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Fig 2 Westien blot analysis of lysates exmacied from E. coll
cells harboting the pMESR vecior (lane 2), pMEAD (lane 3), or

tbe murami plasmads-Ki23A, YI25A, NI2BA, S5130A, QL35A,
RIMA RIOGK, R1360Q, RIZGD, Q1A and El41A (lanes 4-
14, respecively)}-showing the 65-kDa Cryll ioan and small
molecular | fragments that  cross-rescied  with the CryllA
antiboftied. Lané 1 reywezents the moleoular mass. standards.

charged and five polar amino acids in belix 4 (Fig. 1B) were
substitmed with alanine. Most of the targesexd residues, Tyr-
125, Azn-128, Gln-135, Arg-136 and Gin-139, but not Lys-
123, Sﬁnlaﬁ and Glu-141, are located at the hydrophilic
surface (see Fig. 1C).

Expression of the matant toxins in E. coli was controlled by
the fac promoter. Upon addivion of IPTG w mid-exponential
phese cubures, all mutant soxins were predominantly
produced as sedimeniable inclusion bodies. Lysaes were
analy2ed by SDS-PAGE and immunoblotting, and the protein
wmm&ﬂmmmmmrmndmbc
comparsble 1o the wild type, The 65-kDa expressed mutant
prosesns specifically cross-reacted with antibodies raised
sgainst the Cryl VA toxin (see Fig. 2). However, two relatvely
inlerise murrmo-reactive bands of ca. 50 kDa and ca. 35 kDa
were desegted in all motan lysares. This oxhicanes s the
expressed mutant proteins are rater sensitive 0 prosecdylic

The solubility of mutant protein incluskons i Comparison
o the wiki-type inclusion was assessod using a carbonate
buffer, pH 9.0. The amourt of 65-kDa soluble protéing m the
supemnainnl was comganed with those of the proteins initially
used, in onder 0 defermine the percentape of protein
solubilisation. ANl of the mutant inchusions were found o be
soluble I some oxtent in this boffer, giving less than 20%
solubility, which resembles closely the wild-type inclusions
uncker similar conditions.

To determine the effect of muiatons on toxicity, £ cofi
cells thal expressed each lype of the mutant toxin were ested
for their relative biological activity towards Aedes gegvpri
larvae, All of the assays were camied out in ten replicas foc
cach sample snd repeated three times: te mortality data
recorded efier a 24-hour incubation are shown i Fig. 3.
Inserestingly, only the R136A mutatson resubied in 2 wial loss
of larvicidal activity, while alanine substitiions st seven other
posisons (K123A. Y125A. NI128A, S5130A. QI35A. Q1394
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Fig. 3. Mosquito-larvickdsl activitics of E. oafi oflbs expresing
the CryllA wild-aype oxin (pME4D). or s

Y125A, NIZBA, SI30A, QI35A, R136A, RIGK, R
RIMD, QI39A and EMIA) againm Aeder cegypi larwae. Ervor
bars indicale stdend cmor of the mesn from the toee
independem experaments.

and E141A) still nuained over 50% of the wild-type actvity.

all RI36 mutants (R 136D, R1360) and R 136K) were shown 10
be nomoxic to mosquito larvae (see Fig. 3). These resuls
could imply the requirement for 2 specific structure of the
positive side chain af this position. Perhaps Arg-136, which is
tikely 1o face the pore lumen, could interact with an agueous
covironment, and somchow stabilize the functional pore.
Howewer, the precise function of this residue repains to be
clucidated

suggested thar the compleie loss of taxicity observed for the
R136A mutant is keast likely 0 be cansed by misfolding of the
protein, Taken (ogether, our results mdicate dhat Arg-136 is a
critical residue imvolved in Cryl A wxin activity, The data
further support owr previows Oodings that Arg-158 in od
played a crucial role in waicity of the 130-kDa Cry4B tooin,
since the single alapine substitution at this residee almost
completely abolished its activity wowards mosquiio larvae
(Sramala et af, 2001). In addition, results reported by other
workers nevealed than an argemine regitdue ot position 131 o o
is imponant for toxicity of both the lepidopteran-specific
CrylAa and CiylAc toxins (Komar and Amonson, 1994
Masson ef al.. 1999). Two other negatively charged residues
{Glu-129 and Asp-136) of CrylAa were slen shown b be
curical in e passape of ions through the pore (Masson e al.,
1999},

