8128 Biochemistry2007,46, 8128-8137

Preparation and Characterization of Translocator/Chaperone Complexes and Their
Component Proteins fror8higella flexnefi
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ABSTRACT: Shigella flexnericauses a severe form of bacillary dysentery also known as shigellosis. Onset
of shigellosis requires bacterial invasion of colonic epithelial cells which is initiated by the delivery of
translocator and effector proteins to the host cell membrane and cytoplasm, respectivelyShigéia

type lll secretion system (TTSS). Tighigellatranslocator proteins, IpaB and IpaC, form a pore complex

in the host cell membrane to facilitate effector delivery; however, prior to their secretion IpaB and IpaC
are partitioned in the bacterial cytoplasm by association with the cytoplasmic chaperone IpgC. To determine
their structural and biophysical properties, recombinant IpaB/IpgC and IpaC/lpgC complexes were prepared
for their first detailedn zitro analysis. Both IpaB/IpgC and IpaC/lpgC complexes are highly stable and
soluble heterodimers whose formation prevents lphfC interaction as well as Ipa-dependent disruption

of phospholipid membranes. Circular dichroism spectroscopy shows that IpgC binding has a detectable
influence on IpaC secondary/tertiary structure and stability. In contrast, IpaB structure is not as dramatically
affected by chaperone binding. To more precisely ascertain the influence of chaperone binding on IpaC
structure and stability, single tryptophan mutants were generated for detailed fluorescence spectroscopy
analysis. These mutants provide a low-resolution picture of how IpaC exists iBhilgellacytoplasm

with chaperone binding possibly involving distinct regions within the N- and C-terminal halves of IpaC.
This preliminary assessment of the IpalpgC interaction is supported by initial deletion mutagenesis
studies. The data provide the first structural analysis of IpgC association with IpaB and IpacC.

The type Il secretion system (TTSSis a virulence stabilizes the translocators and prevents their association prior
determinant used by a number of diverse Gram-negativeto secretion 4). These chaperones probably also play a
bacterial pathogendl). TTSSs are complex nanomachines pivotal role in type Ill secretion by holding their partners in
that transport bacterial effector proteins into and across thequeue for secretion. After releasing their partners, some
cytoplasmic membranes of targeted eukaryotic cells ( chaperones may interact with transcription factors to regulate
Although the proteins that make up the structural componentslate gene expression following the initial pathogdrost
of known TTSSs share some degree of sequence homologyinteraction b).

the secreted effector proteins typically do ndj.(The Three classes of TTSS chaperones have been described
proteins initially secreted by TTSSs are the translocator with nearly all having low ps and small molecular masses
proteins which form pores (translocons) in the host cell (6). Class | chaperones associate with one (subclass I1A) or
membrane to allow subsequent passage of effectors into thenore (subclass IB) effectors that are targeted for the host
host cell cytoplasmd). Prior to secretion, TTSS translocators cytoplasm. The slightly larger class Il chaperones bind to
and effectors are stored in the bacterial cytoplasm asthe two translocator proteins that are associated with a given
complexes with their cognate chaperon®s This interaction  TTSS. Class Ill chaperones are specific to the flagellar TTSS.
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1 Abbreviations: Ipa, invasion plasmid antigen; Ipg, invasion plasmid . . . :
gene; TTSS_,typeIIIsecretion system; TTSA, TTSS apparatus; IMAC, is encoded by the plasmld-borrlBX|/spaoperpn, which
iminodiacetic; Trp, tryptophan; DOPC, 1,2-dioleaytglycero-3- encodes components of the type Il secretion apparatus
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DSP, dithio-bis-(succinimidylpropionate); DTT, dithiothreitol; CD, locator proteins IpaB and IpaC, and IpgC, whichis the IpaB/

circular dichroism; DLS, dynamic light scatter; AUC, analytical IPaC-specific class Il chaperong)(IpgC prevents IpaB and
ultracentrifugation; SEC, size exclusion chromatography. IpaC from interacting in the cytoplasm prior to their secretion
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(4), and it may hold them in a secretion-competent confor- The preparation of IpaC single Trp mutants was performed
mation. Upon host cell contact, tihigellaTTSS inserts as described 16). Whenever possible, the inserted Trp
IpaB and IpaC into the host cell membrane to form a pore residues were used to replace bulky hydrophobic residues
that permits passage of oth@higellaeffectors into the host  such as lysine, phenylalanine, or isoleucine, but this was not
cell cytoplasm 8, 9). Unlike translocators of other TTSSs, always possible. Thus, all mutants were used to determine
IpaB and IpaC are also implicated in directly triggering whether they still possessed native function by complement-
signaling events. IpaB induces apoptosis in macrophagesing a Shigella ipaCnull mutant (L6). The IpaC internal
(10), and IpaC triggers cytoskeletal rearrangements in deletion mutant lpa&—20A177-259 (designated Ipa& here)
macrophages and epithelial cells that promote bacterial entrywas generated in the same manner as previously described
(11-13). (17) and subcloned into pACYCDuet-1.

