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ABSTRACT: During intoxication, the Cry protoxins must change from insoluble crystals into membrane-
inserted toxins, which form ionic pores. Binding of CrylA toxins to the cadherin receptor promotes the
formation of a 250 kDa oligomer. In this work, we analyzed for the first time the structural changes
presented by Cry1Ab toxin upon membrane insertion. Trp fluorescence of pure monomeric and oligomeric
structures in solution and in a membrane-bound state was analyzed. Cry1Ab has nine Trp residues, seven
of them in pore-forming domain I. Trp quenching analysis with iodide indicated that oligomerization
caused a 27% reduction in the level of Trp exposed to the solvent. Most of the oligomeric structure
(96%) inserts into the membrane as a function of the lipid:protein ratio, in contrast to the monomer (10%).
Additionally, the membrane-associated oligomer presented a blue shift of 5 Am.of the emission
spectrum, indicating a more hydrophobic environment for some Trp residues. In agreement with this,
iodide was unable to quench the Trp of the membrane-bound oligomer, suggesting that a significant part
of the protein may be buried in the membrane. Quenching analysis using brominated and spin-labeled
phospholipids in the vesicles indicates that most of the Trp residues are located close to the membrane
water interface. Finally, ionic currents in black lipid bilayers revealed that the oligomeric structure has
kinetics different from those of the monomer, producing stable channels with a high probability of being
open in contrast to the monomer that exhibited unstable opening patterns. These data show that the oligomer,
in contrast to the monomer, is able to interact efficiently with phospholipid membranes forming stable
pores.

Bacillus thuringiensigBt)! bacteria produce insecticidal N (APN) (4) and to a 210 kDa cadherin protein (BY)R5)
proteins (Cry) toxic to different insect species and nematodesin lepidopteran insects. After receptor binding, toxin insertion
(1). To exert their toxic effect, a transition from crystal results in the formation of lytic pores in microvilli mem-
inclusion protoxins to membrane-inserted activated toxins branes that leads finally to ion leakage, cell lysis, and
is required for formation of pores in the apical membrane eventual insect deatti),
of the insect midgut epithelial cellsl,( 2). The crystal
inclusions ingested by the susceptible larvae dissolve in the
alkaline environment of the larval midgut, thereby releasing

S0l polens of 130 KDa, 1 b case of CA Lo, promotes protolytcprocessing of hekL o he oxin
) P R P ; Yand formation of a 250 kDa prepore structure (probably
midgut proteases, yieldingv60 kDa protease resistant . . .

) . o tetrameric) which has been suggested to be responsible for
fragments, which then bind to specific membrane receptorsionic pore formation ). Intermolecular interaction of
(2, 3). The Cry1A proteins bind to a 120 kDa aminopeptidase Cry1Ab monomers has been report2dd), and a tetrameric
oligomer of CrylAc was also observed in synthetic mem-

N *Jehfpvxoﬁl\m\j %artiat"?/NSzul%pschEdu%/ ﬁgz‘éscgo(f&gtﬁ%%& branes 9). Cry1Ab and CrylAc toxin mutants affected by
, - ran , - ,an : - : CeA o :
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The toxin—receptor interaction has been shown to be a
necessary step for an efficient proteolytic activation of Cry1lA
toxins. The binding of Cry1Ab toxin to the cadherin receptor
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Intrinsic fluorescence spectroscopy of Trp is a valuable competent. This is one of the first biochemical studies
tool for studying the conformation of proteins and for analyzing the transition from the soluble CrylAb toxin to
assessing the environment of Trp residues by means ofits membrane-bound ionic pore state.
emission fluorescence spectra and quenching experiments.

Chemical agents such as iodide)(and acrylamide quench  EXPERIMENTAL PROCEDURES

Trp fluorescence, and the extent of quenching depends on
the exposure of the indol moiety to the solvent. Via analysis
of the efficiency of quenching, alterations in the molecular

environment of Trp residues due to conformational changes

of the protein or to the interaction of soluble proteins with at 29°C in nutrient broth sporulation medium supplemented

the membrane can be determindd)( However, the emis- . . X
: . .. with 10 ug/mL erythromycin. After complete sporulation,
sion data alone cannot reveal the depth of Trp residues within i . ;
crystals were purified with sucrose gradients as reported

the membrane, because they reflect a number of factors such’ 7~ - . .
as the contributions of nearby residues to local polarity, the previously (€) and solubilized in extraction buffer [S0 mM

oR. o
degree of solvent relaxation, and polarization artifacts. NaCOs (pH 10.5) and 0.2%6-mercaptoethanol]. Activation

Nevertheless, brominated and spin-labeled phospholipids aremc protoxin was performed as described previously y

effective collisional quenchers of the indole group that have incubation fo 1 h with scFv73 antibody and digestion with
; q e group midgut juice in a mass ratio of 1:4fd h at 37°C. PMSF
been extensively used for determining the position of Trp dded final . f
within the bilayer (2). was added to a final concentration of 1 mM to stop
Several membrane proteins such as anion exchangersprOteOIyS'S' Purification of monomeric and oligomeric

bacterial multidrug resistance proteins, bacteriorhodopsin theStrUCtureS of CryLAb toxin was achieved by size-exclusion
drug re P ' . psin, chromatography with a Superdex 200 HR 10/30 (Amersham
photosynthetic reaction center, the potassium channel from

