for consistency and clarity.

Far-UV circular dichroism (CD)

Far-UV CD spectra and thermal stability profiles were obtained for purified monomeric and 

trimeric Spa47, Spa47Δ1-6, Spa47Δ1-79, and MixN. Measurements were collected using a 

JASCO model J-1500 spectropolarimeter equipped with a six-position sample holder and a 

Peltier temperature controller (Jasco, Easton, MD). Spectra were collected from 190 to 260 

nm at 10 °C using 0.1 cm quartz cuvettes, 0.1 nm data sampling, a 50 nm/min scan rate, and 

a 2 second data integration time. Secondary structure thermal stability profiles were 

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

the solution temperature was increased from 10 °C to 90 °C at a rate of 0.3 °C/min. CD 

analysis was performed on 0.5 mg/mL protein for MxiN, isolated monomeric Spa47, 

Spa47Δ1-6, and Spa47Δ1-79, and 0.3 mg/ml for isolated trimeric Spa47. MxiN was evaluated 

in 20 mM Tris, 100 mM NaCl, 5% (v/v) glycerol, 5 mM DTT, pH 7.9 and all Spa47 samples 

were in 20 mM Tris, 100 mM NaCl, and 5 mM DTT, pH 7.9. CD signals were converted to 
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mean residue molar ellipticity and secondary structure content analysis was performed using 

the Dichroweb44 software package K2D.45 Thermal unfolding transition temperatures (Tm) 

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

the corresponding maxima.

Analytical ultracentrifugation

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments were 

conducted using an Optima XL-I (Beckman Coulter, Fullerton, CA) analytical 

ultracentrifuge equipped with scanning UV/visible optics. A 50 Ti eight-hole rotor and cells 

with Beckman 12 mm path length charcoal-epon two sector centerpieces and quartz 

windows were used. Protein samples were analyzed at 20 C and 40,000 RPM using 

absorbance detection at 280 nm and scanning until complete sedimentation was achieved. 

Scans were performed at multiple protein concentrations to ensure that the obtained results 

were concentration-independent (3.4 μM and 16.8 μM for MxiN; 10.7 μM and 18.5 μM for 

Spa47Δ1-6). The data were analyzed using a continuous c(s) distribution and SEDFIT 

version 15.01b.46 The buffer densities, buffer viscosities, and the protein partial specific 

volumes were calculated using Sednterp version 20130813 BETA.47

Phenotype characterization of Spa47 N-terminal truncation mutants

The impact of the Spa47Δ1-6 and Spa47Δ1-79 truncations on Shigella phenotype were 

evaluated using both a T3SS-medited red blood cell hemolysis assay48 and a gentamicin 

protection (cellular invasion) assay.49 The hemolysis assay measures the ability of Shigella 
to form a translocon pore in the membranes of red blood cells through proper translocator 

recruitment and T3SA maturation. Hemolytic activity was quantified by measuring 

hemoglobin release from red blood cells following incubation with Shigella expressing 

Spa47Δ1-6 or Spa47Δ1-79 and comparing to levels resulting from a strain expressing wild-

type Spa47 (100% hemolysis). Shigella expressing Spa47Δ1-6 and Spa47Δ1-79 were also 

tested for their ability to invade cultured HeLa cells in a standard gentamycin protection 

assay using a Shigella strain expressing wild-type Spa47 as the positive control (100% 

invasion).

Liposome flotation assay

Asolectin, a natural soybean phospholipid mixture, was made to 8.7 mg/mL in the buffer 

corresponding to the protein(s) tested and was briefly sonicated using a probe sonicator. The 

lipid mixture was extruded at 50 °C using a 100 nm pore-sized membrane and an Avanti 

polar lipids extruder. Two micromolar MxiN was incubated with 4.4 mg/mL liposomes for 

30 min at room temperature in 20 mM Tris, 100 mM NaCl, 5 mM DTT, pH 7.9. The mixture 

was brought up to 30% sucrose and 600 μL was transferred to an 11 x 60 mm 

ultracentrifugation tube and overlaid with 3 mL of 22.5% sucrose followed by 150 μL of 

buffer containing no sucrose. The samples were centrifuged in a Beckman SW-60 rotor 

using a Beckman XL-90 ultracentrifuge at 4 °C and 250,000 x g for 1 h 45 min. 100 μL 

aliquots were taken from the top, middle, and bottom regions of the sucrose gradient and 

analyzed for protein content by SDS-PAGE. This assay also monitored in vitro MxiN/Spa47 

interactions by testing the ability of each Spa47 construct to “float” with liposomes in the 

presence and absence of MxiN. One micromolar Spa47 was prepared in the presence and 
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absence of 2 μM MxiN, incubated with 4.4 mg/mL asolectin liposomes, and analyzed as 

described above for MxiN alone.

ATP hydrolysis activity assay

Spa47 ATPase activity was measured using a radioactive α-32P-ATP multiple time point 

activity assay as described previously.24,30 Briefly, Spa47 was incubated for 30 minutes at 

room temperature in the tested condition and the reactions initiated by combining Spa47 

with a prepared ATP solution resulting in a final concentration of 1 mM ATP, 10 mM 

MgCl2, and 0.5 μCi (~300 nM) α-32P-ATP. Samples were removed from the reaction at 

defined time points and rapidly quenched with a final concentration of 250 mM 

ethylenediaminetetraacetic acid (EDTA). The level of ATP hydrolysis at each time point was 

quantified separating the unreacted α-32P-ATP substrate and the α-32P-ADP product by 

TLC and detected with a Storm PhosphorImager (Molecular Dynamics). The concentration 

of ADP formed was quantified using ImageQuant software (Molecular Dynamics), and 

plotted as a function of reaction time to provide a rate of ATP hydrolysis for each enzyme 

under each condition tested.