Because of their overall apolar nature, recombinant IpaB  Purification of Recombinant ProteingpaC was prepared
and IpaC have proven difficult to purifyld, 14). IpaC as previously described 1, 17). Tuner(DE3) cells containing
behaves as a membrane protein with two predicted trans-PACYC-C/pWPipgC (oripaC mutants) or pACYC-B/pW-
membrane domains located within a larger nonpolar region PipgC were grown as previously describeib,(17). The
that renders the protein insoluble during purification. In the bacterial suspension was sonicated, and centrifuged for
case of IpaB, stability and solubility present major purifica- 15 min at 27000. The clarified supernatant was loaded onto
tion obstacles¥4). Both proteins, however, are maintained & 10 mL charged IMAC-Sepharose column and washed with
in a soluble state in th&higella cytoplasm due to their ~ binding buffer and the protein eluted with buffered 1 M
association with IpgC4). Thus, in this workipaB or ipaC imidazole (4). Protein fractions were pooled and EDTA and
was Coexpressed W|[]|pgc in Escherichia colito produce dithiothreitol (DTT) added to a final concentration of 1 mM
high yields of soluble IpaB/IpgC and IpaC/lpgC complexes and 0.5 mM, respectively. The protein was loaded onto a
that are easily purified via a Hjgag located at the IpgC  HiLoad 26/60 Superdex 200 preparative grade column
N-terminus. Once purified, IpaB or IpaC can be released equilibrated with 10 mM Tris-HCI pH 7.2, 150 mM NaCl,
from IpgC by mild detergent and low pH, respectively. In 0.5mM DTT (TBS/DTT) to separate the complex from free
this study, the purification and biophysical properties of the 1PgC by size exclusion chromatography (SEC). Molecular
complexes and their individual components are described.mass was estimated using the protein standards carbonic
The implications these findings have with respect to the anhydrase (29 kDa), bovine serum albumin (66 kDa), yeast
delivery of translocon/effector proteins to target cells are also @lcohol dehydrogenase (150 kDa), ghémylase (200 kDa).

discussed. The complexes were stored-at0 °C. Protein concentrations
were determined by measuring the absorbance at 280 nm
MATERIALS AND METHODS using extinction coefficients based on the amino acid
composition of each proteirl).
Materials. The pACYCDuet-1 plasmid, 2X Ligation Dissociation of Protein in ComplexeBissociation of the

Premix, andE. coli strains were from Novagen (Madison, |paC/IpgC complex was achieved by dialysis against TBS/
WI). Superdex 200 gel filtration columns were from Am- DTT at pH 5.0. The free IpaC was isolated using the HiLoad
ersham Biosciences (Piscataway, NJ). Iminodiacetic acid 16/60 Superdex 200 preparative grade column equilibrated
(IMAC)-Sepharose was from Sigma Chemical Co. (St. Louis, with TBS/DTT (pH 5.0). The sample was then dialyzed
MO). Dioleoylphosphatidylcholine (DOPC), dioleoylphos-  against Tris-buffered saline (pH 7.2) to bring it into a more
phatidylglycerol (DOPG), and cholesterol were from Avanti physiologically relevant environment for storage-80 °C
(Alabaster, AL). Sulforhodamine B (SRB) was from Mo- and biophysical characterization. The IpaB/IpgC complex
lecular Probes (Eugene, OR) anebctyl-polyoxyethylene  could be dissociated by the addition of OPOE to 2%. The
(OPOE) from Alexis Biochemical (Lausen, SWitzerIand). All protein solution was then passed over a Charged IMAC
other chemicals were reagent grade. Beflexneri ipaC  column collecting the free IpaB in the flow through. The
null mutant strain SF621 was obtained from P. Sansonetti OPOE was removed by extensive dia|ysis against TBS. The
(Institut Pasteur). proteins were stored at70 °C.

Generation of Plasmids for Expression of the ipa Genes Cross-Linking of Protein ComplexeBithio-bis-(succin-
in E. coli. The pET15b plasmid containinggC, pWPipgC, imidylpropionate) (DSP), a homobifunctional, amine-reac-
has been describedlq). The pACYC-C plasmid was tive, thiol-cleavable cross-linking agent9), was used to
generated by PCR using agrimer containing GAGAGA, reversibly cross-link the Ipa/lpgC complexes to initially
a Ndd restriction site, and 18 bases complementary to the determine their stoichiometry. DSP MN-dimethylforma-
5 end ofipaC, a 3 primer containing GAGAGA, a&hd mide (DMF) was addedota 2 mg/mL protein complex
site, and 18 bases complementary to ther2l ofipaC, and solution to yield a final concentration of 3.75 mM. After
pWPC15 as template DNAL1g). The PCR product was 30 min, the reaction was stopped by the addition of SDS
digested withNdd and Xhd, ligated into pACYCDuet-1, PAGE sample buffer with or without 50 mM DTT. Samples
and transformed int&E. coli NovaBlue. The pACYC-B  were then subjected to SBRAGE.
plasmid was similarly produced except thajanl site was Analytical Ultracentrifugation (AUC)Sedimentation ve-
used at the ‘3primer with pWP15B as templatd4). The locity experiments were performed with a Beckman Pro-
PACYC-C trp mutants were amplified from plasmid tem- teolab XL-1 analytical ultracentrifuge equipped with scanning
plates described elsewhere using'gBmer containing a  UV/visible optics. An AN 50ti 4-hole rotor and preassembled
Kpnl site (16). For coexpression, pACYC-B or -C and cells were used and sedimentation coefficients obtained at a
pWPipgC were co-transformed info coli Tuner(DE3) using single concentration (2 mg/mL) at 2&. Samples were spun
ampicillin and chloramphenicol to select for both plasmids. at 25,000 rpm and scanned every 10 min for 10 h. Data was
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analyzed using SEDFIT version 9.3b (http://dbeps.ors.od- transitions, spectra were taken at 25temperature intervals

.nih.gov/pbr_AUCsedfit.htm). Partial specific volumes were with each spectrum an average of two scans. A buffer

calculated employing SEDNTERP version 1.09. The data spectrum was subtracted from the sample spectrum at the

was analyzed as a continuous distribution. The molecular corresponding temperature. Based on protein concentration,

weight of the protein was determined using the value of the slit widths were set between 4 and 6 nm. For determination

diffusion coefficient determined by DLS. of emission maxima in the presence and absence of lipo-
Dynamic Light Scattering (DLSJ.0 provide a preliminary ~ somes, spectra were obtained using a Spex FluoroMax

measure of the hydrodynamic radius of the IpaC/lpgC spectrophotometer.

complex, dynamic light scattering (DLS) was employed.