Streptomyces #idans and bacterial porins are prone 1o Pharmacia Biotech, Uppsala, Sweden) FPLC size-exclusion

placing the tryptophan (Trp) residues near the membrane column as described previousi§)(
water interface of their transmembrane domalt®).(It has Purification of the sck73 Antibody The scFv73 antibody

been suggested that the flat rigid shape of Trp limits its accessVas purified fromEscherichia colicells with a Ni-agarose

to the hydrocarbon core and itselectronic structure favors column, as described prewous_lﬁjr)( . )

residing in the complex watebilayer interface environment Western Blot of Cry1Ab Toxirkurified monomeric and
(13). The proposed role of interfacial aromatic residues is °ligomeric structures of Cry1Ab toxin were separated via
to anchor the transmembrane segments for their orientationoDS~PAGE and transferred onto a nitrocellulose membrane.

into the membrane and also to introduce rigidity to the Cry1ADb proteins were detected with polyclonal anti-Cry1Ab
periphery of the transmembrane segments. (1:10000, 1 h) and visualized with a goat anti-rabbit antibody

To characterize the insertion of CrylAb toxin into the COUPIed with horseradish peroxidase (Sigma, St. Louis, MO)

membrane, we recorded the fluorescence status of the Trgt1:1000, 1 h), followed by SuperSignal chemiluminescence
residues in pure preparations of the monomeric and oligo- Substrate (Pierce, Rockford, IL) as described by the manu-

meric structures of Cry1Ab toxin and analyzed their role in facturers. - _ _

the interaction with the membrane. Cry1Ab toxin has nine  Preparation of Small Unilamellar Vesicles (SUV) and
Trp residues, seven of which are located in domain |, the Large Unilamellar Vesicles (LUN Lipids, egg-derived
pore-forming domain, and two in domain Il that is involved Phosphatidylcholine (PC) or bovine brain-derived phospha-
in receptor recognitionld). Trp residues located in domain  tidylserine with PC (PS/PC, 3:7 ratio) from chloroform stocks
| are highly conserved in the family of three-domain Cry (Avanti Polar Lipids, Alabaster, AL), were mixed in glass
proteins, suggesting an important role of these residues invials on a scale of 2.@mol total and dried by argon flow
toxin activity. Quenching analysis of Trp fluorescence using €vaporation followed by overnight storage under vacuum to
aqueous soluble quenchers and membrane-bound quenchef§move residual chloroform. The lipids were hydrated in 2.6
was performed to compare the properties of the soluble andML of 10 mM HEPES, 150 mM KClI buffer (pH 7.2) by
membrane-inserted forms of Cry1Ab toxin. The membrane VOrtexing.

insertion of the oligomeric and monomeric structures was To prepare SUV, the lipid suspension was subjected five
also assessed by analysis of ionic currents in black lipid times to sonication for 5 min in a Branson-1200 bath
bilayers. The data provided in this study show that the sonicator (Danbury, CT). To prepare LUV, the mixture was
oligomeric structure, in contrast to the monomeric form, is passed 16 times through a 100 nm pore polycarbonate
able to interact efficiently with phospholipid membranes membrane using the Avanti Mini-Extruder (Avanti Polar
forming stable pores. The uenching analysis showed that ~ Lipids) at room temperature. Liposomes were used within
Trp residues in the membrane-bound oligomer are buried.4—5 days of being prepared. Liposomes were always
Finally, the brominated membrane probes suggested that theprepared by keeping the total lipid concentration at 1 mM
majority of Trp residues are located near the membrane irrespective of the lipid composition and diluted to the
water interface. Our results show that the oligomeric structure required concentration just before use.

of the toxin is important in the process of insertion of Cry  Fluorescence Emission and Quenchikgperiments were
toxin into the membrane. The oligomeric structure could be carried out using an Aminco Bowman (Urbana, IL) lumi-
considered an intermediate in the process of membranenescence steady-state fluorescence spectrometer. All meas-
insertion since it is formed outside of the membrane, and urements were takemia 4 mmx 10 mm quartz cuvette at
the monomeric structure must proceed through the formation22 °C. The excitation and emission slits were 4 nm. The
of the soluble oligomer to become membrane-insertion excitation wavelength was set at 280 or 290 nm for Kl

CrylAbd-Endotoxin Purification CrylAb crystals were
produced in the acrystalliferolt strain 40¢ry— transformed
with the pHT315 plasmidi(5) harboring thecrylAb gene
(pHT315-1Ab). The transformant strain was grown for 3 days
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quenching experiments, and the emission spectrum was

B

recorded from 300 to 400 nm. The spectra that are presented A S7¢
were averages of three to four scans and were also corrected \BA/ 1 2 3
for background and dilution. mAU
s o Monomer kDa