Compansons of sirucwural models among Cryl LA, Cry4B,
and CrylAa suggest that, although Arg-136 of CryllA &
located on the opposite side of helix 4 relative to Arg-158 of
Cry4B or Arg-131 of CrylAa all of these three critical
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Fig. 4. (A) Top and (B) sade views of amino ackd arsngement in
helix 4 wgether with the relstive position of hekix § i 3D
models of CryllA amd CrydB bl by bomology modeling and
the CrylAa crystal structure. The labeded pesidues, shown in red
and vyellow, indicats e coritical argindoe recidues and other
chargad posions, nespectively. The structnes were  prepons]

residues are oriented on the side of belix 4, which is furthest
gway from helix 5 (see Fig. 4A). [t ghould be noted that Arg-
136 and Arg-158, in both of the dipteran-specific toxins, are
situabed near the C-terminal end of belix 4, while Arg-131 of
the lepidopleran-specific CrylAa moxin is locatod furthest
from the C-termintis of this helix (Fig. 4B). Differences in the
location of these critical residues may conceivably refiect the
diversity in the channel archolecture for each group of insect-
gpecific Cry toxins, Farther studies are required to elocidste
the role of these positively charged residues in helix 4, w
discover whether they are mvolved i the passage of ions
through the pore.
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Specific Mutations Within the c4—-o5 Loop
of the Bacillus thuringiensis Cry4B Toxin Reveal
A Crucial Role for Asn-166 and Tyr-170

Yodsoi Kanintronkul, Issara Sramala, Gerd Katzenmeier,
Sakol Panyim, and Chanan Angsuthanasombat*
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Abstract
The widely accepted model for toxicity mechanisms of the Bacillus thuringiensis Cry §-endotoxins sug-
gests that helices o4 and 5 form a helix—loop-helix hairpin structure to initiate membrane inserion and
pore formaiion. In this report, alanine substitutions of two polar amino acids (Asn- 166 and Tyr-170) and one
chairged residue (Glu-171) within the @4—0S loop of the 130-kDa Cryd4B mosquito-larvicidal protein were
| initially made via polymerase chain reaction-based directed mutagenesis. As with the wild-type toxin, all of
the muthnt proteins were highly expressed in Escherichia coli as inclusion bodies upon isopropyl-f-o-
thiogalactopyranoside induction. When E. coli cells expressing each mutant toxin were assayed against Aedes
aegypri mosquito larvae, the activity was almost completely abolished for N166A and Y170A mutations,
whereas E171A showed only a small reduction in toxicity. Further analysis of these two critical residues by
induction of specific mutations revealod that polarity at position 166 and highly conserved aromaticity st
position 170 within the od—aS loop play a crucisl role in the larvicidal activity of the Cry4B toxin.
| Index Entries: Aromaticity; Bacillus thuringiensis; $-endotoxins, mutagenesis; larvicidal activity; polarity.
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1. Introduction