Light scattering studies were conducted with a Brookhaven RESULTS

system consisting of a 50 mW HeNe diode laser operating L

at 532 nm, a BI-200SM goniometer with an EMI 9863 PMT, P urification of Complexes Composed of IpgC and IpaC

and a BI9O0OAT autocorrelator. Experiments were conducted © PaB- To mimic conditions in theShigella cytoplasm
at a protein concentration of 1 mg/mL at multiple angles. Where IpgC maintains the IpaB and IpaC translocators as

Experiments were repeated 3 times with final values of the SCluble protein complexes, a plasmid encoding IpgC was co-

hydrodynamic radius and polydispersity determined by transformed intcE. coli with a plas_mid expressing one or
cumulant analysis with an accompanying standard error. Thethe other of the translocator proteins. Coexpression of IpaC

experiments were performed in an environment that mini- ©" 1PaB with His-tagged IpgC permits the production of
mized dust interference. Using this system, size determina-SCluble IpaC/lpgC and IpaB/IpgC complexes in large quanti-

tions are obtained with a precision and accuracy>6% ties. After conventional IMAC column chromatography, the
with monodisperse particles over a size range of 0-002 translocator/chaperon(_a complexes were separatgd from_free
1 um. chaperqne by SEC (Figure 1). Based. on migration relative
Preparation of Phospholipid Vesiclealiquots of DOPC, to proteins of known mass (see I_\/Iatenals and Methods), the
DOPG, and cholesterol in chloroform were dried under IpaC/lpgC complex migrates with an apparent molecular
nitrogen and vacuum a3 h tocreate lipid films of 14:5:1 ~ Mass of 121 kDa while the free IpgC migrates at about

[DOPCJ:.[DOPG]:[cholesterol]. Lipid films were hydratedin 4> kDa (Figure 1A and 1C). The IpaB/lpgC complex

water containing 100 mM sulforhodamine B (SRB), soni- mi'grates with an apF_’are”t molecular mass of 144 kDa
cated for 10 s, and extruded through a 100 nm pore Size.(Flgure 1A and 1B). Given that the molecular mass of IpaC

membrane 10 times at 4&. Excess dye was separated from IS 41 k_Da and IpgC is_ 20 I_(Da, free IpgC appears to migrate
the liposomes by gel filtration using Sephadex G-50 equili- &S @ dimer and the migration of the IpaC/lpgC complex may

brated with 10 mM phosphate (pH 7.2), 150 mM NaCl. Peak 2€ €xplained by the presence of an Ip#C, complex,
fractions were pooled, stored at°@, and used within one ~ PUt this requires confirmation. Such a 2:2 stoichiometry
week. might a'Is_o be proppsed for the IpaB/ngC complex since both

Monitoring Rhodamine Release from Phospholipid Vesicles. &€ anticipated to interact with IpgC in a conserved manner.
SRB release from phospholipid vesicles was monitored using _The I_paB/ngC complex, hovyever, does not behave preusgly
a SPEX FluoroMax spectrofluorometer. After an initial in this manner. The theoretical molecular mass qf IpaB is
baseline of fluorescence from the liposomes was established,62 .kD.a, which \_/vould suggest th"."t a CO”?p'eX with a 2:2
protein was added and SRB release detected as an increas'ao'(:h'ometry with IpgC would .mllgrate W'th an apparent
in fluorescence intensity over time. As a control for complete molecular mass of 160 kDa_. This is approximately 16 kDa
SRB release, 0.1% Triton X-100 was added, while the MOre than that observed (Figure 1).

Shigellaprotein IpaD was used as a negative control. Determination of Complex Sizes by Biochemical and
Circular Dichroism Spectroscopy of Proteins and Protein Biophysical MethodsTo initially determine the stoichiometry
Complexes.Far-UV CD spectra and thermal unfolding Of the translocator/chaperone complexes, the thiol-cleavable
monitoring at 222 nm were performed using a Jasco J720cross-linker DSP was used. After DSP treatment, IpaC/IpgC

spectropolarimeter (Jasco Inc., Easton, MD). Far-UV spectraand IpaB/IpgC were subjected to SBBAGE with or
were recorded from 190 to 260 nm at a scan rate of 15 Without DTT (Figure 2). The IpaC/lpgC and IpaB/IpgC
20 nm/min employing a 0.01 cm path length cell with spectra complexes migrated with apparent masses of 60 kDa and
acquired in triplicate and averaged. The thermally induced 80 kDa, respectively (Figure 2), with no staining in the +40
unfolding transitions were acquired using a 0.1 cm path 160 kDaregions. These data are consistent with a translocator