Titration of the Trp fluorescence emission of the Cry1Ab
oligomeric form with increasing concentrations of SUV or 304 25%. .
LUV was carried out by adding small-volume aliquots of Ol
stock SUV or LUV to the protein suspension in the cuvette. 20 1 1gomer

After liposome addition, incubation fal h atroom tem-
perature was allowed before the spectra were acquired. 10 1
Finally, the membrane fraction was separated by ultracen-
trifugation (1 h at 10000§), and the fluorescence spectra | |
were recorded in both fractions, supernatants and pellet 0 100 200 300
(suspended in the same buffer volume). Controls of oligo- ml
meric and monomeric Cry1Ab incubated in the absence of (F:IGUlRAEbl1t0*;=lnfiﬁt<)3ati§igeOLtXhC?UC;'iigr?mcifrig n?ggoﬁ}gnﬁmezig)foémz (?ri
; in Cr - .
a membrane Wgre_performed, showing that both .protem prgfiles of Cry )t/oxin on a Superdex ZOOgHIg )1/0/30 column.
strucj[gres remain in solution under these experimental Arrowheads indicate the elution volumes of proteins with known
conditions. Also, control spectra from SUV or LUV alone molecular masses (shown in kilodaltons). (B) Western blot of

were performed under the same conditions and subtractecpurified monomeric and oligomeric structures of CrylAb toxin:
from the respective protein Spectra_ lane 1, CrylAb protoxin proteolytically activated in the presence

Fl hing E . W Perf d with of the scFv73 antibody; lane 2, purified oligomeric structure after
uorescent Quenching Experiments Were Performed with gj,e_exclusion chromatography; and lane 3, purified monomeric
I~ (KI) and Acrylamide.Small-volume aliquots of stock  structure after size-exclusion chromatography.

solutions 4 M Kl and 8 M acrylamide, prepared in the

protein buffer were added to the samples and gently stirred. Protein ConcentrationProtein concentrations were de-
The emission spectra were recorded to check the effect ontermined by two methods: (1) the Bradford assay using
fluorescence intensity anfchax. As a control in KI quenching  bovine serum albumin as a standard and (2) the extinction
assays, KCl was added so that the total salt (KI and KCI) coefficient method in whichk,28° = 5700 Mt cm™? for

concentration remained constant and equal to the highestCry1Ab toxin.

cor@l) =

concentration of Kl used. Sodium thiosulfate (§0@) was Planar Lipid Bilayer ExperimentsPlanar lipid bilayers
added to Kl solutions to pl’event the formation Qf, Iwhich (PLB) were made by the method of Miler and Rudin:(?)’
absorbs at the same wavelength of Trp. with egg-derived PC (Avanti Polar Lipids, 20 mg/mL in

Effective Sterr-Volmer constantsKsy) were obtained  n-decane). Typical bilayer capacitance values were between
from the fluorescent data according to the Steviolmer 250 and 350 pF. The buffer solution [300 mM KCI and 5

equation for dynamic quenching1): mM HEPES (pH 7.4)] was added to each of the cell
compartments. Once the bilayer was formed, pure monomeric
FJ/F =1+ Kg,[Q] 1) or oligomeric Cry1lAb toxins (3300 nM) were added to

the cis compartment; thdérans compartment was held at

whereF, andF are the florescence intensities in the absence Virtual ground. All experiments were performed at room
and presence of the quencher, respectively. The value fortemperature.

Ksy can be considered a reliable reflection of the bimolecular ~ Single-channel currents were recorded with a Dagan
collisional constant for collisional quenching of the Trp since 3900A patch-clamp amplifier (Dagan Corp., Minneapolis,
Ksv = kqTo, Wherek, is the bimolecular collisional constant  MN) as described in ref8. Currents were filtered at 200 or
andt, is the lifetime constant in the absence of quencher. 500 Hz and digitalized on-line at 1 or 2 kHz, respectively,
However, if all Trp residues are not equally accessible to and analyzed on a personal computer using a Digidata 1200

the quencher, a modification of the Stetviolmer plot can interface and Axotape and pClamp software (Axon Instru-
be described by the Lehrer equatidri); ments, Foster City, CA).
Fo/(Fo— F) = 1Kg\[Q] + 1, (2)  RESULTS

Steady-State Fluorescence Quenching of Trp Emission of
whereF, — F refers to the change in fluorescence intensity Monomeric and Oligomeric Forms of Cry1Ab Toxin in an
on addition of the quencher arigrefers to the fraction of  Aqueous SolutionPrevious work demonstrated that a tet-
Trp that is accessible to the quencher. rameric oligomer was formed when Cry1Ab protoxin was