Kinetic analysis of Spa47

KM and Vmax values were determined for full-length monomeric Spa47, full-length trimeric 

Spa47, and the monomeric Spa47Δ1-6 construct. The assays were performed at 0.45, 0.225 

and 1.35 μM enzyme concentrations for full-length monomeric and trimeric Spa47 and for 

the Spa47Δ1-6 N-terminal truncation, respectively. Initial reaction velocities were determined 

for 0.025, 0.05, 0.1, 0.25, 0.5, and 1 mM ATP concentrations and plotted as initial velocity 

versus ATP concentration. SigmaPlot 12 was used to fit each dataset to the Michaelis-

Menten equation:

v =
Vmax[S]

KM + [S] (Equation 1)

where v is the initial reaction velocity, [S] is the substrate concentration, KM is the Michaelis 

constant, and Vmax is the maximum velocity of the enzyme. Identical kinetic analyses were 

performed on full-length monomeric and trimeric Spa47 in the presence of saturating 

concentrations of MxiN (4.05 μM and 6.75 μM, respectively).

Spa47 regulation by MxiN

The effect of MxiN on the rate of ATP hydrolysis was examined for isolated full-length 

monomeric Spa47, isolated full-length trimeric Spa47, and the Spa47Δ1-6 construct. The 

concentration of Spa47 monomer was held constant at 0.45 μM while exposed to increasing 

concentrations of MxiN (0, 0.225, 0.45, 0.9, 1.35, 1.8, 2.7, 4.05 and 5.4 μM) and the initial 

reaction rates determined as described above. This assay was repeated for the full-length 

Spa47 trimer, incubating 0.225 μM Spa47 with 0, 0.1125, 0.225, 0.45, 0.675, 0.9, 1.35, 

2.025, 2.7, 4.5, and 6.75 μM MxiN. Spa47Δ1-6 was tested at 1.35 μM Spa47Δ1-6 in the 

presence of 0, 1.35, 2.7, 4.5 and 6.75 μM MixN. Bovine serum albumin (BSA) was 

substituted for MxiN as a negative control.
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Spa47/MxiN co-expression and co-purification

spa47, spa47Δ1-6, and spa47Δ1-79 in pTYB21 were independently co-transformed into E. coli 
Tuner (DE3) cells with mxiN in MCS1 of pACYCDuet-1 and purified following the 

protocol for Spa47 purification described above, with the exception that both ampicillin and 

chloramphenicol were included in the growth media to maintain the expression plasmids. 

Spa47 and any bound MxiN was purified from the soluble cell lysate using chitin resin 

exactly as was done for Spa47 alone. The elution fractions were evaluated by SDS-PAGE 

and western blot analysis probing for the 6X-Histidine tag on MxiN. The full-length Spa47/

MxiN complex was further purified via anion exchange column and evaluated using an 

ÄKTA purifier equipped with a Superdex 200 Increase 10/300 size exclusion column, UV 

detection, and fraction collecting capabilities. The fractions were visualized by SDS-PAGE 

to identify the protein contents of each peak in the chromatogram.

Results

Insights from the flagellar secretion system

A recent 2.4 Å crystal structure of Spa47 found that it is structurally similar to the flagellar 

ATPase FliI with an average pairwise root-mean-square deviation (RMSD) for Cα atoms 

between Spa47 (PDB ID 5SWJ) and FliI (PDB ID 2DPY) of 1.43 Å over 310 atoms, 

supported by a 37% sequence identity between the two enzymes.30,50 From this and our 

previous findings that Spa47 is an oligomerization-dependent ATPase,24,30 we hypothesized 

that the enzymatic activity of translocon-associated T3SS ATPases such as Spa47 may be 

regulated by specific protein interactions, as seen in the flagellar system where activity of 

the ATPase FliI is reduced upon binding FliH.35 Comparison of cryo-electron tomography 

structures of the Helicobacter flagellar secretion apparatus6 to the basal body and sorting 

platform of the Shigella T3SS7 clearly highlights the structural similarities and differences 

between the complexes (Figure 1). For example, the ATPases FliI and Spa47 are similarly 

located at the bottom of the flagellar and Shigella T3SS basal body structures, respectively; 

located just below the entrance to the apparatus export channels and colored red for contrast 

(Figure 1). The ATPase regulator FliH is colored yellow in the flagellar structure with six 

copies extending radially out from the oligomeric FliI ring. Comparison to the Shigella 
T3SA basal body shows that six similar extensions of electron density radiate from the 

Spa47 structure (Figure 1B). This density has previously been assigned to MxiN, a predicted 

homolog of FliH.7 These marked similarities within the cryo-electron tomography structures 

suggest that MxiN may be a functional homolog of FliI and provide a regulatory role for 

Spa47 similar to that seen between FliI and FliH. Comparison of the MxiN and FliH 

sequences identifies an 18% sequence identity and predicted secondary structures that 

modestly align with one another (Figure 1C). Multiple sequence alignment of MxiN and 8 

predicted homologs from other T3SSs shows that the sequence identity among individuals 

within the group ranges from 7.95% to 55.24% identity to one another (Figure S1).