During sporulation, the gram-positive bacte-
rium Bacillus thuringiensis (Br) produces intrac-
¢llular crystalline inclusions consisting of one or
more insecticidal proteins known as §-endotoxins
(1). These cytoplasmic inclusions, which are
released together with the bacterial spore upon
completion of sporulation, are specifically toxic
to several arders of insect larvae including Eapidop-
lera (butterflics and moths), Coleoptera (beetles),
Diptera (mosquitoes and flies), and Hymenoptera
(wasps and bees) (1=3). The Bt §-endotoxins can
be classified into the two families of Cry (crystal)
and Cyt (cytolytic) toxins, in accordance with the
recently revised nomenclature based on their
aminn-acid sequence identity (4). For instance,

one of the four major insécticidal proteins pro-
duced by Bt subsp. israelensis has been classified
as CrydB, and is highly active against mosquito
larvae of the genera Aedes and Anopheles (1.4).
The Bi d-endotoxins are present in the native
crystalline inclusions as insoluble inactive pro-
toxins. Upon ingestion by susceptible larvae, the
protoxin inclusions are solubilized in the larval
midgut and activated by midgut proteases. It is
believed that the activated toxins first bind to a
specific receptor located on apical membranes of
midgut epithelial cells of the target insect larvae.
Subsequently, the toxins insert into the mem-
brane in an irreversible binding step, and disrupt
the permeability of the midgut cell membranes,
resulting in a net influx of ions and water that
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leads to osmotic cell lysis (5). However, the exact
nature of this toxicity process at the molecular
level, ¢specially in the step of membrane inser-
tion and lytic pore-formation, is stll not clearly
understood. Knowledge of the pore-forming struc-
ture within the lipid membranes could therefore
advance undersianding of the precise mode of
action of these toxins, and would facilitate the
design of more potent oxins.

To date. teniary structures of four different Cry
1oxins, CrylAa (8), Cry2Aa (7), Cry3Aa (8), and
Cry3Bb (%), have been determined by X-ray crys-
iallography. Despite the differences in their insect
specificity and the comparatively low amino-acid
sequence identity between these proteins, the
structures of all four of them display a high degree
of overall similarity. A homology-based 3D model
of the 65-kDa activated Cry4B toxin suggests that
this mosquitocidal protein would fold into a struc-
ture similar to known crystal structures with a
three-domain organization (10). The N-terminal
domain 1 is composed of seven o helices in which
the relatively hydrophobic helix o5 is encircled by
six other amphipathic helices (6—92). That this
domain is clearly equipped for membrane inscrtion
and pore formation has been supported by various
stodies demonstrating that the isolated helical frag-
ment of different Cry toxins is responsible for pore/
ion-channel-forming activity (11-13).

A molecular mechanism of membrane insertion
and pore formation of the Cry 3-endotoxins has
been proposed in an “umbrella model™ (14). In this
model, the 4 and @3 helices form a helical hair-
pin to initiate membrane penetration upon specific
receptor binding in which a structural rearrange-
ment of the toxin occurs. After insertion of this
hairpin, the other helices spread over the memberane
surface in & siep that is followed by oligomerization
of the toxin in the membranes. Currenily, this pro-
posed model is supported by a number of experi-
ments demonstrating the functional role of o4 and
o5 in the toxicity of different Cry toxins. Evidence
suggests that ¢4 is oriented to face the pore lumen
and s involved in channel function, whereas ab
appears to be in contact with the lipid membranes
and plays a role in toxin oligomerization {15-17).
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In addition, membrane permeation studies found
that the ad—loop—a3 hairpin was extremely active
as compared with the isolated helices or their mix-
wwres, indicating that the loop is needed for effi-
cient insertion into the lipid membranes (18).
Previously, we have made proline substitutions
in five helices (i.e., 03, 04, 05, b, and o7) of the
130-kDa Cry4B toxim, and found that helices o4
and 05 arc important determinants of larvicidal
activity (19 20) and likely to be involved in mem-
brane pore formation. Further investigation by
charged-1o-alanine scanning mutagenesis in helix
4 revealed that the specific structure for the posi-
tively charged side chain of Arg-158 is critically
involved in the toxic activity of Cry4B {21). As an
extension of the previous studies together with the
proposed umbrella model, we hypothesized that
when the loop connecting @4 and a5 initially
inserts into the membrane, polar or charged resi-
dues in this loop may interact with ions and water
molecules. These residues could play a crtical
role in the wxicity of CrydB. To test this hypoth-
esis, we created a numnber of Cry4B mutants in
which Asn-166, Tyr-170, or Glu-171 in the ad—o5
loop was altered. The resulis revealed that polarity
of Asn-166 and aromaticity of Tyr-170 residues are
essential for larvicidal activity of the Cry4B toxin.