The quenching data with nitroxide spin-labeled phospho- proteolytically activated by midgut juice proteases in the
tempocholine (TEMPO-PC) and brominated phosphocholine presence of a single-chain antibody (scFv73) that mimics
(diBr-PC) lipids (Avanti Polar Lipids) are presented as the the Bt-R receptor or by incubation with brush border
quenching efficiency defined as the ratio of the fluorescence membrane vesicles isolated in the absence of protease
in the presence of the quencher to that withé) uencher inhibitors 6). Cry1Ab protoxin was proteolytically activated
by the relationship AF, — AF) x 100]J/AF,, whereAF, in the presence of the scFv73 antibody, and the oligomeric
and AF are the changes in fluorescence intensity upon and monomeric forms of the toxin were purified by size-
binding of the protein to PC LUV and to liposomes exclusion chromatography as reported in Experimental
containing the membrane-bound quenchers, respectively. Procedures. Figure 1A shows the elution profile from the
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Ficure 2: Stern-Volmer plots for (A) iodide and (B) acrylamide quenching a&f)(the denatured monomeric CrylAb toxim)(the
monomeric Cry1Ab structure in solutior®) the oligomeric Cry1Ab structure in solution, ar@)(the oligomeric Cry1Ab structure inserted

into phosphatidylcholine membrane vesicles. The intensity of maximal fluorescence emission was measured after excitation at 290 or 280
nm for Kl or acrylamide quenching, respectivey.is the fluorescence intensity in the absence of the quencher, witeigt® fluorescence

intensity in the presence of the quencher. The SUV lipid:protein ratio was 5000.

Table 1: Comparison of the CrylAb Monomer and Oligomer St&almer ConstantsKsy) and Emissiommax Values of the Trp
Fluorescence in the Presence of Different Quenching Agents

none acrylamide Kl
Cry1Ab structure Amax (NM) Amad (NM) Ksv (M~ Ama? (NM) Ksv (M™) Trp exp (%)
monomer in solution 336:1.4 328+ 1.6 2.50+ 0.31 329+ 0.6 1.15+0.19 495+ 9.4
oligomer in solution 333 1.2 329+ 14 1.88+0.22 329+ 0.6 0.83+ 0.05 22,9+ 1.7
oligomer in membrane 328 0.6 328+ 1.2 1.68+ 0.06 328+ 0.1 - 0

aUsing the highest quencher concentration.

size-exclusion chromatography, and Figure 1B shows theand -210 are highly exposed to the solvent followed by Trp73
Western blot analysis of the fractions containing the oligo- and -117. These Trp residues are all located in domain | of
meric and monomeric forms of Cry1Ab toxin. Itis important CrylAb toxin. Trp219 and -226 are located in the loop
to mention that as for the oligomer of aerolysitg), pure between helicea-6 ando-7; Trp210 is located in helig-6,
preparations of the Cry1Ab oligomeric structure are unstable Trp73 in helixa-2b, and Trp117 at the top of helx-3. In
and tend to aggregate in a concentration-dependent mannethe case of th 6 M GndCl-denatured toxin, 78% of the initial
(data not shown). fluorescence was quenched with iodide. The analysis of these
To analyze the interaction of the oligomeric and mono- data using the Lehrer equation gavefart value of 1.059
meric Cry1Ab with membrane vesicles, the Trp fluorescence = 0.0005, showing that 94.4 3% of the Trp residues are
of the two forms of the protein were ana|yzed first in the accessible to quenChing with under denaturing conditions.
soluble state and then compared with that of membrane- The oligomeric structure in solution exhibited maximal
associated proteins. The emission maxima of the native andemission at 333 nm. The quenching analysis witlgave
denatured monomeric CrylAb toxim i6 M guanidinium  an effectiveKsy constant of 0.83 M, and a blue shift at
chloride (GndCl) were observed at 336 and 350 nm, the maximum quencher concentration of 4 nm, suggesting
respectively, indicating that some Trp residues were buried that Trp residues are less exposed to the solvent in the
in the nonpolar interior of the toxin. We used &nd oligomer of Cry1Ab. The accessibility factéy™ value of
acrylamide as quenchers of Trp fluorescence to obtain 4.367=+ 0.0006 indicated that only 228 1.7% of the Trp
conclusions about the degree of Trp exposure. Both quench-esidues of the oligomer are accessible to These data
ers yielded linear SterAVolmer plots (Figure 2). The  suggested that there is an important difference between the
apparent dynamic quenching constafés derived from the oligomeric and monomeric structures of Cry1Ab toxin, which
slopes of these plots are presented in Table 1. In the case ofnvolves a 27% reduction in the amount of Trp exposed to
quenching of the native monomeric toxin with B5.7% of ~ the solvent in the oligomeric structure.
the initial fluorescence was quenched at the highest quencher To study the buried Trp residues in the monomeric and
concentration, resulting in a blue shiftip.x of 7 nm (Table oligomeric structures of CrylAb, we used the neutral
1). The effectiveKsy for I~ quenching of the monomeric  acrylamide quencher, which penetrates the interior of the
toxin was 1.15 M?! (Figure 2A and Table 1). The Lehrer protein and might quench some of the buried Trp (Figure
analysis gave an accessibility factdy ) value of 2.02+ 2B and Table 1). The Trp quenching analysis using acryl-
0.003, indicating that-49.54+ 9% of the Trp residues are  amide confirmed that the oligomeric structure has a different
accessible tol. These data agree with the crystallographic conformation resulting in lower exposure of some Trp
structure of the closely related CrylAa toxitd] in which residues to the solvent in comparison to the monomer.
57% of the Trp residues are exposed to the solvent as Effects of Membrane Phospholipids on the Trp Fluores-
calculated with the Insightll program, where Trp219, -226, cence Emission of Monomeric and Oligomeric Structures of
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FicURE 3: Binding of the oligomeric structure of Cry1Ab toxin to Membrane quencher