Biophysical characterization of MxiN and the Spa47 N-terminal-deletion constructs, 
Spa47Δ1-79 and Spa47Δ1-6

To test the hypothesis that MxiN influences Spa47 activity, we recombinantly expressed and 

purified MxiN, oligomeric and monomeric full-length Spa47, the exclusively monomeric 
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Spa47Δ1-79 construct crystallized previously, and a newly engineered Spa47Δ1-6 construct we 

hypothesized to also purify as an exclusive monomer. Each of the proteins were analyzed by 

far-UV circular dichroism and the previously untested MxiN and Spa47Δ1-6 constructs were 

characterized by analytical ultracentrifugation to better understand the physical properties of 

MxiN and the effects of the Spa47 N-terminal deletion on the overall protein structure and 

oligomerization properties. The far-UV CD spectra of isolated monomeric Spa47, 

Spa47Δ1-6, and Spa47Δ1-79 overlay on one another with the isolated Spa47 oligomer 

exhibiting a slightly attenuated CD signal (Figure 2A). Analysis of the CD spectra show that 

isolated monomeric Spa47 and the Spa47Δ1-6 truncation share nearly identical secondary 

structure content ratios while the Spa47Δ1-79 construct results in an increase in α-helix 

content and a decrease in random coil (Table 1). Spa47 oligomerization decreases the α-

helix content and increases the percentage of random coil compared to any of the 

monomeric constructs. CD thermal unfolding curves were collected for each of the Spa47 

constructs with sharp transitions observed at 42.8 ± 0.2 °C, 45.3 ± 0.2 °C and 47.8 ± 0.4 °C, 

for full-length monomeric Spa47, Spa47Δ1-6, and Spa47Δ1-79, respectively (Figure 2B and 

Table 1). As seen previously, the thermal transition of trimeric Spa47 is significantly 

shallower than observed for monomeric Spa47,24 with a transition temperature of 40.2 

± 0.7 °C. The far-UV CD spectrum of MxiN exhibits well-defined minima at 208 nm and 

222 nm, consistent with a highly α-helical secondary structure (Figure 2C). Spectral 

analysis identified MxiN as 59 ± 0.1% α-helix, 8 ± 0.1% β-strand, and 33 ± 0.0% random 

coil (Table 1). The thermal unfolding profile for MxiN contains a sharp transition at 35.6 

± 0.3 °C (Figure 2D), suggesting that recombinant MxiN is susceptible to moderate thermal 

stress.

We additionally observed that purified MxiN precipitated when analyzed by gel filtration 

chromatography, but that it was amendable to analysis by analytical ultracentrifugation 

(AUC), finding that MxiN sediments nearly exclusively as a single species with a 

sedimentation coefficient of 2.34 Svedbergs, consistent with a stable MxiN homo-dimer in 

solution (Figure S2). The Spa47Δ1-6 protein lacking the six N-terminal residues of Spa47 

was also analyzed by AUC, identifying a predominantly monomeric species with a 

sedimentation coefficient of 2.97 Svedbergs, consistent with previous reports for Spa47Δ1-79 

and findings that deletion of the seven N-terminal residues from FliI prevented ATP-

dependent hexamer formation.30,51 Notably, however, the Spa47Δ1-6 mutant does exhibit a 

very minor population of oligomeric species with a sedimentation coefficient of 

approximately 5.5 Svedbergs, consistent with that of the ATPase active homo-trimeric 

complex identified for full-length Spa47,24 though the Spa47Δ1-6 oligomer was unable to be 

isolated due to such low abundance. Together, these findings suggest that the targeted six N-

terminal residues in Spa47 are necessary for proper oligomer formation, though their 

absence does not entirely preclude oligomerization (Figure S2), providing a valuable 

construct for probing the effects of oligomer formation on Spa47 kinetics.

Spa47 N-terminus is required for efficient ATPase activity

The ability of the primarily monomeric Spa47Δ1-6 construct to hydrolyze ATP was examined 

under substrate-saturating conditions and compared to isolated monomeric and trimeric full-

length Spa47 and the Spa47Δ1-79 truncation mutation (Figure 3A). As shown previously, the 
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Spa47 trimer provided a significantly higher rate of ATP hydrolysis than the isolated 

monomer (0.85 ± 0.03 μmol ADP min-1 mg Spa47-1 and 0.24 ± 0.01 μmol ADP min−1 mg 

Spa47−1, respectively) while the Spa47Δ1-79 construct was completely inactive.30 

Unexpectedly, the Spa47Δ1-6 construct engineered in this study demonstrated a significantly 

reduced, yet robust rate of hydrolysis of 0.11 ± 0.01 μmol ADP min−1 mg Spa47−1, 

intermediate to the rates of the isolated full-length monomer and the inactive Spa47Δ1-79 

mutant.

The effect of substrate concentration on the kinetics of each of the active full-length Spa47 

species was tested (Figure 3B). Each demonstrated substrate-dependent rates that were fit to 

the Michaelis-Menten equation (Equation 1) and used to determine KM, Vmax, kcat, and 

kcat/KM for each Spa47 species (Table 2). The KM for the isolated trimer was 114 ± 20 μM, 

the isolated monomer was 181 ± 30 μM, and the KM for Spa47Δ1-6 was 269 ± 31 μM. As 

expected, the Vmax and kcat determined for each of the constructs tracked well with the trend 

in rates observed from Figure 3A, decreasing from Spa47 trimer to Spa47 monomer to 

Spa47Δ1-6. The kcat/KM values for Spa47 trimer, Spa47 monomer, and Spa47Δ1-6 were 7.5 

± 1.2 x 103 M−1 sec−1, 1.3 ± 0.2 x 103 M−1 sec−1, and 4.2 ± 0.3 x 102 M−1 sec−1, 

respectively.