2. Materials and Methods

2.1. Plasmids and Site-Directed Mutagenesis

The recombinant pMU388 plasmid encoding
the 130-kDa Cry4B toxin, which has been cloned
from Bt subsp. israelensis into pUCI12 vector (22),
was used as a template for site-directed mutagen-
&sis. In order 10 substitute Asn-166, Tyr-170, and
Glu=171 with alanine and other amino acids, 13
pairs of complementary mutagenic oligonucle-
otide primers (Table 1) were designed and pur-
chased from Genset Inc. {Singapore). All mutant
plasmids were generated by polymerase chain
reaction (PCR) using high-fidelity Pfit DNA poly-
merase according (o the procedure of the Quick-
Change™ Mutagenesis Kit (Stratagene). Each
mutant plasmid was then confirmed in the mutated
region by DNA sequencing, using an AB] prism
377 automated sequencer (PerkinElmer).
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Mutations Within Cry48 Toxin 13
Tabie |
Complementary Primers for Substituting a Code Residue with Different Amind Acids
Primer | Sequence” Restriction site
A .
N166A-f: - CGAGAGACIGCAGTTTATTTTAGCGCATTAGTAGGT-3 P |
N1G6A-T: 5-ACCTACTAATGCGCTAAAATAAACTGCAGTCTCTOG-Y
C
AGOC-f S-GACTGCAGTTTATTTCAGCTGTTTAGTAGGTTATG-3 Pratl
A166C-1- 3-CATAACCTACTAAACAGCTGAAATAAACTGCAGTC-3
D |
N1&6D-f: S COGAGAGACAGCTGTTTATTTTAGCGATTTAGTAGG-3 Prall
N166D-r: S -CCTACTAAATCGCTAAAATAAACAGCTGGTCTCTCG-¥
- Q |
NI166Q-1, S-CGAGAGACCGCAGTATACTTTAGCCAATTAGTAGG-Y Acel
NI166Q-r: S -CCTACTAATTGGCTAAAGTATACTGCGGTCTCTOG-Y
R 1
NI66R-T: S -CAGACCGCAGTTTATTTTICTAGATTAGTAGGTTATG-2' Xhal
NI166R-T- 5 -CATAACCTACTAATCTAGAAAAATAAACTGOGGTCTC-¥
I .
N1 66I-T: S -GTTTATTTTAGCATCCTGGTAGGTTATG-Y B3Nl
N|661-r; 5-CATAACCTACCAGGATGCTAAAATAAAC-Y
A
Y 1 70A-f: §-GACQGCAGTATACTTITAGCAACTTAGTAGGTGCTGAATTATTG-3' Avel
Y [ T0A-1: S-CAATAATTCAGCACCTACTAAGTTGCTAAAGTATACTGOGGTC-3
- D N
Y 1 70D-f: §-GCAGTTTATTTITAGCAACCTGGTAGGTGATGAATTATTG-3' BNl
Y 1 70D-r: §-CAATAATTCATCACCTACCAGGTTGCTAAAATAAACTGC-¥
R
Y L 70R-1: 5-GCAGTTTATTTTAGCAACTTAGTAGGTCGCGAATTATTG-3 Nrul
Y [ 70R-r: S-CAATAATTCGCGACCTACTAAGTTOCTAAAATAAACTGC-¥
L
Y 1 TOLA: 5 GCAACTTAGTAGGTCTAGAATTATTGTTATTACC-3 Xbal
Y I 701 5-GGTAATAACAATAATICTAGACCTACTAAGTTGC-Y
F
Y 170F-I; 5 GCAACTTAGTAGGATTCGAATTATTGTTATTACC-3 Hinfl
Y 170F-r: F-GGTAATAACAATAATTCGAATCCTACTAAGTTGC-Y
w |
YATOW-f: S-GCAGTTTATTTIICGAACTTAGTAGGTTGGGAATTATTG-3 B3y
Y170W-r: S-CAATAATTCCCAACCTACTAAGTTCGAAAAATAAACTGC-3
A
EX7T1Af: S TATTTTAGCAACCTIGGTAGGTTATGCATTATTGTTA- BNl
El71A-r: 5-TAACAATAATGCATAACCTACCAGGTTGCTAAAATA-Y