membranes. The percentage of maximum fluorescence recordedmiGURe 4: Quenching of the Cry1Ab oligomeric structure inserted
in the membrane pellet obtained after centrifugation ¥oh at in PC LUV in the presence of 10% membrane-bound quenchers,
10000@ of oligomeric CrylAb incubated with PC SUW®] or TEMPO-PC, 6,7-diBr-PC, or 11,12-diBr-PC. Quenching efficiencies
LUV (O) as a function of lipid concentration. The inset shows the were calculated from the oligomer fluorescence in PC LUV
changes in maximal emissiofinax as a function of the lipid membranes with and without the lipid-bound quenchnes=(3).
concentration. The protein concentration was kept constant, and

the lipid:protein ratio is a molar ratio. membrane vesicles induced similar changes in the intensity
and 4 of the maximal emission.

The PC vesicles did not drastically affect the Trp
fluorescence intensity of the oligomer, showing a maximum
fluorescence enhancement of 20% when compared with that
of the oligomer in solution and showing a blue shift of 5
nm in the emission spectruitax from 333 nm in solution
to 328 nm, indicating a more hydrophobic environment for
some of the Trp residues. It has been described that changes
in the fluorescence emission signature of the Trp residues
of some proteins and peptides were only observed when the
liposome mixture contained anionic lipids such as phos-

Cry1Ab ToxinGomez et al. §) reported that K permeability

in BBMV isolated fromManduca sextavas higher for the
oligomeric than for the monomeric structure of Cry1Ab toxin,
suggesting that there was a better interaction of oligomeric
structures with the membran@)(To analyze the interaction

of both structures with the membrane, purified monomeric
and oligomeric structures were incubated with phospha-
tidylcholine SUV or LUV. This membrane model was chosen
because the interference with fluorescence emission is

mi”"f“a' betw&_aen Trp and these vesicles, an(_:i also becauSephatidylserine (PS)22—25). To analyze the interaction of
previous studies demonstrated that Cryl toxins are able toihe oligomer with liposomes containing anionic lipids, we

make pores in this membrane when used at high Concemra'prepared SUV composed of a lipid mixture of PC and PS

tions (18, 20). SUV are extensively used because of their (7.3 4ti0) The changes in Trp fluorescence intensity were
weaker scattering of light, but they are metastable and may g iected to saturation at a lipid:protein ratio of 5000 for
produce anomalous peptide binding due to distorted lipid (s’ membrane composition, producing a maximum fluores-
packing associated with high surface curvature. In contrast, cance enhancement of 89% and showing a blue shift of 6
LUV have a larger diameter and are in equilibrium, but they |, iN Amax VEry similar to the blue shift obtained in the PC
have stronger light scattering which may hinder both intensity gy,

and spectral measurement of Trp fluoresceri. Oue to Effects of SUV on Trp Fluorescence Quenching of the
these important differences between SUV and LUV and with cry1Ab OligomerTo further analyze the interaction of the
the aim of avoiding misleading conclusions, we analyzed gligomeric form of CrylAb toxin with the membrane
the insertion of Cry1Ab in both types of vesicles. Different yesicles, the accessibility of Trp residues in the presence of
lipid:protein ratios (from 1 to 10 000) were assayed with syUv was explored by fluorescence quenching. Steady-state
either the monomeric or Oligomeric structures. After the fluorescence quenching was carried out usmgnd acry|_
incubation period, the membrane fraction was separated byamide (Figure 2A,B). 1 was unable to quench the Trp
ultracentrifugation and fluorescence spectra were recordedflyorescence of the oligomer inserted into the membrane,
in both the supernatant and pellet fractions. Figure 3 showsindicating that the Trp residues in the membrane-bound
that more than 96% of the protein from the oligomeric oligomer are strongly protected from exposure to the solvent.
structure inserts into the membrane of SUV or LUV as a  Acrylamide is a neutral water-soluble quencher that has
function of the lipid:protein ratio in contrast to CrylAb an advantage in that no electrostatic interactions take place
monomer, where only 10% was able to interact with the with the headgroup of phospholipids and can permeate into
liposomes (data not shown). The threshold limit for partition- hydrophobic environments. The quenching analysis carried
ing of the oligomer into LUV or SUV was a lipid:protein  out with acrylamide showed lésy value in the presence of
ratio of 200 or 3000, respectively (Figure 3). The inset in PC SUV rather similar to th&sy value obtained with the
Figure 3 shows the influence of an increasing concentration oligomer in an aqueous solution (Figure 2B and Table 1),
of total lipids on the Trp fluorescence emission of the suggesting that Trp residues are similarly accessible for
oligomer. Insertion of the oligomeric structure in both quenching by acrylamide under both conditions.
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FiGURE 5: Representative ionic channel records of most common transitions induced in lipid bilayers by purified preparations of monomeric
(A) or oligomeric (B) structures of CrylAb toxin. Records were obtained in 300 mM KCI and 5 mM HEPES (pH 7.4). The holding
potential was 40 mV. The concentration of the monomeric structure was 150 nM and that of the oligomeric structure 6 nM.

