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ABSTRACT: Shigella flexnericauses dysentery after invading the epithelial cells of the human colon.
Enterocyte invasion is induced by the bacterial effector IpaC (invasion plasmid antigen C), which triggers
Shigellaentry into epithelial cells by a rather poorly understood mechanism. IpaC is also involved in
pathogen escape into the host cell cytoplasm following uptake, and this property may be reflected in its
ability to disrupt phospholipid vesicles in vitro. Purified recombinant IpaC interacts with liposome vesicles

to cause the release of small molecules trapped inside. This interaction requires that the liposomes possess
an acidic phospholipid component. To better understand the events involved in the disruption of liposomes
by IpaC, single tryptophan mutants were generated to permit the use of intrinsic fluorescence, circular
dichroism, and ultraviolet absorption spectroscopies to examine the effect that phospholipid membrane
association has on IpaC structure and stability. These mutants were also used to determine how amino
acid substitutions within specific regions of IpaC influence its activity in vivo. The outcomes of this
study include findings that cholesterol greatly impacts IpaC association with phospholipid membranes,
tryptophan incorporation into specific regions of IpaC (especially near the C-terminus) can greatly impact
its in vivo activity, and interaction with phospholipid membranes causes differing degrees of change in
the fluorescence of tryptophan residues introduced at specific sites within IpaC. These data, together with
fluorescence quenching analyses, provide new functional and structural information concerning IpaC and
its insertion into phospholipid membranes.

Shigella flexneriis the causative agent of shigellosis, a  Purified IpaC has been shown to enhance invasion of
mild to severe gastrointestinal syndrome of humans with cultured cells by wild-types. flexneri(12), promote global
worldwide public health importancé,(2). Following inges- changes in the actin cytoskeleton of these cé&, (promote
tion, S. flexneritravels to the human colon, where it crosses the uptake of noninvasive bacterie2( 17), and enhance the
the colonic epithelial barrier via specialized microfold cells uptake of bacteria by cultured macrophadig).(In addition,

(3). Epithelial cell invasion then occurs as a result of localized IpaC can disrupt phospholipid vesiclels3( 18), but it does
actin polymerization at the site of bacterial contact with the so efficiently only when an acidic phospholipid component
cell (4, 5). Actin polymerization is initiated wheS8. flexneri is present in the vesicled§, 18). A portion of IpaC that is
triggers activation of the host protein Cdc42, which induces required for interaction with and disruption of phospholipid
the formation of filopodia that subsequently mature into membranes is its central hydrophobic regidg, (15, 19),
lamellipodia by a Rac-dependent mechanishh (These which also appears to be important for overall protein folding
membrane ruffles coalesce to enclose the bacterium in aand stability (3). Deletions of other portions of IpaC do
membrane-bound phagosonTg Shigellasubsequently lyses  not interfere with its ability to interact with or disrupt
the phagosome to escape into the host cell cytopl&m ( phospholipid membranes (A. T. Harrington, unpublished
The bacterial invasion plasmid antigen proteins [paBd data), although they can have a major impact on IpaC’s
IpaC are implicated as effectors 8higellaentry ©—11)
with IpaC possessing the majority of the biochemical

: : P : : 1 Abbreviations: IpaB, invasion plasmid antigen B; IpaC, invasion
properties that are _conS|stent with its being the primary plasmid antigen C: Trp. tryptophan: TSA, trypticase soy agar; TSB,
effector ofS. flexnerientry 6, 12—16). trypticase soy broth; PCR, polymerase chain reaction; DOPC, 1,2-
dioleoyl-snglycero-3-phosphocholine; DOPG, 1,2-diolesylglycero-
3-[phosphorac-(1-glycerol)]; CF, 6-carboxyfluorescein; MEM-glc,
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Table 1: PCR Primers Used in This Investigation

140W
primer 1 GAGAGACTCGAGCCAATGCGCTGCAATCTGCTG
primer 2 GAGAGACTCGAGCCACTTAATGTCGGTAAAAAT
A106W
primer 1 GAGAGACTCGAGAGTCTTTCTTCTAATTGGGTTTCTTTAATTATTAGTGTAG
primer 2 GAGAGACTCGAGGGAAATATCCAGAGTGTTC
F136W
primer 1 GAGAGACAATTGTCATTGATTGCGTGGGATGCTACAAAATCAGCTG
primer 2 GAGAGACAATTGAGAGCCCAATTTAGTTTCTG
L154W
primer 1 GAGAGAAGGCCTGGCAGCCTGGTCATCAAGCATTACTGGAG
primer 2 GAGAGAAGGCCTTGCCGAACAATGGTCTCTG
S314W
primer 1 GAGAGAGCTAGCCCAGGCCTGACTGATTAGTTG
primer 2 GAGAGAGCTAGCGCTGGCCTGACTGATTAG
K326W
primer 1 GAGAGACTCGAGCCAAGATACTTGGGATGCTT
primer 2 GAGAGACTCGAGTCCCAAGCGACAAATCAAT
1336W
primer 1 GAGAGACTCGAGCCATAATTGATTTGTCGCTTGGG
primer 2 GAGAGACTCGAGTTATTGAATATAATTGACAGCA
N341W
primer 1 GAGAGACTCGAGTTATTGTGGATAATTGACAGCATCAACCA
primer 2 GAGAGACTCGAGTATTAATTGATTTGTCGCTTG
R362W
primer 1 GAGAGAGGATCCTTAAGCCCAAATGTTACCAGCAATCTGAC
primer 2 GAGAGAGGATCCTCTAGAGTCGACCTGCAG