length cell with a temperature ramping rate of 16/h. to chaperone stoichiometry of 1:1. After treatment with
Protein concentrations ranged from 1 to Al with all 50 mM DTT, the translocators and chaperone again migrate
experiments performed in PBS or phosphate buffer (pH 7.2) @ monomers (Figure 2). Previously, mass spectrometry
to minimize pH shifts induced by temperature. CD signals analyses also indicated a 1:1 ratio for the distantly related
were converted to molar ellipticities, and the unfolding PopB/PcrH and PopD/PcrH translocon and chaperone pairs
transitions were analyzed using the Jasco Spectral ManagePf Pseudomonas aeruginog@0). Thus, the larger than
software (1). expected size, based on SEC, for the IpaB/lpgC and IpaC/
Fluorescence Spectroscoffjuorescence emission spectra |P9C complexes may indicate that they are asymmetric in
were acquired using a PTI QM-1 spectrofluorometer (Mon- Shape.
mouth Junction, NJ) equipped with Felix software. Usinga To confirm the size of the translocator/chaperone com-
1 cm path length cell, samples were excited at 295 nm plexes, sedimentation velocity analysis was used. It indicated
(>95% Trp excitation) and the emission spectra collected that the IpaC/lpgC complex has a molecular mass of 59.7
from 305 to 400 nm at a scan rate of 30 nm/min. For thermal £ 1.8 kDa @ = 3), which agrees well with the theoretical
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Ficure 2: Cross-linking of IpgC-containing protein complexes.
Purified IpaC/lpgC and IpaB/IpgC complexes were subjected to
cross-linking with DSP and separated by SEFAGE with or
without 50 mM DTT. After the molecular marker lane, lanes3l
are IpaC/lpgC with €) and without ) DSP and with {) or
without (=) DTT. Lanes 4-6 are IpaB/IpgC with{) and without

(=) DSP and with {) or without (=) DTT.

Dynamic light scattering (DLS) was then used to show
that the IpaC/lpgC complex was monodisperse in solution
and had an apparent hydrodynamic radius of8.0.3 nm,
which is similar to that seen for the IpaB/IpgC complex. The
absence of polydispersity for both protein complexes (greater
than 95% monodisperse) suggests that they are not im-
mediately prone to aggregation. For each protein complex,
the expected diameter, if spherical, would be about 6 nm,
again suggesting that the complexes are elongdf&d~

66 1.6).

" Separation of IpaC and IpaB from Their Protein Com-
42 plexes.To separate IpaC from its complex with IpgC, the
36 pH of the solution was lowered to 5.0, a method used to

separate thP. aeruginosa@opD/PcrH complex20). During
SEC, the released IpaC migrated with an apparent molecular
mass of approximately 235 kDa with no chaperone detected

| CP' ! ! within this complex (see Figure 3). This IpaC oligomer,
pg _ - i 20 which forms after separation from IpgC at pH 5, remained
intact after exchange into buffered saline at pH 7.2. Whether
1 23148 67T 8 MN this high molecular weight oligomer represents the actual

Ficure 1: Purification of IpaB/IpgC and IpaC/lpgC complexes by  physiological “oligomeric state” of IpaC is not yet known,
gel filtration. Following IMAC affinity chromatography, the soluble  pyt this is intuitively attractive and provides additional

translocator/chaperone complexes were separated from free chap:,, ) . : : P
erone by Superdex S-200 26/60 column chromatography. Panel Aewdence of IpaC'’s ability to oligomerize to a specific size

shows the S-200 chromatograms of IpaB/IpgC« —) and IpaC/ in solution 7, 21).
IpgC (). Molecular masses of the protein standards used for  In contrast to thé>. aeruginos&PopB/PcrH complex20),
for this column 15 105 min. Panels B and G are the Coomassie | pas MOt Teleased from IpGC by lowering e pH (data
or . i
Blue stained SDSPAGEs of the IpaB/lpgC and IpaC/lpgC .nOt Shown).' This Sque.Sts that the I_paB/ngC comp'lex
fractions, respectively. In both panels, the last lane shows moIecuIa\r'm’OIVes a different set of |ntern_19quuIar Interactions relgtlve
weight markers of 66, 40, 35, and 20 kDa. to the IpaC/lpgC complex. Purification of IpaB fron coli

in the absence of the chaperone requires deterg&t (
size of an IpaC/lpgC complex with a 1:1 stoichiometry Therefore, the IpaB/IpgC complex was treated with the mild
(41 kDa + 19 kDa for IpaC and IpgC, respectively). detergent OPOE which released IpaB from the complex.
Similarly, this method finds that the IpaB/IpgC complex has Released IpaB passed through the IMAC column while free
a molecular mass of about 81 kDa. These results also supportpgC and the remaining complex bound. When passed over
the cross-linking data that indicate a 1:1 stoichiometry rather the Superdex 200 column, IpaB eluted in the void volume,
than the 2:2 stoichiometry suggested by SEC. In each casendicating the presence of a soluble high molecular weight
the frictional ratio {/fo) (a measure of asymmetry based on aggregate lacking chaperone. Addition of OPOE to the IpaC/
the measured frictional coefficient and that calculated for a IpgC complex did not cause release of IpaC (data not shown),
hypothetical sphere) was about 1.7, indicating that the proteinagain suggesting that IpaB and IpaC associate with IpgC
complexes are indeed highly elongated. using a different repertoire of interactions.
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IpaC FIGURE 4: Interaction of purified Ipa proteins and Ipa/lpgC protein
complexes with phospholipid membranes. IpaB and IpaC alone and
complexed with IpgC were incubated at pH 7.2 with unilamellar
liposomes containing SRB. Release of the SRB, caused by

; — ngC disruption of the membrane bilayer, is indicated by an increase in
=S fluorescence intensity as a function of time. IpaD serves as the

57 60 63 _66 6_9 7275 81 negative control since this protein is highly soluble and is not
Elution (minutes) expected to interact with phospholipid membranes. The approximate

Ipa protein concentration in each case igM. The purified IpaC

in these experiments was maintained at high concentrations as a
stock solutionm 2 M urea. The addition of urea alone had no effect
on the SRB-containing liposomes (data not shown).