Trp Fluorescence Quenching of CrylAb Toxin with illustrates the most frequent single-channel transitions de-
Membrane-Bound Quenchefduorescence quenching with  tected in PLB in which pure monomeric CrylAb was
I~ of the membrane-bound oligomer was consistent with the incorporated. The single-channel transitions observed with
proposition that Trp residues were buried in the membrane. 150 nM monomeric toxin were cationic and similar to those
Additional support for the proximity of the oligomeric described previouslylg, 20).
structure to the membrane lipids comes from data on The response of PLB after spontaneous Cry1Ab oligomer
quenching of Trp fluorescence with spin-labeled and bro- insertion was tested. The observed response involved multiple
minated lipids at different positions on the acyl chain, i.e., channels and a macroscopic conductance increase with some
TEMPO-PC-, 6,7-diBr-PC-, and 11,12-diBr-PC-containing large single-channel transitions (Figure 5B). The induced
LUV. Because these lipids are membrane-bound quenchersresponse in bilayer experiments depends on toxin concentra-
comparison of their respective quenching ability yields tion, but the induction of channel activity by the oligomeric
information about the relative location of the Trp residues form of CrylAb was observed at a toxin concentration at
compared with the surface of the bilayer. Figure 4 shows least 20-fold lower than that of the monomeric Cry1Ab toxin.
that the presence of 10% spin-labeled or brominated PC inThe oligomer forms stable channels as shown in the
the vesicles induced a significant quenching of the Trp histogram of conductance amplitudes (Figure 6A) generated
fluorescence of the oligomer. The magnitude of the quench-from 1 min macroscopic current records. In this figure, it is
ing is greater when the doxyl group or the bromine atoms clear that the oligomeric structure showed a stable conduc-
are located in the choline head (TEMPO), or positions 6 and tance state where the zero current state is absent. In contrast,
7 of the acyl chain with 48 and 55% of quenching efficiency, the monomeric structure induced macroscopic currents with
respectively, than when present at positions 11 and 12 wherevery unstable transitions showing multiple channels or
weak quenching was observed (Figure 4). These data aresubconductance stages. The quantitative analysis of the
consistent with a location of the majority of the Trp residues amplitude distributions showed two different substates with
of the oligomer close to the shallow quenchers, suggestinga difference of only 2 pA in the distribution of the oligomer-

that they are located closer to the membrawater interface, induced currents (labeled 6 and 7 in Figure 6A). The
although the exact position of each Trp remains to be monomeric structure exhibited multiple substates with a
determined by using single-Trp mutants. broad distribution of amplitudes; the main populations had

Responses of Oligomeric and Monomeric Cry1Ab Toxin differences of at least 9 pA between them (labeled! in
in Planar Lipid Bilayers.To gain additional information  Figure 6A). From this histogram, we obtained the ratio of
about the insertion of Cry1lAb monomeric and oligomeric the total time spent in the open stateNylifferent channels
structures into the membrane, the induced ionic channelto the total recording timeNP,, 1 min records). The
activities of pure monomeric or oligomeric structures were oligomer-induced 30 pA amplitude exhibited an open prob-
examined in synthetic planar lipid bilayers (PLB), and the ability of 0.85, indicating that this is the most stable open
main differences in the preliminary qualitative analysis of stage. In contrast, the monomeric structure induced channels
the induced channels are presented. These experiments wergith an overall open probability that varied from 0.05 to
performed with equimolar KCI concentrations in both 0.4 with a tendency toward a gradual decreask iy with
compartments. Channel activity induced by insertion of the an increase in amplitude (inset in Figure 6A).
Cry1lAb monomer was only observed at high toxin concen-  Thel—V curves of the oligomer-induced channels meas-
trations & 100 nM). The analysis of conductances of the pure ured under symmetrical or gradient conditions (300 mM KCI
monomeric Cry1Ab preparation was difficult because mul- or 100 mM cis and 300 mMtrans KCI) indicate that the
tiple subconducting states were present and also because thehannels formed by the oligomeric form of the toxin are
channels washed out, lasting only-2 min. Figure 5A cationic with aPg+/Pc - of ~3.5 (Figure 6B).
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Ficure 6: Analysis of channels induced by the oligomeric structure of CrylAb. (A) All-point current amplitudes histogram of 1 min
macroscopic current recordings at 80 mV. Gray bars depict data from channels induced by the monomeric CrylAb toxin and white bars
data from channels induced by the oligomeric Cry1Ab toxin. (B) Currgnttage (—V) relationship of the macroscopic currents induced

by the oligomeric Cry1Ab toxin measured under symmetrical 300 mM @lahd 100 mMcis and 300 mMtransKClI gradient conditions

(©). The inset in panel A shows the overall open probability of the chanNé&ls.the proportion of the total time spent in the open state

by N different channels to the total recording time, was obtained for 1 min current records.