effector-related activities1Q; W. L. Picking, unpublished  Avanti Polar-Lipids, Inc. (Alabaster, AL). Cholesterol and
data). sodium iodide were from Sigma Chemical Company (St.
To better understand the biochemical basis for IpaC’s Louis, MO). 6-Carboxyfluorescein (CF) was from Molecular
ability to penetrate and disrupt phospholipid membranes, the Probes (Eugene, OR). All other chemicals were reagent
influence of different lipid compositions on IpaC-mediated grade.
liposome disruption was investigated. It was found that  Generation of IpaC Single Trp Mutantdll ipaC Trp
cholesterol content clearly influences the rate and efficiency substitution mutants were generated using inverse PCR with
by which IpaC causes liposome disruption. To build upon pwpPsf¢ (21) as the template and primers encoding GAGA-
these findings, single tryptophan (Trp) substitutions were GA and a restriction site flanking the codon to be mutated.
introduced into IpaC, which possesses no Trp in its wild- The primers used for this study are listed in Table 1. A linear
type form. By generating single Trp mutants, it was plasmid was thus amplified by PCR, restriction digested,
anticipated that it would be possible to assess the roles thatintramolecularly ligated, and transformed irfo coli Nov-
different regions of IpaC play in its interaction with phos- aBlue. The GAGAGA sequence present at the ends of the
pholipid membranes. Single Trp incorporation has yielded resulting PCR products allowed improved efficiency in
valuable information on the structural features of other restriction digestion, and subsequent closure of the linear
proteins R0) because it permits the use of fluorescence and plasmid prepared by this method. The resulting plasmid was
other spectroscopic methods to directly monitor the microen- electroporated int®. flexneriSF621. Ampicillin was used
vironment of specific regions within the protein in the to select for the recombinant plasmid and kanamycin to select
presence and absence of phospholipid membranes. We havgyr the S. flexnerivirulence plasmid withipaC deleted 9).
also assessed the effects of Trp incorporation at key sites onThe restriction enzymes used here were mutant-specific so
IpaC’s structure, stability, and in vivo function. as to introduce the minimal amount of change in the IpaC
primary sequence. Trp mutants at positions 40 and 106 were
EXPERIMENTAL PROCEDURES. generated by introducing the restriction sfied (encoding
Materials. The S. flexneri ipaCmutant strain SF6219] Leu and Glu) in addition to the substitution of the Trp. Trp
was grown at 37C on trypticase soy agar (TSA) containing substitutions at positions 136 and 154 were created using
0.025% Congo red. Henle 407 cells (ATCC CCL6) were the naturally occurring restriction siteStu and Mfel,
propagated as monolayers in Eagle’s modified minimal respectively. Mutants at positions 314, 326, and 341 were
essential medium (MEM; Fisher Scientific, St. Louis, MO) generated by introducing aNhd site to create a silent
supplemented with 10% calf serum (Life Technologies, mutation (L3) proximate to the Trp substitution. The 1336W
Gaithersburg, MD) and grown in a 5% G@nvironment. mutant was generated using the same method, except that
PCR SuperMix High Fidelity and oligonucleotides were Xhd was used as the restriction site. The R362W mutation
purchased from Invitrogen (Carlsbad, CA) and Clonables 2x was introduced directly via the DNA primer used for
Ligation Premix and NovaBlue competeBscherichia coli ~ amplification.
from Novagen (Madison, WI). 1,2-Dioleogrglycero-3- The rationale for introducing Trp residues at these specific
phosphocholine (DOPC), 1,2-dioleogtglycero-3-[phos- positions was as follows: (1) position 40 is near the
pho+ac-(1-glycerol)] (DOPG), and brominated phosphati- N-terminus of IpaC in a region that is dispensable for IpaC
dylcholine lipids (6,7 and 9,10 diBr-PC) were obtained from function in vivo 1) and is largely unfolded based on
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preliminary 1-D NMR spectroscopy (data not shown); (2)  Monitoring the Release of CF from Phospholipid Vesicles.
position 106 lies at the start of the central hydrophobic region Release of CF from phospholipid vesiclé8)(was monitored

and predicted transmembrane helix; (3) position 136 is in using a SPEX FluoroMax fluorometer (JY/Spex, Edison, NJ).
the same hydrophobic region but lies between the predictedAt high concentrations within liposomes, encapsulated
transmembrane helices; position 154 is at the end of thefluorescein is self-quenched, which is relieved by disruption
hydrophobic region and lies near the end of a second of the liposomes due to rapid dilution of the CF. Liposomes
transmembrane helid g); (4) position 314 lies just upstream (approximately 10&M) were suspended in PBS, and initial

of a predicted coiled-coil region near the IpaC C-terminus; baseline fluorescence was observed for 30 s to 1 min to
positions 326 and 336 lie within this predicted coiled-coil; confirm liposome integrity. Purified IpaC mutants or 0.1%
position 341 is positioned at the very end of the predicted Triton X-100 (as a positive control for liposome disruption)
coiled-coil (13) and at the start of a region believed to be was added after 1 min, and the release of CF was monitored
involved in triggering cytoskeletal changes in epithelial cells as atime-dependent increase in fluorescence. CF fluorescence
(data not shown); and position 362 is the penultimate amino was monitored using 492 nm as the excitation wavelength
acid of IpaC and may be involved in effector function (data and 517 nm as the wavelength for emission detection.

not shown). Other regions, including the central, largely — Bacterial Invasion of Cultured CellsThe level of S.
hydrophilic region of IpaC between amino acids 170 and flexneriinvasion of cultured cells was monitored as described
290 were not targeted for Trp incorporation since they can (21). S. flexneri ipaGnutants harboring plasmids expressing
be deleted without eliminating IpaC functioh9). ipaC or one of its mutants were grown in trypticase soy broth

Preparation of Affinity-Purified Recombinant Proteins. (TSB) with 100ug/mL Amp and 5Qug/mL Kan to anAoo

The plasmid used to prepare recombinant IpaC has beenof 0.5. The bacteria were diluted into serum-free MEM

described 12, 14, 19). TheipaC genes with the single Trp containing 0.45% glucose (MEM-gic) and centrif'ug.eq onto
mutations were subcloned from pWPsf into pET15b, which _preco_nfluent Henle 407 cell mc_molayers (multlpI|C|t_y of
encodes a 20 amino acid leader sequence possessing si nfection ~ 10), and incubated with the cells for 30 min at

tandem His residues. All new plasmids were transformed m7on%I.aFtra?se b:gtheer:ja Wﬁ}reMrEI\TOCV:ndtap%nasg'ﬁt?;;fasr;c: tr:e
into E. coliBL21(DE3) for protein production. Recombinant Yers w Wi ining 57 u

proteins were purified using the N-terminal kligag by and 50ug/mL gentamycin. The cells were incubated in the

Ll ) . . : . final gentamycin (5Q:g/mL) wash fo 1 h tokill adherent
nickel chelatlor_l .chromatqgraphy as desc_rlbed n de‘?" PTeVE Ut noninternalized bacteria and then rinsed with MEM-glc.
ously 21). Purified proteins were step-dialyzed against 10

The cells were then overlaid with 250 of 0.5% agarose
m 5?2;?2?\29’;3 71'2|\’/|15605mMM :n%ilh(grfs)&oﬁerg;) Vli the in water and then with 0.5% agar containing LB medium.

i After overnight incubation at 37C, the internalized bacteria
some cases, the urea concentration was redwuc2dvt and

. ; ST that formed subsurface colonies were counted.
experiments were carried out by rapid dilution into buffer Measurement of Contact-Mediated Hemolviismolvsis
(in the presence or absence of liposomes). For secondarXN Y Y

structure analysis, the urea was completely removed but as measur_ed according to Sansondlli Bacteria were
solubility was maintained by adding 0.1% Tween-20. The grown overnight on TSA-Congo red plates, and a single red

inclusion of Tween-20 did not alter the secondary content colony was used to inoculate TSB. Mid-log phase bacteria