Ficure 3: Separation of IpaC from IpaC/lpgC complexes after low
pH treatment by passage over a Superdex S-200 16/60 gel filtration
column. Panel A shows the S-200 chromatogram. The void volume
for this column is 40 min. Panel B shows the SBISAGE profile

of IpaC separated from IpaC/lpgC complexes and free IpgC. No . .
protein staining was observed in the 34160 kDa range or within conformational difference (Table 1). These features can also

the stacker portion of the gels. be discerned from the spectra shown in Figure 5. The
Interaction of Proteins and Protein Complexes with decrease inj strand content suggests that the loss of

Phospholipid Membranett has been previously shown that /#-Structure is compensated by an increase-imelix content

both IpaB and IpaC can interact with and disrupt phospho- YPON IpaC associ'ation with its chaperone. T'hese fi.ndings
lipid membranesXL, 16, 22). The ability of the translocator/ ~ Su99est that IpaC is more ordered when associated with IpgC

chaperone complexes to interact with membranes wasthan when alone, and this is supported by trypsinolysis data
assessed by a membrane-disruption assay using SRB encaﬁ-how'ng thqt IpaCis rapldly hydrolyzed to completlon_ while
sulated in unilamellar phospholipid vesicles composed of P9C-associated IpaC is hydrolyzed more slowly with the
70% DOPC, 25% DOPG, and 5% cholestertL, (16, 23). formatlo_n o_f stable mterme_dlates of ak_)out _26 kDa and
Free IpaC and IpaB cause release of SRB from IiposomesSO kDa in size _(see Supportlng_ Information Figure S1). In
while IpaB and IpaC in complexes with IpgC, as well as contrast, there is less change in the gecondary st_ruc_ture of
purified IpaD (negative control), do not (Figure 4). We have 'PaB and IpgC when these two proteins form their binary
shown that cholesterol can negatively affect IpaC’s interac- COMplex (Figure 5B and Table 1).
tion with liposomes 16). The IpaC/lpgC complex, however, When an IpaC deletion mutant Ip&C29A177-259 (desig-
did not allow SRB release from liposomes lacking cholesterol nated Ipa@) was generated in a complex with IpgC and
or containing up to 50% of an acidic phospholipid (data not the CD spectrum obtained, a decreasexihelix content
shown). These data show that IpgC interaction with IpaC suggested that structured regions of IpaC were missing from
and IpaB has an inhibitory effect on their ability to disrupt the complex (see Figure 5A); however, this form of IpaC
liposomes. still retained those regions needed for stable chaperone
Far-UV Circular Dichroism DeterminationThe far-Uv binding. Ipa@\ lacks an N-terminal TTSS secretion signal
CD spectra of IpgC, IpaB, IpaC, and translocator/chaperonethat is not expected to be highly structured and a central
complexes (Figure 5) suggest that IpaC, but not necessarilypolar region (residues 17259) that is not needed for IpaB/
IpaB, undergoes a noticeable change in secondary structurépaC pore formation in target cell47). The fact that this
content when it is released from its chaperone. To estimatelpaC deletion mutant still forms a stable complex with IpgC
secondary structure content, the spectra were analyzed byshows that this central region can be deleted without a
Dichroweb (Table 1) Z4, 25). When the experimentally = negative impact on chaperone interaction even though it lacks
determined secondary structure of the binary complexes isthe N-terminal region needed to target it for type Il secretion.
compared to the predicted secondary structure contentLarger N-terminal deletions (beyond residue 50) or large
(calculated from individual spectra of the purified proteins), C-terminal deletions do prevent the copurification of IpaC
these analyses confirm that chaperone association inducesvith its chaperone (data not shown). It is worth noting that
substantial structural change in IpaC, but not in IpaB. For the stable Ipa@/IpgC complex has less overall helical
example, the sum of the-helical content observed for IpaC  structure than does the IpaC/lpgC complex (25% versus 53%,
and IpgC individually is actually less than that observed for respectively). One could speculate that this is initial evidence
the complex while the overall amount gtstructure de-  that IpgC binding influences the structure of IpaC regions
creases as the complex is formed, suggesting a significantthat are not directly involved in chaperone binding.
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FIGURE 6: Schematic diagram of regions of IpaC and the location
of the substituted Trp residues. The beginning and ending amino
acid residues of each region are indicated above the diagram. W
represents the location of each substituted Trp residue. Residues
1-20 encode a TTSS secretion signal. Residues 80 are
necessary for IpgC binding and interaction with IpaB. Residues
100-170 encode the transmembrane domain with residues 120
150 forming the loop between the two domains. Residues-300
344 encode the putative trimeric coiled-coil. Residues-33&2

“le+7 v T T T encode a 19-amino acid “tail” involved in IpaC effector function.
180 200 220 240 260 In order, the shown Trp residues are at positions 40, 106, 136, 154,
Wavelength(nm) 195, 207, 226, 247, 270, 336, 341, and 362.
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cence. Since there are no Trp residues in IpaC or in IpgC,