“MMutaed nucteotide rexidues are shivwn as holkliace. Mulaked amuwe acids are shown oo lop of each pair of primers. Intnduced
MEATCHON-CRZYAIE Feoopnlion xiles sre underlined,
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2.2. Toxin Expression, Solubilization
and Proteolytic Activalion
The wild-type and ad—u5 loop Cry4B mutani
toxins were expressed in E. colt sirain IM109 un-
der control of the LacZ promoter. Cells were
grown in a Luria Broth medium containing 100
pg/mL ampicillin until the ODgy, of the culture
reached 0.3-0.5. After the addition of isopropyl
B-p-thiogalactopyranoside (IPTG) to a final con-
centration of 0.1 mM, incubglion was continued
for another 4 h. Protein expression was analyzod
by sodium dodecyl sulfate- (13% w/iv) polyacry-
lamide gel electrophoresis (SDS-PAGE). £, coli
cells expressing each mutant Cry4B toxin as cyto-
plasmic inclusion bodies were harvesied by cen-
trifugation, resuspended in distilled water, and
disrupted in a French Pressure Cell ai 10,000 psi.
The crude lysates were centrifuged at 5.000g for
20 min and the pellets obtained were washed 3
times in distilled water by sonication. Protein con-
centrations were determined by using a protein
microassay (Bio-Rad), with bovine serum albu-
min fraction V (Sigma) as a standard. Protoxin
inclusions were solubilized in 50 mM Na,CO,, pH
9.0 amd incubated at 37°C for 1 h as previously
described (19). After centrifugation for 10 min,
the supernatants were analyzed via SDS-PAGE in
comparison with the inclusion suspension. To test
the stability of the mutant toxins, the solubilized
mutant and wild-lype toxins were incubated with
tolylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin at a ratio of 1:20, {w/w)
enzyme:taxin in 50 mM Na,CO,, pH 9.0, for 16 h.
2.3. Larvicidal Activity Assays
Bioassays were performned as previously desc-
ribed (20), using 2-d old Aedes aegypti mosquIlo
larvae reared from eggs that were supplied by the
maosquitorearing facility of the Instilute of Molecu-
-lar Biology and Genetics, Mahidol University,
Nakornpathcm, Thailand. Abow 500 larvae were
reared in a container (22 x 30 x 10 cm) with
approx 3 L of distiiled water supplemented with a
small amount of rat diet pellets. Both the rearing
of larvae and the bicassays were done at room
temperature (25°C). The assays were done in |
mL of £. coli suspension (10% cells suspended in

MOLECULAR BrOTECHNOLOGY
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distilled water) in a 48-well microtiter plate (11.3-
mm well diameter; Costar), with 10 larvac per
well and a total of 100 larvae for E. coli express-
ing each type of the Cry4B woxin. £, coli cells con-
taining the pMEx8 vector were used as a negative
control, Mortality was recorded afier a 24-h incu-
bation period.