The effect of the Spa47Δ1-6 and Spa47Δ1-79 truncations on Shigella phenotype were tested 

using red blood cell hemolysis and gentamycin protection (cellular invasion) assays. 

Consistent with our previous findings, complementing a Spa47 knockout Shigella strain with 

the ATPase inactive Spa47Δ1-79 construct eliminated both hemolytic and invasion 

phenotypes (Table3).30 The Spa47Δ1-6 complemented strain exhibited wild-type hemolysis 

and invasion phenotypes at 100 ± 6% and 89 ± 19%, respectively, suggesting that perhaps 

additional protein interactions within the context of the Shigella T3SS overcome the 

oligomerization and ATPase deficiencies of Spa47Δ1-6 observed in vitro.

MxiN interacts through the extreme N-terminus of Spa47

An in vitro liposome flotation assay was developed to specifically probe the ability of MxiN 

to interact with the various isolated oligomer states and engineered N-terminal truncation 

constructs of Spa47. We first demonstrated that MxiN interacts with liposomes and “floats” 

to the top layer of a discontinuous sucrose gradient when incubated with liposomes and 

centrifuged (Figure 4). MxiN interaction with the liposomes appears to be peripheral as the 

presence of a moderate NaCl concentration (500 mM) disrupts the interaction between 

MxiN and the liposomes and results in MxiN remaining in the bottom fraction of the sucrose 

gradient following centrifugation. Isolated recombinant full-length Spa47 monomer and 

trimer were similarly tested and found to not interact with liposomes in this assay; 

monomeric and trimeric Spa47 remained in the bottom fraction of the sucrose gradient 

following incubation with liposomes and centrifugation. The inability of Spa47 to directly 

interact with phospholipid membranes was unexpected as the related ATPases FliI,40 InvC,27 

and HrcN37 from the Salmonella flagellar motor, Salmonella T3SS, and Pseudomonas 
T3SS, respectively, all interact with phospholipid membranes in vitro. Interestingly, 

however, the Spa47 monomer and trimer species both efficiently “floated” to the top of the 

sucrose gradient when incubated with a combination of MxiN and liposomes. This indicates 
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that both Spa47 species “floated” through direct interaction with MxiN, which was itself 

interacting with the liposomes and that the interaction is insensitive to Spa47 oligomer state. 

The interaction was, however, entirely dependent on the N-terminus of Spa47 as neither 

Spa47Δ1-79 nor Spa47Δ1-6 “floated” in the absence or presence of MxiN (Figure 4), 

consistent with studies showing that the N-terminus of the flagellar ATPase FliI is required 

for interaction with its inhibitor FliH.52 Together, these findings have identified the six N-

terminal residues in Spa47 as critical for proper MxiN/Spa47 interaction in vitro and have 

provided a much-needed Spa47 control for the following experiments testing the effect of 

MxiN on Spa47 activity.

MxiN differentially regulates the activity of monomeric and oligomeric Spa47

The effect of MxiN on Spa47 ATPase activity was tested for full-length monomeric and 

trimeric Spa47 and for Spa47Δ1-6. When trimeric Spa47 activity was tested with increasing 

concentrations of MxiN, the activity decreased exponentially from 0.88 sec-1 to 0.42 sec−1, 

saturating with the addition of ~3 μM MxiN (Figure 5A). Surprisingly, however, when the 

effect of MxiN on Spa47 monomer was tested, an opposite effect was observed. The kcat of 

the monomer increased from approximately 0.25 sec−1 in the absence of MxiN to over 0.49 

sec−1 at MxiN concentrations greater than 4 μM (Figure 5A). The activity of the Spa47Δ1-6 

construct was just over 0.1 sec−1 and was unaffected by the addition of MxiN, consistent 

with our findings that Spa47Δ1-6 is unable to bind MxiN in vitro (Figure 4). The effect of 

BSA on the activity of each Spa47 construct was tested, confirming that the effect of MxiN 

on Spa47 activity is specific and not the result of molecular crowding or non-specific protein 

interactions (Figure S3).

Substrate-dependent kinetic analyses of isolated monomeric and trimeric Spa47 in the 

presence and absence of saturating concentrations of MxiN were performed (Figure 5B). 

The kinetic parameters KM, Vmax, kcat, and kcat/KM were determined for each condition by 

fitting the data to the Michaelis-Menten equation (Equation 1). As expected from the results 

in Figure 5A, Vmax for the Spa47 trimer reduced from 1.04 ± 0.02 μmol ADP min−1 mg 

Spa47−1 to 0.62 ± 0.06 μmol ADP min−1 mg Spa47−1 and Vmax for the monomer increased 

from 0.28 ± 0.01 μmol ADP min−1 mg Spa47−1 to 0.51 ± 0.01 μmol ADP min−1 mg 

Spa47−1 in the presence of MxiN (Table 2). The kcat values followed identical trends since 

the total enzyme concentration was not changed with increasing concentrations of MxiN. 