2007 ™ substitutions were made at several strategic points in IpaC

1.50+7 | \ o e (Figure 6): position 40 near the IpaC N-terminal region that

' v v IpaB-lpgC is responsible for secretion, chaperone binding, and IpaB
% binding (L5); positions 106, 136, and 154 within the central

hydrophobic region required for structural stabiliyl) and

membrane interactiond {); positions 195, 207, 226, 247,

and 270 located within the central hydrophilic dom&i)(

positions 336 and 341 located within the predicted coiled-

1.0e+7 4

5.0e+6

0.0 1
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2 3

-5.0+6 LB coil trimerization domain necessary for IpaC oligomerization
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Molar ellipticity (deg.cm?®.dmol™)

(11, 26); and the penultimate C-terminal residue (position
362) which is important for effector function (Flentie, K.,
and Picking, W., unpublished data). IpaB complexes were

-1.0e+7 4

-1.5e+7

180 200 220 240 260 not examined here by Trp mutagenesis because IpaB already
Wavelength(nm) possesses a single Trp residue which would complicate
Ficure 5: Far-UV CD spectra of purified proteins and protein  further analysis. The wavelength emission maximum of the
complexes. Far-UV CD spectra are overlaid for Ipa@K®), IpgC Trp fluorescence was determined for each protein and for

%O:n“g)‘lgg%c(/lz%%%ﬂ)(l}bz“CM%‘ZSZ?\AI)pZ%él‘gﬁg S:B”/:\g)gép??g7 the translocator/chaperone complexes. Because the indole
#M) (panel B). These spectra are an average of two representativedroup of Trp is very environmentally sensitive, predictions
CD spectra. about the polarity of the environment of each Trp based on

its fluorescence properties can be made. Thus, a spectral shift
_ to a lower wavelength (blue shift) typically indicates move-
Table 1: Deconvolution of the Far-UV CD Spectra for IpaB, IpaC  ment of the Trp into a more nonpolar environment. Fluo-

and IpgC rescence of the Trp residues at positions 40, 207, 226, 247
protein a-helix B-sheet turns random undergo a small blue shift<4¢ nm) while Trp residues at

IpgC 0.52 0.21 0.11 0.17 positions 106, 154, 336, and 362 undergo more dramatic blue
:pZSH o 8-2‘62 8-113 8-11:? 8-223 shifts (>4 nm) when the protein is associated with IpgC
|BaB,|ngg 0.46 0.14 0.15 0.27 (Table 2). In contrast, Trp residues located at positions 136
IpaC o 0.30 0.23 0.18 0.31 and 341 undergo minor red shifts, indicating movement into
IpaC+ Ipg 0.42 0.22 0.14 0.24 i i
IpaC/IpgC 053 0.68 012 0.28 a more polar environment upon complex formation. The data

suggest that there is a strong influence of IpgC binding on
2 Deconvolution of the far-UV spectra into various secondary {he hydrophobic region and parts of the IpaC C-terminus.

structure elements was performed using SELCON and CONTIN h . .
algorithms 82, 33). The values are the averages between the two |'P fluorescence intensity changes appeared to mirror
methods, which are in excellent agreement with each other. The Changes in emission maximum (with blue shifts typically

estimated uncertainty in these values is ahb0t03.° The calculated accompanied by increases in intensity); however, the emis-
or theoretical sum of the percentage of secondary structure elementssion maxima provided a more reliable measure of environ-
from the individual protein_§The experimentally determined secondar_y mental changes due to independence from overall protein
structure element (following deconvolution) of the binary complex is .
based on the CD spectra shown in Figure 5. concentration. . .
Thermally Induced Unfolding Monitored by CD and

Assessment of the Local Trp#mnments of IpaC Single-  Fluorescence Spectroscofdy further examine the influence
Tryptophan Mutants Using Fluorescence SpectroscGy. of chaperone binding on the structure of IpaC, thermally
spectroscopy clearly indicates that IpaC’s structure is influ- induced unfolding of the individual proteins and their binary
enced by association with IpgC. To determine how IpgC complexes was monitored by both CD and fluorescence
affects the microenvironment of regions within IpaC, specific spectroscopy (Table 3 and Figure 7). The CD profile was
local environments were monitored based on Trp fluores- monitored at 222 nm to probe-helical content changes
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Table 2: Emission Maxima for IpaC Single Trp Mutants in ° ' E
Complex with IpgC 7 01 r1e §
EMpax With g TR
Trp mutant Enfra®PC IpgCP AEMpax § 201 L 12 8
IpaC? na na na E ] L 10 é
140W 344.0 340.7 -3.3 E u
A106We 342.5 335.7 -6.8 8 o g
F136W 342.9 343.7 0.8 § 407 Los 3
L154W 342.2 327.0 —15.2 ; L oa s
L195W 349.5 344.0 -55 5 7 “ 2
L207W 349.0 345.2 —3.8 a Fo2 g
L226W 347.2 344.5 —2.7 o 801 L o0 K
L270W 347.2 347.2 0.0 T8
L247W 349.1 347.0 2.1 70 T y T " T y i T T
1336W 345.7 337.3 -84 0 10 20 30 40 50 60 70 80 90 100
N341W 344.3 348.0 +3.7 Temperature (°C)
R362W 344.2 334.7 —-95

@ Fluorescence emission maxima are presented as wavelength in nm.
bn > 3, and the precision of the peak position measurements is
estimated to be:0.3 nm.¢ IpaC purified as previously describetil]
or by pH-dependent release from IpaC/lpgC complexes has nearly
identical emission maxima (data not showhVild-type IpaC possesses
no Trp residues and therefore these data are not avaifabigdface
indicates mutants that have a substantial blue shift in the chaperone