DISCUSSION fully exposed Trp residues have maxima between 345 and
355 nm @6). Quenching studies using land acrylamide
supported this conclusion sin&gy values for the oligomer
were lower than that of the monomer in solution (Table 1).
The accessibility of Trp to water is generally thought to be
'the primary determinant of th&sy constant in the Trp
Iquenching by the anionic water-solubte Typically, fully
exposed Trp residues hawgy values of 8-9 M1 (27),
whereasy values for buried or inaccessible Trp residues
are lower and can be close to 0-M(28). Upon binding to
the membrane, the oligomeric structure goes through a
conformational change where Trp residues are completely
shielded as indicated by the inability of quenching with |
These data suggest that a significant part of the protein may
be buried in the membrane. Other studies, like protease K
protection assays of CrylAc bound to BBMV and scanning
microcalorimetry studies of Cry3A toxin bound to liposomes,
also suggested that most of the protein is inserted into the
embrane ¥, 29). However, our study shows that most of
he Trp residues of the membrane-bound oligomer are still

companied by the exposure of hydrophobic surfagsThe accessible to acrylamide, suggesting that Trp residues are
exposition of hydrophobic clusters could be related to the not deeply burled.m the membrz_;\ne. Studies of the guenching
removal of helix a-1 that could expose either central prrp by acrylamide showedallr_lear dependence upon depth
hydrophobic helixa-5 or the hydrophobic surface of the N the bilayer core. The Trp residues located at the surface
other amphiphatic helices promoting the formation of the ©f the bilayer are more sensitive to quenching by acrylamide,
oligomeric active toxin. The oligomer that is formed is a Whereas the deep Trp residues are less sensitive to the
stable structure since it is resistant to SDS treatment andduéncher£0).
boiling, suggesting a strong interaction between monomers The depth of Trp residues in the membrane-bound oligo-
(6, 7, 10). mer was examined more directly using fluorescent quenching
Our studies reveal several features of the monomeric andwith spin-labeled and brominated lipids. Both of these
oligomeric forms of Cry1Ab and the structural changes of phospholipids, when used as quenchers of Trp fluorescence,
the oligomeric structure occurring in the transition from the are good rulers for probing membrane insertion of peptides,
soluble to a membrane-bound form. In the monomer, the because they act over a short distance, without drastically
Trp residues were partially exposed to the solvent, as perturbing the membrane. Experiments with brominated and
indicated by an emission maximum of 336 nm. The oligomer spin-labeled phospholipids further demonstrated that the most
exhibited a maximum emission at 333 nm, suggesting a efficient quenching was obtained with the 6,7-diBrPC-
different conformation, where more Trp residues are buried containing and the TEMPO-PC-containing membranes. In
in the protein. For comparison, Trp residues that are the 6,7-diBrPC lipid, the bromines are 10.8 A from the
completely buried within globular proteins typically have bilayer center, and in the TEMPO-PC lipid, the doxyl group
emission maxima between 320 and 330 nm; those that areis 20 A away. The stronger quenching by the membrane-
partially buried have maxima between 330 and 345 nm, andbound quenchers located near the lipidater interface

Cry protoxins must go through several structural changes
before reaching their functional pore-forming state. These
steps can be visualized as follows: (1) solubilization of the
crystal and processing of the protoxin by midgut proteases
resulting in production of the monomeric toxin; (2) binding
of the monomer to the cadherin receptor located in the apica
membrane of midgut cells, probably accompanied by a mild
denaturation of the monomer that allows the cleavage of helix
o-1 (this cleavage might result in a conformational change
and the formation of a molten globule state of the monomer
with exposure of hydrophobic regions); (3) formation of a
tetramer by intermonomeric contacts (toxin prepore), and (4)
a second conformational change of the oligomer, resulting
in the insertion into the membrane and formation of the
membrane active pore.