. ) .~ were collected by centrifugation and suspended in PBS at
of IpaC as detected by CD and did not affect its unfalding 2.5% of the original volume. Sheep erythrocytes were washed
temperature.

and resuspended in PBS aix110% cells/mL. Erythrocytes
Preparation of Phospholipid Vesiclédhospholipid vesicles  and bacteria (5QiL each) were added to microtiter wells
were generated by extrusion essentially as describ8d ( and the plates centrifuged at 2200r 15 min at 20°C, and
DOPC and DOPG in chloroform were dried under nitrogen the plates were incubated at 3C for 2 h. The cells were
and then vacuum fo3 h to create lipid films. Lipid films then suspended by addition of @0 of cold PBS, and the
were also created containing 19%5% cholesterol. For  plates were centrifuged again at 220t 15°C for 15 min.
cholesterol containing films, the percentage of DOPG was The supernatant fraction (10Q) was transferred to a second
held constant at 25%, while the concentration of DOPC was microtiter plate and absorbance of the released hemoglobin
adjusted according to the cholesterol content. Films were measured at 545 nm.
hydrated in PBS and dispersed in a bath sonicator for 30  Circular Dichroism Spectroscop#ar UV CD spectra and
min or dismembranating sonicator for 10 s prior to extrusion thermal unfolding monitored at 222 nm were performed
through a 100 nm pore membrane at least 10 times at 45using a Jasco J720 spectropolarimeter (Jasco Inc., Easton,
°C. Liposomes were diluted 1:3 in PBS. During preparation MD). Far UV CD spectra were recorded from 260 to 190
of liposomes containing fluorescein, the lipid films were nm at a scan rate of 220 nm/min using a 0.01 cm path
hydrated in a solution containing 100 mM 6-carboxyfluo- length cell. Spectra were acquired in triplicate and averaged.
rescein (CF) which had been solublized at pH 7.2 in PBS. The thermally induced unfolding curves were acquired using
After extrusion, the excess dye was separated from the bulka 0.1 cm path length cell with a temperature ramping rate of
liposomes by gel filtration using Sephadex G-50 equilibrated 15 °C/h. The protein concentration in all cases was between
with PBS. The liposomes used for investigating IpaC 2 and 10uM. CD signals were converted to molar elliptici-
insertion were composed of 50% DOPC and 50% DOPG ties, and the unfolding transitions were analyzed using Jasco
since these phospholipids permitted maximal insertion of Spectral Manager software. The CONTIR2], SELCON
IpaC as judged by the release of CF following protein (23), and CDSSTR 24) programs were used to estimate
addition. In a few cases, as indicated, liposomes with a secondary structure content for IpaC as previously described
smaller amount of DOPG were used. (13).
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In urea-induced unfolding experiments, the urea concen- troscopy were carried out using an Agilent 8453 -t\isible
tration was determined based on the refractive index of the spectrophotometer (Palo Alto, CA)J). Protein concentra-
solution using a Bausch & Lomb refractometer and calculated tions were calculated using extinction coefficients of 5960
using the method of Paceg). Spectra of protein solutions M~*cmtand 11460 M cm™! at 280 nm for IpaC and the
with various urea concentrations were acquired as describedryptophan mutants, respectively. This is based on the molar
above, and the CD signal at 222 nm was plotted against ureaextinction coefficient being equal to the number of Trp
concentration. To determine the free energy of unfolding residues multiplied by 5500, the number of tyrosines
(AG) in the absence of denaturant, data were nonlinearly multiplied by 1490, and the number of cysteines multiplied
fitted to a two-state unfolding model (using Igor Pro by 125. IpaC has four native Tyr residues. In temperature
software) 25). perturbation studies, spectra were acquired over a temperature

Fluorescence Spectroscojiluorescence emission spectra range of 10 to 90C at 2.5°C (£0.1°C at each temperature
were acquired using a PTlI QM-1 spectrofluorometer examined) intervals withi a 1 cmpath length cell with
(Lawrenceville, NJ) equipped with Felix software. Samples continuous stirring. Each spectrum was collected with an
were excited at 295 nm>( 95% Trp emission) and the integration time of 25 s aftea 5 min equilibration time.
emission spectra collected between 305 and 400 nm at a scatlsing Chemstation software (Agilent), spectra were con-
rate of 30 nm/min usig a 1 cmpath length cell. In thermal  verted to second derivatives using a nine-point data filter
studies, spectra were obtained at Z5intervals beginning  and a fifth degree SavitzkyGolay polynomial, and subse-
at 10°C. Each spectrum is an average of two scans. Buffer quently fitted to a cubic function with a 99-point data
spectra at given temperatures were subtracted from theinterpolation. The resolution of the final spectra wg8.01
sample spectra at the same temperatures using the Felixom. Data were imported into Microcal Origin, where peak
software. Depending upon protein concentration, slit widths positions were measure@9).

were set between 4 and 6 nm. Alternatively, fluorescence yv absorption second derivative analysis is particularly
spectra were obtained using a Spex FluoroMax spectropho-attractive for the given investigation because it can be used
tometer for determination of emission maxima with and in mildly aggregating systems since it is not very sensitive
without liposomes. to spectral artifacts such as light scattering, which occur as
Fluorescence Quenching Analys&s.monitor the ability a result of protein aggregatio8q, 30). These spectra display
of small solutes to interact with Trp residues incorporated two phenylalanine minima, two tyrosine minima, one Tyr/
into IpaC, steady-state fluorescence quenching was @6gd ( Trp minimum, and one tryptophan minimum. In this
Briefly, the fluorescence emission of a sample was deter- jnvestigation, analysis of the single Trp minimum was
mined in the absence or presence of increasing concentrationemphasized to focus on the Trp containing sites.
of sodium iodide, which is a useful fluorescence quenching Potentially Hazardous ProcedureShe primary hazard
agent 7). The degree of quenching in this case was gncountered in these studies is the use of the bacterial

determined by plottingo/F versus the concentration of  ahqgers. flexnerjwhich requires handling under biosafety
sodium iodide, whereFo is the starting (unquenched) |ge| 2 conditions. Because of the relatively low doseSof
fluorescence mtensny of the smgle_Trp qontamlng _IpaC flexneri required for human infection, even mutant strains
mutant andF is the fluorescence intensity at a given o e organisms were handled using BSL-2 protocols as
concentration of quenching agent ([Q]). The Stexfolmer yjined by the Centers for Disease Control and Prevention
quenching constankey) was determined from the slope of 31y g flexneriis not a designated “select agent” and thus

the resulting plot according to the relationsiigF =1+ joa5 1ot require special permits for its use under accepted
Ksv[Q]. Ksy thus provides a measure of solvent accessibility laboratory conditions

to the Trp residues of Ipa@8). Alternatively, the interaction

of single Trp mutants of IpaC was examined for the ResyLTS

fluorescence emission of the mutants when incorporated into

liposomes containing dibrominated (diBr) phosphatidylcho-  Generation of Single Tryptophan Mutants of Ipal»

line lipids possessing bromine moieties at either positions 6 better characterize its interaction with phospholipid mem-

and 7 (6,7 diBr-PC) or positions 9 and 10 (9,10 diBr-PC) branes using fluorescence spectroscopy, tryptophan (Trp)