(millidegrees)

nm

Relative Fluorescence Emission at 340 nm

bound protein versus free IpaC. ﬁ .
§ -20
Table 3: Thermally Induced Unfolding of IpaC, IpgC, and IpgC 5
with Selected Single Trp Mutants 3 251 M2
(§)
protein CDTn & SE,°C ATn? FLP°C
IpgC 53.9+ 0.2 na na o o
IpaC 455+ 0.3 0 na
IpaC/lpgC 56.3+ 0.1 10.8 na Temperature (°C)
W40/IpgC 56.2£0.2 10.7 53 FiGURe 7: Representative curves showing the thermally induced
W106/IpgC 55.0£ 0.1 9.5 58 unfolding for IpgC-containing complexes. In each panel, the open
W136/IpgC 56.1:0.1 10.6 58 symbols are the thermal unfolding curve based on Trp fluorescence
W154/IpgC 54.550.4 9.0 95 at 340 nm and the solid line is the thermal unfolding curve based
w;(%?;:ggg gzglt ig 21)243 4600 on CD measurements (molar ellipticity) at 222 nm. The thermal
. - nfolding curves for F136W/I nd N341W/ | re shown.

W226/IpgG 57 0L09 116 =1 unfolding curves fo 36W/IpgC and N3 / 1pgC are show
W247/IpgC 56. 4 1.0 11.2 54
vaggj:ggg ooz 202 o Tms were used to determine the stability of different IpaC
W341/IpgC 53.0L 0.1 75 51 regions for IpaC f'issomate_d with IpgC (Table 3). '_I'_hese
W362/IpgC 57.2+0.2 11.7 57 fluorescence profiles manifest the expected curvilinear

2 Change in the Ol is relative to IpaC in the absence of IpgC. decrease in emission |n.tenS|ty W|_th mcrea_sed tempergture
bThe fluorescence data provided are an estimate of the midpoint of followed by an abrupt increase in emission and a final
transition withn = 3. decrease in signal (an example is shown in Figure 7). These
fluorescence transitions appear biphasic perhaps reflecting

while the fluorescence profile was analyzed at 340 to capture SOMe complex dissociation in addition to the structural
tertiary structure alterations (Figure 7). The CD spectra show ¢hanges seen by CD. It is noteworthy that, using63as
a cooperative transition from a folded conformation to a a" arbitrary cutoff temperature, residues showing the earliest

structurally disrupted form. In all cases, the pre- and post- evidence for thermally induced unfolding are at positions
transition baselines were well-defined with a clearly defined 40, 207, 226, 247, and 341. These are also the residues least

midpoint of the thermal transitionTg). This permitted  affected or protected from the aqueous solvent by IpgC
preciseTn determinations for both the individual proteins Pinding. While such properties could be attributed to IpgC-
and the translocator/chaperone complexes (Table 3). All of induced conformational changes, the overall pattern suggests
the CD-based,, values fall within 3°C of each other with  that these residues are excluded from interaction with the
one outlier (W195) also demonstrating the greatest degreechaperone. Based on these collective findings, IpgC clearly
of experimental error. This suggests only a relatively minor 0rganizes and stabilizes IpaC structure. It may also be
impact of Trp substitution on global secondary structure and POSSible to suggest a tentative model for this transloeator
stability. Another outlier (W341) is within a presumably chaperone interaction based on these data (see below).
exposed reglon_of the Ipa@pgC complex, and its unex- DISCUSSION

pectedly lowTy, is not yet understood.