3. Results and Discussion

It had recently been shown that the loop con-
necting the o4 and a5 helices of Cry 1 Ac is needed
for efficient insertion of the ad—-o5 helical hairpin
into lipid membranes (18). As predicied from the
homology-based 3D model of Cry4B, the od—0§
loop comprises eight amino acids, of which one is
charged (i.e., Glu-171) and two of which are polar
(i.e.. Asn-166 and Tyr-170) (10). Although Asn-
166 is not conserved, both Tyr-170 and Glu-171
are structurally conserved among the known Cry
toxins (see Fig. 1A B) with the result that these
loop residues could play a crucial role in Cry4B
wxicity. In this study, we therefore initially gen-
erated three Cry4B loop mutants in which Asn-
166, Tyr-170, and Glu-171 were substituted with
alanine via PCR-based directed mutagengsis.
When each mutant toxin was expressed in £. colf
upon IPTG induction, all were predominantly pro-
duced as sedimentable inclusion bodies, and the
protein expression level was comparable to that
of the wild-type CrydB toxin. In addition, all of
the purified mutant inclusions were found 1o be
soluble in carbonate buffer, pH 9.0, giving approx
70% solubility, which closely resembles the solu-
bility of wild-type inclusions under similar condi-
tions (data not shown). The 130-kDa solubilized
mutant protoxins were also assessed for their pro-
teolytic stability by digestion with trypsin, and all
were found to produce two major trypsin-resistant
products, of approx 47 kDa and 18 kDa, respec-
tively, that were identical to products of the wild-
type toxin {Fig. 2, lancs 1-4). These resulis
suggested that the point muiations in the loop resi-
dues of the mutant 10xins had no apparent effect
on proteolylic processing or protein folding.

To determine an effect of the loop mutations on
toxicity, we tested E. coli cells ¢xpressing cach
type of the mutant toxin for their relative biologi-
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Fig. 1. (A} Mukiiple sequence alignment of the transmembrane ad=lcop=03 fragment of Cry4B with those of the
known structures of Cryl Aa, Cry2Aa, Cry3Aa, and Cry3Bb toxins. The sequences were aligned using the program
CLUSTALX. (B} Side views of the cd—-loop-05 helical hairpins of a homology-based CrydB model and CrylAa,
Cry2Aa, Cry3Aa, and Cry3Bb cryseal structures. Grey ribbons represent helix 4 and helix 5. Balls and sticks show the
mulated residues in Cry4B comparison with Cry1Aa, Cry2Aa, Cry3Aa, and Cry3Bb. Asn-166 is shown in Cry4B.
Two relaively conserved loop-residues, Tyr and Glu or Gin, are shown in all five balical hairpins,

cal activity against 2-d old A. aegypif larvae. All
bicassays were conducted in 10 replicas for each
sample. and were repeated at least three times. The
mortalily data recorded after a 24-h incubation are
shown in Fig, 3. Alanine substitutions of Asn-166
and Tyr-170 almost completely abolished the
Cry4B bioactivity, although mutation at Glu-171
produced only a small decrease in larvicidal ac-
tivity. These wesults suggested that Asn-166 and
Tyr-170 play an important role in the larvicidal
activity of the Cry4B toxin.

Further substitution of Asn-166 with Asp. Gln,
Arg, Cys, or lle, revealed that substitwiions of
Asn- 166 with polar amino acids could preserve
more than B0% of the woxicity of the wild-1ype

Mot foLAR BroTecHNOLoGY

toxin, whereas substitution with a nonpolar resi-
due {i.c., isoleucine) almost totally abolished the
toxicity (see Fig. 3). All of the Asn-166-mutant tox-
ins were tested for toxin stability, which revealed
that all produced stable, trypsin-resistant products,
as shown for some of these mutants in Fig. 2
(lanes & and 7). These resulis suggested that the
polarity at position 166 in the a4-a5 loop is
important for larvicidal activity of the CrydB
toxin. Molecular modeling of a putative toxin-in-
duced pore consisting of six copies of the a4—o5
helical hairpin of Cry4B (see Fig. 4A) indicated
that Asn-166 points toward the pore lumen and
could form hydrogen bonds with water molecules.
A crucial role in the mechanism of toxicity at this
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Fig. 2. SDS-PAGE (12.5% gel) analysis of proteolylic processing of Cry4B and ils mutant toxins. Lane /
malecular mass standards. Lanes 2 and 10: trypsin-treated products dnd the 130-kDa protoxin of wild-type Cry4B.
respectively. Lanes 3-9: mutant representatives, consisting of N166A, Y170A, E1T1A, N1661, N166D, Y170D.
and Y 170F, respeciively, after digestion with trypsin.
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Mutant toxine
Fig. 3. Mosquito-larvicidal activities of E .coli cells expressing wild-type Cry4B toxin or mutant toxins (N 166A,