(27). The relative fluorescence, or quenching of fluorescence residues were introduced at specific sites into $fégella

for liposomes containing (25%) of either of these lipids invasion protein IpaC. Since native IpaC lacks Trp, changes

provided an initial basis for estimating the depth of penetra- in the emission properties of the Trp residues introduced at

tion of IpaC (i.e. specific Trp residues within IpaC) into defined sites can be used to probe the role of individual parts

artificial phospholipid vesicles. Some problems were en- of IpaC in membrane interactions. Trp fluorescence is

countered with making precise measurements here (especiallidirectly influenced by the polarity of its immediate surround-

with 11,12 diBr-PC) in that incorporation of these modified ings, making it a sensitive intrinsic probe of its microenvi-

lipids appeared to compromise the integrity of the resulting ronment 82). Regions chosen for the introduction of Trp

liposomes. Nevertheless, the data are presented as percemcluded (a) a site near the IpaC N-terminal region that is

guenching of total fluorescence by diBr-PC according to (1 associated with secretion, chaperone binding, and IpaB

— FIFg) x 100, whereF is the emission intensity of Trpin  binding @1); (b) three distinct positions within the central

the presence of liposomes containing diBr-PC &gpik the nonpolar region known to be important for membrane

emission intensity of Trp in the presence of liposomes lacking interactions {9) and protein stability 13); (c) one position

the brominated lipid quenching agent. located upstream from a predicted coiled-coil trimerization
UV Absorption Second Derative AnalysisProtein con- domain B3); (d) three regions located within the predicted

centration determination and second derivative UV spec- coiled-coil trimerization domain that may be important for
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Ficure 1: A schematic model of the functional organization of
IpaC. Functionally important regions of IpaC include (A) an
N-terminal TTSS export signal; (B) a region involved in chaperone
binding; (C) a central hydrophobic region involved in overall
stabilization and membrane association; (D) a region containing a
predicted coiled-coil that allows IpaC oligomerization; and (E) a
C-terminal tail that is important for signaling entry into target cells.

Trp was used to replace existing residues at the positions indicated

Harrington et al.

Table 2: Functional Analysis of the IpaC Single Trp Mutants
Produced irS. flexneriSF621

Trp mutant relative invasicn contact hemolysks
IpaC 100+ 1C¢ 100+ 5
140W 97+5 82+ 18
A106W 90+ 12 88+ 19
F136W 85+ 18 70+ 27
L154W 63+ 7* 88+ 10
S314W 68+ 9* 57 £ 2%+
K326W 68+ 17* 42 4 147
1336W 90+ 14 91+ 16
N341W 3+ 3% 60 £ 28***
R362W 7+ 2% 82 +25

2 nvasion was determined using a standard gentamycin protection

by the arrows. Based on in silico secondary structure analysis, thezssay 21) with all data normalized to the rate of invasion Rrflexneri

regions indicated by the lower black bars are predicted to form

SF621 {paC mutant) harboring pWPsfC.Contact hemolysis was

a-helices; however, a peptide composed of residues 1 to 100 isgetermined according to Sansone8).(The data are presented as

known to lack any significant helical structure based on one-
dimensional NMR analysis (unpublished result). It should be noted,
however, that IpaC association with binding partners may have a
major impact on its overall secondary structure content. Only
sporadic beta structure was predicted to occur within IpaC (not
shown).

CD signal @ 222 nm, millidegrees

4 5

[Urea], M
Ficure 2: Conformational perturbation of IpaC occurs as a function

relative hemolysis compared to SF621 expressing naga€ (21).
¢ Statistics: unpaired Studenttstest, *invasionP value < 0.05, **
invasionP value < 0.0001, ***contact hemolysi® value< 0.05.n=
3 in all cases.

=+ 1 kcal/mol with a midpoint of denaturatiol€g) at about
3.3 M urea. ThisAG® value, although on the lower end of
values usually encountered, is comparable to those of other
small globular proteins despite the low solubility of IpaC
(34). At 0.2 M urea, IpaC structure is similar to that of the
native state (absence of urea) as shown in Figure 2.
Fluorescence quenching experiments also indicated that the
solvent accessibility of the Trp residues within the hydro-
phobic region of IpaC, at positions 106, 136, and 154, is
unaffected by the presence of low concentrations of urea,
even up to 1 o2 M (data not shown). These results suggest
that the inclusion of low concentrations of urea in experi-
ments examining IpaC'’s ability to interact with phospholipid
membranes does not compromise the relevance of the results
with respect to IpaC folding.

Incorporation of Trp into Some Sites Influences IpaC’s

of increasing the urea concentration. IpaC secondary structure was-unction. The effect of Trp substitutions on the in vivo

monitored by CD spectroscopy using a 0.1 cm path length cell in
PBS buffer, pH 7.2. The free energy of unfolding was calculated
to be 4+ 1 kcal/mol. The open circles are experimental data points,
and the solid line is the fit to the data using a two-state model.

IpaC oligomerization 13, 33); and (e) the penultimate
C-terminal residue of IpaC which may be important for its
effector function (K. Flentie and W. L. Picking, unpublished

function of IpaC was assessed by expressing each gene in
the S. flexneri ipaull mutant strain SF6219§. The IpaC
virulence related activities tested were restoration of invasion
of cultured cells and contact-hemolytic activity using sheep
erythrocytes. Seven out of nine of the mutants retained a
significant level of invasiveness for SF621 (Table 2). All of
the purified proteins displayed CD spectra identical to that

data). The precise placement of these Trp residues and af wild-type recombinant IpaC (data not shown), suggesting

functional map of IpaC are provided in Figure 1, and the
rationale for this placement is provided in the Experimental
Procedures section.