While the KM of the trimeric Spa47 (114 ± 20 μM) is noticeably lower than the apparent KM 

of monomeric Spa47 (181 ± 30 μM), the addition of MxiN did not alter the observed KM 

values for either the trimeric or monomeric forms of Spa47, remaining at 116 ± 19 μM and 

201 ± 8 μM, respectively. The changes in Vmax following addition of MxiN, however, 

differentially influenced the overall enzyme efficiency of the Spa47 trimer and monomer. 

The kcat/KM of the Spa47 oligomer decreased from 7.5 ± 1.2 x 103 M−1 sec−1 to 4.4 ± 0.3 x 

103 M−1 sec−1 following addition of MxiN. The kcat/KM of the monomeric Spa47 was 1.3 

± 0.2 x 103 M−1 sec−1 and 2.1 ± 0.1 x 103 M−1 sec−1 in the absence and presence of MxiN, 

respectively.
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MxiN interacts with Spa47 in vivo

Tagless MxiN and the previously engineered CBD-intein-Spa47 chimera24,30 were co-

expressed in E. coli and co-purified via chitin resin, on-column cleavage of the intein 

domain, anion exchange chromatography, and size exclusion chromatography. The resulting 

size exclusion chromatogram and associated SDS-PAGE gel clearly show that MxiN 

interacts with Spa47 and that the Spa47/MxiN hetero-oligomeric complex elutes from the 

sizing column with a retention volume between those of isolated monomeric and trimeric 

Spa47 (Figure 6). Co-expression of MxiN with either of the engineered N-terminal 

truncation mutants (Spa47Δ1-79 and Spa47Δ1-6) resulted in little-to-no MxiN observed in the 

chitin elution fractions (Figure S4), consistent with the in vitro liposome flotation assay 

showing that MxiN interacts through the N-terminal domain of Spa47. In-gel densitometry 

analysis of the isolated Spa47/MxiN complex identified a 2:1 MxiN:Spa47 stoichiometry, in 

agreement with the SEC retention volume that more specifically suggests the isolated 

complex is a MxiN2Spa47 hetero-trimer (Figure 6) with no higher molecular weight/

stoichiometry MxiN/Spa47 complexes observed. Substrate-dependent ATPase activity of the 

co-expressed and co-purified MxiN2Spa47 verified that the co- purified complex is in fact 

active with a KM of 208 ± 19 μm and a Vmax of 0.28 ± .01 μmol min−1 mg Spa47−1 (Figure 

S5). When compared to the MxiN/Spa47 species formed by titrating purified Spa47 with 

MxiN (Table 2), the KM of the co-purified species is nearly identical to that of the Spa47/

MxiN complex derived from isolated Spa47 monomer while the Vmax is lower and equal to 

that of the isolated Spa47 monomer in the absence of MxiN.

Discussion

T3SSs are complex nano-machines capable of injecting effector proteins directly into the 

host cell cytoplasm.17,53 Like many pathogens expressing T3SSs, Shigella rely on these 

injected effectors to promote pathogen uptake by the host cell and to help circumvent host 

immune responses.14,15 This reliance on T3SSs for infection together with the rapid 

emergence of antibiotic resistant bacteria makes T3SSs ideal targets for anti-infective 

therapeutics and underscores the importance of understanding the mechanism(s) that activate 

and regulate protein secretion through the T3SA. Regulation of the Shigella T3SS begins 

with tight control over transcription of the genes encoding structural T3SA components and 

secreted effector proteins, supporting transcription at temperatures approaching 37 °C.54,55 

Once the T3SA components are expressed and the apparatus is assembled, it serves as an 

environmental sensor of small molecules such as bile salts, sphingolipids, and cholesterol, 

promoting a discrete stepwise maturation of the Shigella T3SA tip complex that prepares the 

apparatus for fusion with a host cell membrane.56-60 Despite a strong understanding of the 

environmental stimuli driving maturation and activation of the Shigella T3SA, the means 

through which T3SA activation and protein secretion is achieved remains largely unclear. 

Uncovering the link between Spa47 ATPase activity, T3SA formation, secretion of T3SS 

effector proteins, and Shigella virulence30, however, suggests that control over T3SS ATPase 

activity would provide a powerful means for Shigella to rapidly up and downregulate 

activity of the T3SA.
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The ability to purify active monomeric and oligomeric populations of Spa47 has been 

instrumental in describing the role of Spa47 oligomerization in Shigella T3SS function.24,30 

For example, the increased ATP hydrolysis rates seen for trimeric Spa47 compared to the 

monomeric Spa47 appear to result from pre-formed active sites in the Spa47 oligomer that 

include critical sidechain contributions from adjacent Spa47 protomers.30 Activity in the 

monomeric population, however, requires not only binding ATP, but also a transient 

interaction with one or more Spa47 monomers to complete the functional P-loop active site 

and support hydrolysis, perhaps similar to the conditions seen within the Shigella cytoplasm. 

Extending these studies has allowed us to more directly investigate the role of T3SS 

ATPases in virulence regulation by characterizing monomeric and oligomeric Spa47 species 

with respect to enzyme kinetics, MxiN interaction, and ultimately ATPase regulation.