The oligomeric structure of CrylAb-bound 8-anilino-1-
naphthalenesulfonate ANS, which specifically reacts with
solvent-accessible clusters of nonpolar residues, suggestin
that CrylAb oligomerization after receptor binding is ac-
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suggests that the majority of Trp resideues are near thisof receptors the insertion of monomers into the membrane
region. It is being more frequently recognized that Trp does notinvolve a single conformation. In contrast, currents
residues of membrane-bound proteins are preferentiallyinduced by pure oligomer preparations in the absence of
located at the membransvater interface. The membrane- receptor showed highly stable conductances, suggesting a
bound form of CrylAb toxin thus appears to be another stable insertion of a single conformation of the toxin into
example of a protein whose aromatic residues seem to bethe membrane. Single-channel analysis of the pure oligomer
sequestered in the membrane boundary. Other examples oin bilayers containing fused receptors will provide more
pore-forming bacterial toxins that form oligomeric structures information about the characteristics of the pores formed by
in the target membranes are aerolysin, perfingolysin O, and Cry toxins under physiological conditions (work in progress).
o-toxin (31). These toxins have Trp-rich domains that are  The oligomeric structure is able to interact with the
involved in binding to their membrane receptors, and the membrane in contrast to the monomer that has marginal
Trp residues in these proteins are also located at theinteraction with the liposomes. The partitioning of the
membrane-water interface31). These data suggest that Trp  oligomeric structure in the membrane is independent of the
residues may play an important role in the process of trans-membrane lipid composition (anionic phosphatidylserine or
forming water-soluble toxins into membrane-bound pores. zwitterionic lipids). However, more changes occur in the Trp
The pore formation activity of the oligomeric structure of fluorescence when the oligomeric structure interacts with
the CrylAb toxin revealed kinetic characteristics different model membranes containing anionic lipids. The changes
from those of monomeric Cry1Ab. These data suggest thatin the intensity of the fluorescence emission spectrum were
the monomers do not assemble into oligomers within the greater for the oligomer inserted into PC/PS SUV than for
membrane. The main difference between these structureghe oligomer inserted into SUV prepared with the PC
besides the number of subunits is that monomeric structurezwitterionic phospholipid alone. The fact that Trp fluores-
harbors helixa-1 in contrast to the oligomeric structure, in  cence modifications are more prevalent when net negative
which this helix was cleaved, and the cleavage of this helix charges are present at the membrane surface suggests that
has been proposed to be important for triggering oligomer- electrostatic attractions of Trp residues incorporated into the
ization ©). The responses in PLB with oligomer preparations lipid bilayer may play important roles in the insertion of toxin
were observed at lower toxin concentrations than the into the membrane. There are other examples describing
responses with the monomer (20-fold). The oligomeric interaction of proteins or peptides with synthetic liposomes
Cry1Ab exhibited more stable channels that had a high openwith different lipid composition. The fluorescence emission
probability in contrast to the monomeric toxin that exhibited signature of Trp of rhodopsir2®), of the human dystrophin
an unstable opening pattern. The ion channels induced byrod domain 23), and of the peptide temporin L24)
various activated Cryl toxins, including CrylAa4( 32), increased in intensity, and a blue shift of the maximum
CrylAc (32—34), and Cry1C 20, 35), have been analyzed emission wavelength was observed in membrane vesicles
in different zwitterionic membrane compositions in black containing increasing amounts of anionic phospholipids. In
lipid bilayers. The channel formation of these toxins was all these cases, anionic phospholipids increased the level of
extremely inefficient, and in some studies, insertion was not insertion of Trp into membrane®2—24) or stabilized the
spontaneous and only was achieved mechanic8|\3§). position of the transmembrane peptide as proven for the
The toxin concentrations needed to observe channel forma-TMX-1 peptide, which exhibited an irreversible insertion into
tion under these conditions were-2 orders of magnitude  liposomes induced by anionic lipidg%).
higher than theiin vivo insecticidal concentration. Conduc- In this work, we analyzed for the first time the structural
tance varied from 11 to 450 pS since multiple subconducting changes presented by Cry1Ab toxin upon membrane inser-
states are frequently observed, showing unstable traces withion. First, after oligomer formation, some Trp residues are
current jumps of intermediate levels that are difficult to buried within the protein structure. Second, membrane
resolve. Under nonsymmetrical ionic conditions, the shiftin insertion of the oligomeric structure results in further
the zero current voltage (reversal potenial) toward the  concealing of the Trp residues principally located at the
K* equilibrium potential Ex) indicated that channels of Cryl  membrane-water interface. However, the precise structure
toxins are cation selective. The data provided in these studiesof the toxin in its membrane-inserted state still remains to
(14, 20, 32—35) are consistent with the data obtained with be determined. Mutagenesis of single Trp residues and
the pure monomeric Cry1Ab toxin preparation in this work. analysis of their location in mutant proteins (work in
On the other hand, studies performed in lipid bilayers progress) will be helpful in determining the structure of Cry
containing fused brush border membrane vesicles suggestedoxins in the membrane-inserted state. Finally, the previous
that the channels formed by Cryl toxins from Bt in the analysis of thén sitro pore formation activity of Cry toxins
presence of their receptors have greater conductance thaghowed that the interaction of the monomeric toxin with the
those formed in receptor free bilayers. The conductance of membrane was inefficient. Here we show that the oligomeric
CrylC-induced channels ranged from 50 pS to 1.9 nS in structure interacts more efficiently with the membrane,
bilayers containing brush border membranes f@pmodoptera  forming stable pores, which is compatible with a pore-
frugiperda (18). Similarly, the conductances of channels forming toxin, as has been postulated for Cry toxins.
induced by CrylAa toxin in bilayers containing membranes
from Lymantria disparwere ~8-fold larger than the con- ACKNOWLEDGMENT
ductances of the channels formed in the absence of the We acknowledge Jorge "B8ehez, Lizbeth Cabrera,
receptor 86). However, the presence of multiple conduc- Oswaldo Lgez, Claudia Morera, and Jose Luis de la Vega
tances is still observed, and the instability of the currents for technical assistance. We thank Dr. Alberto Darszon for
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