One difficulty in working with IpaC is its low solubility.
For the experiments described in this study, IpaC was
prepared from inclusion bodies following solubilization with
urea. To maintain IpaC at high concentrations, much of the
urea could be removed, but below a concentration of 2 M

the protein begins to aggregate and precipitate from solution.

that the observed negative effects of the mutations on IpaC'’s
in vivo activity are not due to a gross disruption of IpaC
structure. Despite normal folding, placement of Trp at
positions 341 and 362 (in IpaC’s putative coiled-coil and
effector regions, respectively) resulted in nearly complete
elimination of invasion activity (Table 2). The elimination
of invasion for Trp mutants 341 and 362 suggests that IpaC’s
immediate C-terminus is critical foBhigella uptake by
mammalian cells. In addition, the Trp replacements at

Subsequent experiments requiring purified IpaC were thenresidues 154, 314, and 326 significantly reduced IpaC-

carried out following rapid dilution of the IpaC sample to a
protein concentration of approximately«M into a buffered
solution having a final urea concentration less than 0.2 M.
At these relatively low protein concentrations, IpaC aggrega-
tion was rarely detected.

Interestingly, urea-induced unfolding studies (Figure 2)
showed that IpaC has an intrinsic stabilityG°) of about 4

mediated invasiveness (Table 2). All the mutants described
here retained a substantial portion of SF621’s ability to lyse
erythrocytes regardless of whether they restored invasiveness
(Table 2). Hemolysis efficiency was, however, moderately
reduced for some mutants, the most notable reduction
(defined in this case as greater than 50% and wkhvalue

of <0.03 using Student’s test) being the substitution at
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when the amount of cholesterol is raised. Purified recombinant IpaC . (1uMp )- ASp p

(1 M) was incubated with CF-containing liposomes composed of in aqueous solution alone exhibits maximum Trp fluorescence

DOPC (variable), 25% DOPG, and increasing amounts of choles- 2r0und 345 nm (filled circles). Liposome addition causes the Trp
terol: 0%, filled circles; 1%, open triangles; 5%, filled squares; fluorescence emission maximum to shift to around 338 nm (open

10%, diamonds; and 15%, filled triangles. The release of CF was circles). In contrast, when the protein is presen6iM urea, the
then monitored as a time-dependent increase in quorescencez;.rl? gluto_resclen;:e emission displays a red shift to around 356 nm
illed triangles).

emission. The data shown are from a single experiment, but are
representative of data obtained in three independent analyses. i )
low in the liposomes (81%), but the largest total release

position 326 (K326W), which is located within IpaC's of CF is seen with 1% cholesterol (88% total release)
predicted coiled-coil. followed by 5% cholesterol (68%) and then no cholesterol
All of the Purified IpaC Trp Mutants Disrupt Phospholipid (26%) in liposomes having a 25% DOPG content. Beyond
Vesicles, and the Inclusion of Cholesterol Influences IpaC’s 5% cholesterol, IpaC’s ability to cause liposome disruption
Ability To Disrupt Liposomeslhe ability of IpaC to disrupt  rapidly diminishes (Figure 3). Although 1% and 5% cho-
the integrity of phospholipid bilayers can be determined by lesterol increase the total release of CF caused by IpaC, the
monitoring the release of 6-carboxyfluorescein (CF) trapped amount of time needed to achieve maximal release greatly
within liposomes where it undergoes concentration-dependentincreases in the presence of cholesterol (approximately 6 min
auto-quenchingl@, 18). Release of CF from the liposomes with 1% cholesterol, 7 min with 5% cholesterol, and 2.5 min
causes its rapid dilution, giving rise to increased fluorescence.with no cholesterol). These are interesting findings since it
Almost complete release of CF can be achieved by the has been suggested that the initial stepShifjellainfection
addition of IpaC when the liposomes contain 50% acidic may occur at cholesterol-rich lipid raft8% 36). IpaC’s
phospholipids 13). In contrast, IpaC poorly disrupts lipo-  partner invasin IpaB appears to interact with liposomes in
somes composed of only neutral phospholipids, (18), the presence or absence of cholesterol, but with cholesterol
although it does associate with Langmuir monolayers possibly enhancing the disruption event (A. T. Harrington,
composed only of DOPCLE). In the initial experiments used  unpublished data). IpaB and its homologue frSaimonella
in this study, the liposomes were composed of 70% DOPC, SipB, are also reported to be cholesterol-binding proteins
25% DOPG, and 5% cholesterol. It turned out, however, that (37), which is consistent with the activity of the pore-forming
while the addition of cholesterol greatly enhanced the toxins that they have been compared to. Nevertheless, IpaC
stability of the liposomes (as indicated by an increase in is also able to interact with cholesterol-containing mem-
usable lifetime), it appears to decrease the efficiency by branes.
which IpaC caused liposome disruption. Thus, subsequent Assessing the Eironment of the Different IpaC Single
analysis of the fluorescence of IpaC Trp mutants in the Tryptophan Mutants by Fluorescence Spectroscopy.
presence of liposomes was done using 50:50 DOPC/DOPGdemonstrate the influence of microenvironment on the
liposomes lacking cholesterol, unless otherwise stated. fluorescent moiety of each IpaC Trp mutant, emission spectra
As previously reported, increasing the acidic phospholipid were monitored in aqueous solution, following the addition
content to 50% (in the absence of cholesterol) allowed IpaC of liposomes, and in the presencE®M urea to induce
to cause complete release of CF, as determined by compariprotein unfolding. Incubation with liposomes was for at least
son with detergent-treated liposomé&8)( Elimination of the 10 min, which ensured maximum IpaC interaction. Repre-
acidic phospholipid component largely prevented IpaC- sentative data for one Trp mutant (I336W) is shown in Figure
mediated liposome disruptiold). It was found, however, 4. For this mutant, the addition of liposomes causes a 7.6-
that IpaC'’s interaction with liposomes is influenced not only nm blue shift in Trp emission. The addition of urea caused
by the surface charge of the CF-containing liposomes but a major (10.1-nm) red shift in the emission maximum, which
also by the presence of cholesterol. To assess the influenceas consistent with a solvent-exposed indole side chain. These
that cholesterol has on the interaction between IpaC anddata indicate that the Trp residue of I336W is already located
liposomes, the cholesterol content was varied and the ability within a relatively nonpolar environment, while membrane
of wild-type IpaC to cause CF release was again monitored. insertion caused a significant increase in local hydrophobicity
As shown in Figure 3, the highest initial rates of CF release and urea induced nearly complete exposure of the Trp residue
caused by IpaC occur when cholesterol levels are relatively to the agueous environment.
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Table 3: Fluorescence Emission Wavelengths for the Different IpaC Table 4: lodide Fluorescence Quenching Analysis
Single Trp Mutants in the Absence and Presence of Liposomes and