In kinetic studies, we showed that Spa47 monomer is overall less efficient than the trimer, 

exhibiting both a higher apparent KM and a lower apparent Vmax. Interestingly, the 

Spa47Δ1-6 construct has an even lower apparent Vmax than the isolated full-length 

monomeric species though they share similar substrate sensitivities (KM). The trending 

decrease in Vmax when comparing Spa47 trimer to monomer to Spa47Δ1-6 is consistent with 

a decrease in the number of “activated” species available in solution when comparing Spa47 

oligomers to monomers. It is also interesting that the KM of the oligomer is lower than those 

of both the full-length monomer and Spa47Δ1-6. It is important to recognize, however, that 

the kinetic parameters identified for the isolated monomeric Spa47 species (Spa47 monomer 

and Spa47Δ1-6) are heavily influenced by the ability of the monomers to form transient 

activated complexes that would minimally consist of dimeric Spa47 forming a single 

complete active site at the interface between the two protomers. The fact that full-length 

Spa47 monomer and Spa47Δ1-6 have similar KMs (both higher than the trimer) despite a 

two-fold difference in Vmax suggests that perhaps the pre-formed Spa47 oligomer exhibits a 

higher affinity for substrate than either of the monomeric forms and that the rate seen for 

Spa47Δ1-6 is due to a decreased ability to form transient active species in solution. Further 

biophysical characterization and stoichiometric determination of the active Spa47 species 

resulting from each isolated population will be required to fully understand the influence of 

transient oligomerization on the reported monomeric Spa47 kinetic parameters, however, the 

overall effect of Spa47 oligomerization and MxiN interaction are clear, providing the means 

to both up and downregulate activity of the Shigella T3SA.

Similarities observed between the structural organization of the flagellar export apparatus 

and the Shigella T3SA sorting platform, together with previous findings that MxiN and 

Spa47 interact in vivo, led us to further characterize recombinant MxiN.43,61 We show that 

recombinant MxiN is a highly α-helical homodimer in solution, in agreement with similar 

findings for the flagellar ATPase inhibitor, FliH.62 Furthermore, we reveal that the 

interaction between MxiN and Spa47 is mediated by the N-terminus of the latter, and in 

particular, the first 6 residues, which are also critical for stable Spa47 oligomerization and 

activation in vitro. We therefore propose that MxiN directly influences Spa47 

oligomerization and in turn influencing Spa47 activity. This notion is reinforced by SEC 

analyses that confirm the lack of Spa47 oligomers when Spa47 is co-expressed or co-

purified with MxiN, and by the decreased activity of Spa47 observed in the presence of 

MxiN. Similar negative regulation of FliI by FliH (Salmonella),35 YscN by YscL (Yersinia),
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25 and CdsN by CdsL (Chlamydia)28 suggest that there is at least some level of functional 

conservation as T3SS ATPase repressors among the putative MxiN homologs.

In contrast, MxiN enhances the ATPase activity of monomeric Spa47, suggesting that MxiN 

differentially regulates Spa47 activity, depending on its initial oligomeric state. Insights from 

related systems suggest that MxiN may be involved in supporting the dynamic exchange of 

Spa47 between the T3SA basal body and the cytoplasm and/or perhaps in supporting distinct 

roles of Spa47 within the context of the T3SA. Specifically, Bai et al. showed that FliI is in 

dynamic exchange between the flagellar basal body and the bacterial cytoplasm and that 7 

± 3 copies of FliI were associated with each flagellar motor despite only six copies of FliI 

identified in cryo-electron tomography images.63 Additional fluorescence and biochemical 

experiments suggested that while six copies of FliI form the homo-hexameric ATPase ring 

within the flagellar motor, the excess FliI proteins located at the basal body come from 

FliH2FliI complexes transiently interacting with the C-ring to deliver protein substrates for 

export through the apparatus. More recently, studies in Yersinia enterocolitica also found 

that many of the soluble sorting platform proteins (including the ATPase YscN and the 

negative regulator YscL) are in dynamic exchange between the T3SA and the bacterial 

cytoplasm and that again greater than the expected six copies of the ATPase were associated 

with the T3SA.64 Together with the work presented here, these findings paint a picture of a 

dynamic apparatus that relies on the associated T3SS ATPase and regulator for multiple 

roles in supporting secretion and as a part of a signaling cascade responding to external 

stimuli. With respect to Shigella, one can imagine that MxiN association with Spa47 

monomers in the cytoplasm may increase the propensity of Spa47 to form transient 

oligomers, resulting in the observed increase in ATPase activity. The resulting MxiN2Spa47 

complex may then serve as a proto-oligomer readied for incorporation into the T3SA and/or 

perhaps serve a similar function as FliH2FliI in introducing cytoplasmic substrate to the 

flagellar export apparatus for secretion. The inhibitory role of MxiN on oligomeric Spa47, 

on the other hand, may be required to reduce the activity of Spa47 oligomers that either form 

within the cytoplasm or result from dynamic exchange between the T3SA and cytoplasm, 

minimizing wasteful ATP hydrolysis by cytoplasmic Spa47 oligomers. Clearly, the findings 

presented here only begin to uncover the role of MxiN in the Shigella T3SS, but have 

provided a strong platform for comparing apparatus activation and regulation across multiple 

pathogens and supported a detailed kinetic analysis of Spa47 regulation by MxiN.