Unlike CD spectroscopy, which provides a global picture  Although the TTSS is a common virulence trait for several
of secondary structure content, the fluorescence spectra obacterial pathogensghigellais unique in that many of its
the different IpaC single Trp mutants provide an assessmentimportant host cell subversion activities are possessed by
of more localized effects. Thus, the Trp fluorescence-basedits translocator proteins themselves rather than by late
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effectors. Thus, understanding of tB&igellatranslocator impact Trp residues within a functionally irrelevant region
proteins IpaC and IpaB has the potential to provide a more near the IpaC N-terminus (W40) nor Trp residues within a
comprehensive understanding of bacterial TTSS-based com-dispensable central hydrophilic region (W195, W207, W226,
munication with eukaryotic cells. Prior to their secretion, W270, W247) 15, 17). The small blue shift exhibited by
IpaB and IpaC associate with the cytoplasmic chaperoneW40 and L207 (and possibly other positions) may be
IpgC. This prevents IpaB and IpaC from interacting with attributable to the proximity of the postulated IpgC binding
each other and with the bacterial inner membrane, as wellsite. In contrast, association with IpgC had a substantial
as their targeted degradation in the bacterial cytoplagm ( impact on the residues lying within the hydrophobic region
Upon receipt of a secretion signal, IpaB and IpaC are releasedW106 and W154) and on those of the C-terminal region
from IpgC within the context of the TTSA base to travel (W362) including the predicted coiled-coil segment (W336
through the TTSA needle for delivery to the host cell and W341) 26). It should be noted that the hydrophobic
membrane. Since the TTSA has an inner diameter of aboutregion is important for IpaC interaction with phospholipid
2.5 nm, it is postulated that the proteins must pass throughmembranes1(7) and the C-terminal portion is key for IpaC
the needle in a partially unfolded staf7). Despite the fact  oligomerization {7). These are among the functions blocked
that IpaB and IpaC behave as membrane proteins and carby IpaC association with IpgC.
aggregate when purified, some information concerning their ~ While the interaction of IpgC with the hydrophobic region
membrane binding properties and invasion functions has beenwas expected, its apparent interaction with the C-terminus
obtained {0—13, 15, 23, 28). Unfortunately, structural data  or, alternatively, the conformational change induced in this
of any type has been difficult to obtain. Furthermore, in region upon IpgC binding was not. A Trp residue whose
contrast to the class | chaperones where several high-fluorescence undergoes a major blue shift in the IpgC
resolution structures are available, information pertaining to complex is located at position 362. This residue is very
the TTSS class Il chaperones continues to be limited despiteimportant for IpaC’s invasion function1¢), but not for
the potential for multiple functions, including transcriptional secretion or the insertion of functional IpaB/IpaC pores in
control @, 20). erythrocytes. This implies that IpgC may not directly
In this study, IpaB and IpaC were coexpressed with their associate with this residue, but rather that it induces a
chaperone IpgC, permitting the purification of soluble and structural change in the C-terminal tail of IpaC. This could
stable translocator/chaperone complexes. Multiple analysesalso explain the conformational differences between the
demonstrate that IpgC interaction with the individual trans- monomeric and oligomerized forms of IpaC. Likewise, the
locators gives rise to highly elongated heterodimers. This dramatic wavelength shift of W336 and W341 suggests that
distinguishes them from the class | chaperone complexes. Itthe tertiary structure within this region is influenced by
was previously reported thaPseudomonas aeruginosa chaperone binding. Alternatively, these fluorescence changes
chaperone PcrH associates with the translocators PopB andould be due to the localization of these residues at the-+paC
PopD to form heterodimer2(), corroborating the results  IpgC interface. Because the IpaC hydrophobic and C-terminal
seen here. regions span a large distance within the IpaC primary
Because of similarities with theseudomonasystem, low sequence, it seems likely that IpgC mediates major global
pH was used to separate the translocatpgC complexes  structural changes in IpaC or that the involved residues are
into their component proteins2@). Although this was located within an extended subunit interface between the two
successful for the IpaC/lpgC complex, release of IpaB from proteins.
the IpaB/IpgC complex required OPOE, which is a mild  Because of the narrow inner diameter of the TTSA
detergent previously reported to aid in the extraction of secretion channel, IpaB and IpaC must be partially unfolded
recombinant IpaB from th&. coli membrane fraction22). or special secretion-compatible structures found during their
These data imply that the interactions between IpgC and theexport. One role of the TTSS chaperones appears to be to
two translocators are distinct. It is intriguing that IpgC can maintain their partners in a secretion competent state within
independently interact with two proteins having no obvious the bacterial cytoplasm, perhaps in such a partially unfolded
sequence similarity using apparently unique intermolecular conformation. Based on the data presented here, it is likely
interactions. Edqyvist et al. demonstrated a similar binding that the translocator/chaperone complexes are highly struc-
phenomenon with th¥ersiniaclass Il chaperone LcrH20) tured. The increasem, upon IpgC interaction indicates that
Furthermore, it appears that the released IpgC can thenboth IpaB and IpaC are significantly stabilized by their
associate with the transcription factor MxiE to cause activa- interaction with the chaperone. Based on the size differential
tion of virulence gene expressio8Q; 31). between the two proteins, fluorescence emission data, and
CD analysis of the translocator/chaperone complexes andthermal unfolding data, we propose that IpaC possesses
the individual proteins demonstrates that IpgC possesses aignificant structure within the IpaC/lpgC complex. The main
significant amount oéi-helical structure while IpaB and IpaC  region involved in the Ipa€lpgC interaction seems to
possess somewhat greater disordered structure. Following itsnvolve the IpaC central hydrophobic region and sequences
association with IpgC, there is a readily detectable increaseimmediately upstream along with regions near the IpaC
in o-helical structure for IpaC, thus suggesting that chaperone C-terminus. Meanwhile, a major central hydrophilic region
binding is inducing significant secondary structure changes. may not contribute greatly to this translocator/chaperone
Because IpaC lacks Trp residues, further studies involving interaction although deletion of this region from IpaC reduces
Trp-scanning mutagenesis were limited to an examination the overall a-helix content of the translocator/chaperone
of its interaction with IpgC. Trp fluorescence reveals complex. This is supported by data involving the IpaC
significant impact of IpgC on various microenvironments mutant. Incorporating these data and taking the 1:1 stoichio-
throughout the IpaC molecule. IpgC binding did not greatly metry findings into account, we thus envision a “looped”



8136 Biochemistry, Vol. 46, No. 27, 2007

form of IpaC that interacts with IpgC to temporally shield

IpaC regions involved in IpaB interaction, membrane pen-
etration, and self-oligomerization prior to TTSS export to
the host cell surface. A similar interaction for the IpaB/IpgC
complex may occur, but this will require additional detailed
structural analysis to evaluate more critically.

A full understanding of the significance of the structural
changes and stabilizing effects introduced to IpaB and IpaC
by the class Il chaperone IpgC warrants an exploration of
the forces responsible for both complex association and
dissociation. It is clear from this investigation that different
physical influences (i.e., pH versus mild detergent) are
needed to separate IpaB and IpaC from IdgGitro, but
how this relates to the actual mechanism of type Ill secretion
and the role of the TTSS Spa47 ATPase remains to be
determined. Nevertheless, this first characterization of the
structure and biophysical properties ofShigellaclass Il
chaperone and its binding partners provides a starting point
from which to better understand an important facet of type
Il secretion involving the presentation of TTSS translocator
substrates to the secretion apparatus.
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