Urea IpaC Ksv (M)
- mutant alone liposomes added
liposomes change ureaadded
mutant  wavelengtP added® (nm) to 6 M?c 140W 6.18+ 0.5 5.70+ 1.5
A106W 3.37£ 0.3 1.36+0.4
140W 3443+ 0.4 342.7+ 0.8 -1.6 355.4 E136W 4.15+ 0.2 3.29+ 0.3
A106W 342.5+ 0.5 338.8£ 0.9 —3.7 359.5 L154W 4.38+ 0.3 3.05+ 0.3
F136W 342.9-0.4 338.3£ 0.5 —4.6 358.5 S314W 4.19+ 0.2 237+ 0.2
L154W 342.2+0.7 341.5£ 0.4 —0.7 358.3 K326W 4.30+ 0.3 1.78+ 0.3
S314W 3451+ 0.4 340.6+ 1.2 —4.5 359.3 1336W 2.65+ 0.2 1.49+ 0.2
K326W 344.8+ 0.4 338.4£ 0.7 —6.4 358.7 N341W 3.924+0.2 2.73+0.2
1336W 345.7+ 0.3 338.1£ 0.8 —7.6 355.8 R362W 3.61+ 0.2 2.63+ 0.3
N341W 344.3+£ 0.3 338.2£1.1 —6.1 355.5 -
R362W 344.2- 0.5 337.7+ 0.9 -6.5 356.2 aThe Ksy values shown are an averageSD of two experiments.

@ The fluorescence emission maximum is presented as wavelength
maximum in nm. Wild-type IpaC possesses no Trp residues and
therefore does not possess a related peakz 3.°n = 2. Table 5: Relative Fluorescence upon Insertion into Liposomes
Containing Brominated DOPC

From the overall data summarized in Table 3, amino acid - %quenching®
positions 106, 136, and 154, each located within IpaC’s IpaC lipid incorporated into liposomes
predicted central hydrophobic region, are present within a ____Mutant 6.7 9,10
slightly more nonpolar environment than the other Trp 140W 0 0
residues as indicated by their slightly blue-shifted emission é%ggvv\\; % 3‘(‘)
spectra relative to the Trp residues located at other positions. | 154wy 1 0
All of the Trp residues introduced into IpaC had emission S314W 4 0
maxima between 342 and 346 nm in the absence of  K326W 0 0
liposomes or urea (Table 3). To evaluate potential changes ﬁgﬁ’:’/\/ %‘C‘) ig
in the Trp environments following IpaC interaction with R362W 3 5

membrapes, .aII_mutants_ were incubated with Iipos_,omes SO = Percent quenching was calculated as-(E/Fy) x 100 = % of
that their emission max'ma could be C(_)mpared with those total fluorescence quenchetill values aret-20% of the value shown,
of the IpaC mutants in the absence of liposomes (Table 3)., = 2.

Each was also examined in the presence of urea to determine
the effect of exposure to the solvent on Trp emission.

All of the Trp mutants displayed blue shifts in their
emission maxima upon liposome addition, suggesting entry
into a less polar environment. Some mutants, however
displayed much greater shifts, which could indicate entry

addition, which suggests either moderate interaction with the
liposomes or the induction of conformational changes in IpaC
following liposome association. The latter is a possibility
'for the IpaC mutants N341W and R362W, which display

into the lipid bilayer interior. The smallest blue shifts were significant blue shifts, but are only modestly protected from

seen for 140W and L154W (Table 3), perhaps suggesting guenching by iodide upon liposome addition (Table 4).
that the IpaC N-terminus and end of the IpaC hydrophobic ~ TO complement the iodide quenching experiments de-
region do not enter the membrane interior. In contrast, the Scribed above, quenching by membrane integrated dibromi-
C-terminal Trp replacements displayed larger blue shifts, hated lipids was performed in an attempt to determine the
perhaps indicating entry into the phospholipid bilayer. On depth at which the different Trp residues might enter the
the other hand, all the Trp mutants displayed major red shifts liposome membranes (see Table 5). When IpaC was incor-
in their emission spectra upon the addition of urea (Table porated into liposomes containing no quenching agent and
3). then liposomes containing 25% diBr-PC, the only residue

Fluorescence Quenching Analysio better understand that displayed significant quenching of total fluorescence by
the relationship between Trp spectral shifts and possible (9,10diBr)PC was A106W, which is consistent with the
insertion of IpaC into liposomes, fluorescence quenching Possibility that this residue enters rather deeply into the
induced by potassium iodide was performed (Table 4). The hydrophobic core of the liposome. Trp residues near the IpaC
Trp residue at position 40 was clearly the most accessible C-terminus, especially I336W and N342W, appeared to be
in the absence of liposomes, having a Steviolmer modestly quenched by (6,7diBr)PC-containing liposomes,
quenching constant of 6.18 M (Table 4). Consistent with ~ Which is consistent with the possibility that they interact at
the very small blue shift upon the addition of 50:50 DOPC/ the liposome surface and do not penetrate deeply into the
DOPG liposomes, 140W remained accessible to iodide bilayer core. Unfortunately, the apparent negative impact that
quenching following liposome addition (Table 4), indicating the (11,12diBr)PC lipids had on liposome integrity made
that it does not enter the membrane interior. The Trp residuesadditional experiments difficult to interpret. For liposomes
having the greatest increase in protection from iodide possessing (11,12diBr)PC, large errors were seen for the
guenching following the addition of liposomes, starting with quenching of all of the Trp mutants (not shown), and when
the most protected, were at positions 106, 326, 336, and 314CF release was monitored for these liposomes in the absence
(see Table 4). These data are consistent with the spectrabf protein, baseline values appeared to fluctuate considerably.
shifts reported in Table 3. The remaining Trp residues were The reason for these observations is unclear since this does
partially protected by iodide quenching following liposome not seem to have been previously reported.
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5 ratio of the minima at 203 and 222 nm. These data suggest
that some of the fluorescence data described above could
be a result of changes in IpaC conformation caused by
membrane insertion. It should be noted, however, that
alterations in the oligomerization state of IpaC that could
occur upon membrane interaction could also be responsible
for the observed changes in secondary structure.

Monitoring IpaC Thermal Transitions by Second Deri
tive UV AnalysisBecause of the aggregative nature of IpaC,
low protein concentrations were used to monitor the thermal
unfolding by CD spectroscopy. Nevertheless, the gradual
aggregation of IpaC with increasing temperature precluded
obtaining definitive T, values based on CD analysis.