Our analyses find that Spa47 kinetics are altered upon MxiN binding, depending on Spa47 

oligomeric state. Although Vmax values for both Spa47 oligomeric species converge in the 

presence of MxiN, they are statistically different from one another, suggesting that the 

resulting complexes remain unique. Perhaps even more telling is the effect (or lack thereof) 

on the KM of both Spa47 monomer and trimer following MxiN interaction; with the 

complex originating from Spa47 oligomer maintaining a lower KM than that resulting from 

monomeric Spa47 despite significant/differential influences on Vmax. It is additionally 

interesting to consider that while the MxiN2Spa47 heterotrimer co-purified from E. coli 
exhibits a KM consistent with isolated Spa47 monomer under saturating MxiN conditions, 

the Vmax of the co-purified complex is significantly lower than expected from the in vitro 
mixing studies. The details surrounding this difference in the Vmax values is not entirely 

clear, but perhaps the Spa47/MxiN interactions supported during co-expression are a better 
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mimic for those that take place in the Shigella cytoplasm directly following protein 

expression, resulting in a high KM and low Vmax to minimize wasteful ATP hydrolysis by 

cytoplasmic stores of Spa47. Regardless, the differential kinetic effects observed here 

suggest that interaction of MxiN with monomeric and oligomeric Spa47 results in distinct 

complexes with unique kinetic parameters that may play individually important roles in 

Shigella T3SA regulation. Moreover, it remains to be seen whether the differential 

regulation described here for Spa47 is unique to Shigella, or is shared among many or all 

T3SSs and has only now been observed because of the ability to isolate stable monomeric 

and oligomeric Spa47 species.

Supplementary Material

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

AEBSF 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride

BSA bovine serum albumin

CBD chitin binding domain

CD circular dichroism

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

PMF proton motive force

IMAC immobilized metal affinity chromatography

IPTG Isopropyl β-D-1-thiogalactopyranoside

LB Luria-Bertani

LPS lipopolysaccharide

MCS multiple cloning site

PDVF polyvinylidene fluoride

PBS phosphate buffered saline

RMSD root-mean-square deviation
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sv-AUC sedimentation velocity analytical ultracentrifugation

T3SA type three secretion apparatus

T3SS type three secretion system

TB terrific broth

TLC thin layer chromatography

TSB tryptic soy broth
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Figure 1. Comparison of cryo-electron tomography maps of A) the Helicobacter pylori flagellar 
secretion system and B) the Shigella flexneri T3SS sorting platform
The ATPases FliI and Spa47 are positioned similarly at the base of the Helicobacter flagellar 

motor and Shigella T3SS platforms, respectively (red). The flagellar FliI inhibitor, FliH, and 

the putative Shigella FliH homolog, MxiN, are colored yellow and are both seen extending 

from their respective ATPases. C) Sequence alignment of FliH (UniProt accession number 

P15934) and MxiN (UniProt accession number Q6XVX6) was performed with the UniProt 

sequence alignment tool, Clustal Omega.1 Fully conserved residues (*), conservation 

between groups with strongly similar properties (:), and weakly similar properties (.) are 

identified. α-helical and β-sheet regions, as predicted by the PSIPRED structure prediction 

server,2 are color-coded red and blue within the sequences, respectively. Three-dimensional 

electron density structures were generated using the UCSF software package Chimera4 and 

the previously published coordinates from EMDB-8459 and EMDB-2667 for the flagellar 

secretion system6 and Shigella T3SS sorting platform,7 respectively.
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Figure 2. Analysis of secondary structure content and stability of Spa47 and MxiN
A) Far-UV CD spectra of monomeric and trimeric Spa47, Spa47Δ1-6, and Spa47Δ1-79 all 

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

structures. B) Thermal unfolding of the secondary structures of each tested Spa47 constructs 

is observed by plotting the mean residue molar ellipticity at 222 nm while the protein 

solutions are heated from 10 to 90 °C. C) and D) represent a CD spectrum and thermal 

unfolding profile for MxiN, respectively. The displayed data is plotted as the mean ± 

standard deviation from three measurements.

Case and Dickenson Page 21

Biochemistry. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The N-terminus of Spa47 is essential for proper activation
A)An α-32P-ATP hydrolysis assay shows that isolated monomeric and trimeric Spa47 are 

both active, with the trimer resulting in a significantly higher rate of hydrolysis compared to 

the monomer. Spa47Δ1-79 is completely inactive, resulting in background levels of ATP 

hydrolysis. The newly engineered Spa47Δ1-6 construct is minimally active, with an ATP 

hydrolysis rate between those of the isolated Spa47 monomer and Spa47Δ1-79. B) Substrate 

concentration-dependence of ATPase activity was tested for full-length Spa47 monomer and 

trimer and for the Spa47Δ1-6 construct by plotting initial reaction velocities as a function of 

substrate (ATP) concentration. The data were fit to the Michaelis-Menten equation to 

determine the kinetic parameters KM, Vmax, kcat, and kcat/KM (see Table 2). All presented 

data points represent the mean ± standard deviation from three independent analyses.
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Figure 4. The N-terminus of Spa47 is required for interaction with MxiN
The presence of protein in top (T), middle (M), and bottom (B) fractions of a sucrose 

gradient following centrifugation with asolectin liposomes was determined by SDS–PAGE. 