Wavelength (nm) Thert_ef'ore,. the approximate initial point .of each melting

Ficure 5: Far-UV circular dichroism spectra of IpaC (&®1) alone transition s reported' I.n Ta.lble' 6 along .W.Ith the Computed
in PBS at pH 7.2 (closed circles) and IpaC in the presence of @Pparentn. Due to difficulties in determining a precide,
liposomes (50:50 DOPC/DOPG) (open circles). The CD spectra for the IpaC mutants by CD analysis, Trp derivative
were acquired at 10C with a scan rate of 20 nm/min using 2 0.1 absorbance spectroscopy was also used to monitor thermal
cm path length cell. The spectra shown are an average of two spectrgransitions in IpaC’s structure. This method is useful for
taken under identical conditions. potentially aggregative proteins because it is less sensitive
to spectral components such as light scattering because the

shggssngii(i:rtrr]gsgf ggh:ngtz)ozpﬁgriwggfeslﬁﬁg tf?(ta :;L)trle:sence”ght scattering component changes only graduatelly with
of ana-helix component (Figure 5). The relatively high 203 Wwavelength, thus not perturbing derivative quantities. These

to 222 nm signal ratio also suggests the presence of aspectra display two tryptophan minima, one of which is

I ) . shared with tyrosine. For this investigation, the single
significant amount of random structure. Previously, it was e .
; : tryptophan specific minimum was used to monitor thermal
reported that IpaC possesses approximately 10%elix, stabilit
34% f3-sheet, 22% turn, and 32% random structure atQ0 Y

in the absence of detergertd. To determine whether Trp The data show that the microenvironments of the Trp
introduction alters IpaC stability, thermal melts using CD residues at IpaC positions 106, 136, and 154 are the least

were performed. Unfortunately, protein aggregation with Fhermally stable'among the mutants (Figure 6)._This is largely
IpaC can compromise the resulting data. Therefore, Tween-in agreement with the CD data, with the exception of F136W
20 was added as an inhibitor of aggregation. Addition of (Figure 6). The rest of the Trp mutants except R362W show
this mild detergent did not greatly influence overall secondary Similar initiation temperatures. Interestingly, the second
structure content (data not shown), but it did prevent a derivative peak of the Trp residue at position 362 disappears
significant amount of IpaC aggregation. As in the absence & relatively low temperatures, making further determinations
of Tween-20, all of the IpaC Trp mutants appeared to have involving this residue impossible (Figure 6). This may be

the same secondary structure content as native IpaC (dat@ecause of changes in the extent of overlap of peaks which
not shown). arise from the protein’s Tyr residues and the single Trp. The

The CD thermal unfolding profile of native IpaC shows observed low unfolding temperatures for Trp mutants at

that it undergoes a major secondary structure change as é)ofsnlpns 106 ?nd 154 are consistent with the CD thermal
function of temperature (data not shown). The observed unfolding results.
changes in wild-type and mutant IpaC secondary structuresy, 5~ ;550N
begin at relatively low temperatures (data not shown);
however, the melting temperaturé.{ appears to be about The ability ofS. flexnerito invade and replicate in human
60 °C for native IpaC, which is greater than that of any of intestinal cells is essential for the onset of shigellodis (
the mutants (Table 6). Thus, in all cases, it appears that theThe identified effector protein for cellular invasion 18/
incorporation of Trp into IpaC renders the protein at least flexneriis IpaC (7, 12), which also contributes t8higellds
slightly less thermally stable. With respect to each other, apility to destabilize its phagosomal membrane following
almost all the Trp mutants have similar stabilities with the host cell entry {3, 14). To better understand IpaC's
exception of A106W and L154W, which have low&, interaction with phospholipid membranes, its interaction with
values based on CD analysis (Table 6). This trend is alsoiposomes having different compositions was examined.
reflected in the initiation points of the thermal unfolding Furthermore, IpaC was redesigned to contain Sing|e Trp
transitions (Table 6). residues at specific sites so that fluorescence, CD, and UV
Because the fluorescence emission and quenching datadsorption spectroscopies could be used to monitor the local
may indicate that IpaC insertion into liposomes induces subtle environments of the introduced intrinsic fluorophores as a
conformational changes in IpaC, CD spectroscopy was usedfunction of the conditions to which IpaC is exposed. A
to determine the affect of membrane insertion on the overall similar approach has been employed for a variety of proteins
secondary structure of IpaC (Figure 5). Relative to IpaC in such as tear lipocalir?Q), yeast Hsp10438), and myosin
aqueous solution (no Tween present), membrane incorporated39), among others. Relatively small shifts in the spectral
IpaC appeared to actually gain secondary structure following properties of Trp residues provide a sensitive probe of local
liposome insertion (Figure 5) as indicated by the decreasedenvironment and changes in these environments.

CD signal, millidegrees
@
1

-25 <

-30 4

"35 T T T T T T T
190 200 210 220 230 240 250 260 270
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Table 6: Summary of Data Obtained from Thermal Unfolding Experiments

Trp position: IpaC 40 106 136 154 326 336 341 362
cp? 40-42 40—-42 23-35 40-42 25-27 42-44 40-42 40-42 40-42
CD Tyt 61.6+£38 549+13 37.67/+0.2 526+£20 39+14 545+00 5474036 50+08 54.8+29

a Because of potential aggregation problems, the reported temperature range is for the temperature at which the beginning of a thermal transition
is observed. Assays were performed in all these experimedtimes with the approximate range for the beginning of the thermal transition given.
b All temperatures are given itC. ¢ T, is the midpoint of the thermal unfolding as determined by CD spectroscopy.

296 defect in the ability to form pores, with IpaB, in the target
2 i seeextat - cell membrane. This is a significant finding since these and
-1 — other data suggest that the final 25 amino acids of IpaC are
';’3 important for its invasion function, although the last 19 amino
§§§ i B = s S IR acids (outside the putative coiled-coil) appear to have no role

— T T in IpaC’s contact-hemolysis activity. It is possible that the

296 loss of invasion function for Trp mutants N341W and

294 .’.l.‘. L

sessssressnsesten . R362W is due to misalignment at the end of the putative
L L B B B B B B B B coiled-coil region with accompanying structural disruption

292
290

I e |

£

(=

% ggﬁ 3 ICIELID of the functionally important 19-amino acid tail. Alterna-

Q ggg sesnsnssnssnsssneexE® tively, these IpaC mutants may experience difficulty in t_)eing
26 - b recognized or exported properly by tBaigellaTTSS. This
294 % yesxmaxede, Fx Xx would not appear to be the case since both mutant proteins
§§§ | sescssessesnstTEE = accumulate at wild-type levels in culture supernatants (not

292 shown) and known type Ill secretion signals are located

snssssnssnenstLe

[40W A106W F136W L154W K326W 1336W N341W R362W

200 i e i - N-terminally 21); however, such a possibility cannot yet
288 ] - II‘ 'j-“T t. be ruled out. In contrast, key residues within the coiled-coil
208 region may contribute to both invasion and contact-hemolysis
292 j S 1 1 IE CTemail activities (L3). In this study, S314W (upstream of the coiled-
288 J —— ,I I coil), K326W (within the coiled-coil), and N341W (at the
gx end of the coiled-coil) all had reduced contact-hemolysis
292 seesssssnsssrananeest® Tt function (Table 1). These data support the proposal that
290

T T T T T T T T T T IpaC’s immediate C-terminus is critical for effector function,
1020 30 4 50 6 70 8 9 100 and the adjacent coiled-coil contributes to both invasion and
Temperature (°C) contact-hemolysis functions.