MxiN was found in the top fraction of the gradient following centrifugation with liposomes 

under low salt conditions (100 mM NaCl). MxiN remained in the bottom fraction under 

moderate salt conditions (500 mM NaCl), indicative of a peripheral interaction between 

MxiN and the asolectin liposomes. Monomeric and trimeric full-length Spa47 and the N-

terminal truncation constructs Spa47Δ1-79 and Spa47Δ1-6 remained in the bottom fraction in 

the presence of liposomes while both monomeric and trimeric Spa47 “floated” to the top 

fraction when incubated with liposomes and MxiN. Neither the Spa47Δ1-79 nor Spa47Δ1-6 

constructs interacted with MxiN, remaining in the bottom fractions while MxiN 

independently moved to the top fraction.
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Figure 5. MxiN differentially regulates the activity of monomeric and oligomeric Spa47
A) The effect of MxiN on Spa47 activity was tested for the full-length monomeric and 

trimeric Spa47 and Spa47Δ1-6. Trimeric Spa47 activity decreased with MxiN concentration 

while the monomeric Spa47 activity increased with increasing concentrations of MxiN. The 

activity of the Spa47Δ1-6 construct was unaffected by MxiN. B) The effect of MxiN on 

Spa47 substrate concentration-dependence was tested by plotting initial reaction velocities 

as a function of substrate (ATP) concentration in the absence and presence of saturating 

concentrations of MxiN and fitting the data to the Michaelis-Menten equation. All data 

points are presented as the mean ± standard deviation from three independent analyses.
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Figure 6. MxiN interacts with Spa47 in vivo
Co-expressed Spa47 and MxiN were purified from E. coli and analyzed by size exclusion 

chromatography. A) The A280 size exclusion chromatogram and B) the corresponding SDS-

PAGE gel of the eluted fractions identify a MxiN/Spa47 complex that elutes from sizing at 

~12.5 mL, between the retention volumes observed for the isolated 47.6 kDa Spa47 

monomer (~15 mL) and trimer (~9 mL). Unbound Spa47 monomer elutes at ~15 mL. The 

monomer MW of MxiN is 28.9 kDa.
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Table 1

Circular Dichroism Analysis of MxiN and Spa47 N-terminal Truncation Constructs

Percent Secondary Structurea (% ± SD)

Tmb (°C ± SD)α-Helix β-Sheet Random Coil

Spa47 Trimer 34 ± 1 22 ± 1 44 ± 1 40.2 ± 0.7

Spa47 Monomer 40 ± 2 21 ± 1 39 ± 2 42.8 ± 0.2

Spa47Δ1-6 43 ± 4 19 ± 1 39 ± 4 45.3 ± 0.2

Spa47Δ1-79 48 ± 1 19 ± 1 34 ± 1 47.8 ± 0.4

MxiN 59 ± 1 8 ± 1 33 ± 0 35.6 ± 0.3

a
Secondary structure content analysis of far-UV CD spectra was performed using the Dichroweb software package K2D. The determined percent 

α-helix, β-sheet, and random coil are reported for monomeric and trimeric Spa47, Spa47Δ1-6, Spa47Δ1-79, and MxiN.

b
Secondary structure thermal stability was tested by measuring CD signal at 222 nm while increasing the solution temperature from 10 to 90 °C.

All results are reported as the mean ± standard deviation from three independent analyses.
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Table 2

Effect of Oligomerization and MxiN Interaction on Spa47 Kinetics

Spa47 Constructa KM (μM) Vmax (μmol min−1 mg−1) kcat (sec−1) kcat /K M (M−1 sec−1)

Spa47 Monomer 181 ± 30 0.28 ± 0.01 0.22 ± 0.01 1.3 ± 0.2 x 103

Spa47 Trimer 114 ± 20 1.04 ± 0.02 0.84 ± 0.01 7.5 ± 1.2 x 103

Spa47Δ1-6 269 ± 31 0.14 ± 0.01 0.11 ± 0.01 4.2 ± 0.3 x 102

Spa47 Monomer + MxiN 201 ± 8 0.51 ± 0.01 0.41 ± 0.01 2.1 ± 0.1 x 103

Spa47 Trimer + MxiN 116 ± 19 0.62 ± 0.06 0.50 ± 0.05 4.4 ± 0.3 x 103

a
Initial reaction velocity was measured as a function of substrate (ATP) concentration for each listed Spa47 constructs and the results fit to the 

Michaelis-Menten equation to determine the apparent KM, Vmax, kcat, and kcat/KM for each condition.

All values are presented as the mean ± standard deviation of three independent analyses. Statistical analysis was performed for each kinetic 
parameter using a one-way ANOVA followed by a Dunnett’s post test (p ≤ 0.05). All differences among Vmax and kcat values are significant. All 

differences in KM values except those between (Spa47 Monomer and Spa47 Monomer + MxiN) and (Spa47 Trimer and Spa47 Trimer + MxiN) are 

significant. All differences in kcat/KM are significant except those between (Spa47 Monomer and Spa47Δ1-6) and (Spa47 Monomer and Spa47 

Monomer + MxiN).
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Table 3

Effect of engineered N-terminal Spa47 Truncations on Shigella Virulence Phenotype

Shigella Strain Hemolysisa(% ± SD) Invasionb(% ± SD)

Spa47 Complement 100 100

Spa47 null 3 ± 0 0 ± 0

Spa47Δ1-79 Complement 3 ± 0 0 ± 0

Spa47Δ1-6 Complement 100 ± 6 89 ± 19

a
The ability of Shigella strains expressing Spa47Δ1-6 and Spa47Δ1-79 to lyse red blood cells was tested using a hemolysis assay that 

spectrophotometrically quantifies the release of hemoglobin from erythrocytes.

b
The ability of the tested Shigella strains to invade cultured HeLa cells was measured by a standard gentamicin protection assay.

Hemolysis and invasion results are presented as the percent ± standard deviation relative to the S. flexneri strain expressing wild-type Spa47. (n = 3 
independent measurements)
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