Ficure 6: Effects of temperature on the position of the IpaC second  All the IpaC Trp mutants caused the release of CF from
.de”"at:"e agsorbance g”e to(l) TerDé"t.a were ?O”e"t?d an-(? liposomes containing a substantial acidic phospholipid
intervals and processed as described in Experimental Proce UI‘ESCOmponent (data not ShOWﬂ), but the rate and extent of the
We have previously used deletion mutagenesis, comple-IpaC—liposome interaction was greatly influenced by the
mentation analyses, and in vitro binding studies to create apresence of cholesterol. It has been shown that while IpaC
preliminary linear map that describes the functional orga- interacts with membranes composed only of DORS),(it
nization of IpaC (Figure 1). IpaC’s immediate N-terminus only causes disruption of membranes having an acidic
targets it for type Ill secretion while a separate region near phospholipid componentg, 18). In contrast, the influence
the N-terminus is needed for association with the IpgC of cholesterol on IpaC association with membranes has not
chaperone prior to export. Near the IpaC C-terminus is a been tested despite the fact that the amount of cholesterol
predicted coiled-coil that is needed f&@higellacontact-  present in mammalian cell membranes can reach as high as
hemolysis activity and invasion functions. In contrast, the 50% (40). The inclusion of 5% cholesterol in liposomes in
immediate C-terminus appears to be directly involved in this study was initially done to extend the lifetime of the
IpaC’s subversion of the signaling pathways that control the liposomes; however, it was quickly recognized to have a
host cell cytoskeleton, but has no role in contact hemolysis negative impact on the rate with which IpaC caused CF
(W. L. Picking and K. Flentie, unpublished data). Near the release. This is of biological interest since many bacterial
center of the IpaC sequence is a hydrophobic region that ispore-forming toxins are attracted to membranes via their
required for IpaC interaction with phospholipid membranes cholesterol component4{). Cholesterol has a role in
(15) and in maintaining overall protein structurE3j. Based maintaining membrane fluidity4@), reducing nonspecific
on the functional map presented in Figure 1, specific sites permeability 43), and increasing the integrity of mammalian
were selected for Trp insertional mutagenesis as outlined incell membranes4d). Interestingly, IpaC’s overall ability to
Experimental Procedures. cause membrane disruption is enhanced by the presence of
All but two of the IpaC single Trp mutants, N341W and low concentrations of cholesterol. The amount of time taken
R362W, permitted invasion of target cells at near wild-type to allow maximal fluorophore release, however, is increased
levels. While these two mutants were essentially noninvasive,by the presence of cholesterol. These data indicate that
they were still capable of restoring substantial contact cholesterol content influences IpaC’s ability to cause lipo-
hemolysis tcS. flexneriSF621. This suggests that there is a some disruption, but with consequences that vary depending
defect in effector function for these IpaC mutants, but not a upon the cholesterol level. It is possible that the increase in

o -
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membrane stability caused by cholesterol addition acts as ashifts, partial protection from iodide, absence of quenching

deterrent to IpaC-dependent membrane destabilization. Toby diBr-PC lipids), it is possible that the increase in

test this in the context of IpaC'’s interaction with eukaryotic secondary structure can be attributed to the C-terminus of

cell membranes, it could be possible to isolate detergent-IpaC. This will require further investigation, but it appears

insoluble lipid rafts from cells before and after treatment with that association with phospholipid membranes results in a

the cholesterol-depleting compound metfiytyclodextrin. stabilization of the putative coiled-coil near the IpaC C-
In contrast to IpaC, IpaB’s interaction with membranes terminus.

does not appear to be negatively impacted by cholesterol Analysis of thermally induced unfolding as monitored by
content (data not shown) and it has been suggested that IpaB-D shows that IpaC and its Trp mutants have similar or only
is a cholesterol-binding protein and that cholesterol is slightly reduced stabilities except for the A106W and L154W
required for translocon function in target cef8). The data  mutants, which have significantly reducgg values (Table
suggest that the introduction of IpaB and IpaC at the host 6). Because there are potential problems with temperature-
cell surface byShigellainvolves a complicated array of  dependent aggregation of IpaC, it was difficult to quantita-
protein-membrane interactions. Some of these may involve tively assess unfolding by CD spectroscopy. Therefore,
a rapid cholesterol-mediated interaction with IpaB combined second derivative UV absorbance experiments were used to
with a slower but quantitatively significant interaction with  confirm these data. Based on this method, which is less
IpaC. This is an intriguing possibility sinchigellainvasion  sensitive to protein aggregation, it appears that Trp incor-
has been proposed to occur at lipid rafg$,(36), making poration into all three positions within the IpaC hydrophobic
the dynamics of IpaB and IpaC interactions with host cell domain causes a minor decrease in protein stability. It should
membranes difficult to fully understand based solely on in be noted, however, that CD spectroscopy provides a global
vitro findings and using cells that have been compromised picture of protein secondary structure while second derivative
by chemical treatment. Nevertheless, IpaC’s ability to interact Uy absorbance provides a more local picture of environ-

with biological membranes is critical f@higellaentry into mental changes occurring around, in this case, a single
human cells and it is important for pathogen escape from its tryptophan residue.
phagosomal vacuole. Taken together, the data presented here suggest that the

All the Trp mutants were found to be useful as probes for first part of the central hydrophobic region of IpaC is
determining the effect of membrane association on the local jntimately involved in promoting interactions with phospho-
environment of different IpaC regions. The implications of jinid membranes, but that cholesterol influences this associa-
these observations with respect to IpaC'’s incorporation into tion. The IpaC C-terminus is also involved in membrane
target cell membranes in vivo is not yet clear, and thus jpteractions, but may also undergo structural changes as a
requires further study. Following incubation with liposomes, yesylt of membrane association. This latter possibility may
all of the incorporated Trp residues displayed blue shifts in pe related to the proposal that IpaC possesses a coiled-coil
their fluorescence emission maxima. The smallest shifts region near its C-terminus that may have a role in maintain-
occurred for Trp at positions 40 and 154, while the largest jq the C-terminal tail in a conformation that is compatible
occurred at the IpaC C-terminus. The apparent inability of \ith triggering signals for uptake into target cells. Additional
the Trp at position 40 to enter the membrane was confirmedyork with other mutant forms of IpaC will be needed to

by fluorescence quenching analyses. Based on iodide quenchyefine this initial low-resolution model of IpaC structure and
ing, the remaining Trp residues all demonstrated decreasedy,nction.
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