Y1IT0A, E17T1 A, NI66I, NI66C, N166Q, N166D, NI66R, YI70D, YITOR, Y170L, Y170W. and Y170F) against
A, aegypri larvac. Error bars indicate standard errors of the mean from three independent expenments.

critical position could conceivably be the forma- these possibilities can be generalized remains to
tion of hydrogen bonds with water to stabilize the be clucidated.

loop structure, or involvement in the passage of Tyr-170 was also converted to Asp, Arg, Leu,
ions through the channel (see Fig. 4A). Whether Trp, or Phe. Interestingly, substitutions of this
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Fig. 4. (A) Bottom vicw of the mode] of a putative oligomeric pore consisting of six copies of the ad—aS hairpin
of the Cry4B toxin. Asn-166, Tyr-170, and Glu-171 arc shown as balls and sticks. (B) The Tyr-170 residues are
found ar the membrane—water interface afier oligomerization and pore formation. Rectangular boxes represent the
planar lipid-membrane bilayers. Helices 4 and § are shown as grey ribbons.

¢ritical tyrosine residue with only the aromatic
residues (Trp or Phe) were shown 1o preserve
Cry4B toxicity against mosquito larvac (see Fig.
J). Also. the protein expression levels, inclusion
sofubility, and proteolytic stability of the thiee other
inactive mutanis (Y 170D, Y170R, and YI170L)
suggested that their observed drastic loss of toxic-

Maolecueas Bicwecnmorocy

ity is unlikely to be caused by misfolding of the
protein. These results, together with the high level
of conservation of the tyrosine residue at this pos-
ition among the Cry toxins, strongly implies a
general requirement for an aromatic structure at
this crucial position. In several membrane pro-
teins, a variety of roles have been proposed for
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the aromatic residues, especiall wrand Trp in the
transmembrane helices, whicli 27 preponderantly
found al or near the membrac——water interface
{23-25). These roles include iscilitating trans-
location of the periplasmic pomon of proteing
through the membrane, actin: - determinants of
protein orientation (26), introdi.cmmg rigidity to the
periphery of the transmembran.  <=gments (27), or
allowing vertical mobility of = Transmembrane
helical region with respect w b “nembranes (28).
Considering all of the above. ;. —unction for Tyr-
} 70 within the ct4—aS loop o1 ( - —B may conceiv-
ably be an interaction with the rmospholipid head
groups for stabilizing the olig »=21ic pofe struc-
tare (see Fig. 4B).

In contlusion, our results iniiv:ate that the char-
acteristics of polarity and aromu: -2ty for residues
at positions 166 and 170. respe.~ vely, in the ad—
oS loop play a crucial role in 1 ity of the 130-
kDa CrydB toxin. However, 'ommer studies are
necded 10 determine the exact ~wie of these two
critical residues in toxin funcnin:.
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Summary

Trypsln activalion of CrydB, a 130-kDa Sacilus Moringlansiz
{Bt) protein, producas a B3-kDa toxin active against mosquike
farvee. Thw sclive toxin is made of two protease-resistant
products of ¢a, 45 kD and ca. 20 kDa. The clomed Z1-kDa
fragmant conslaling of the M-erminal reghon of the todn was
previousty shown 1o be capabie of penmeablBzing liposcmes.
The present sludy wae designed to test the following hypoth-
ssds (1] Crydl, lilks wsweral other BY toxins, is a channek
forming toxin (n planar lipld bilkyers; and (2) the 21-kDa N«
tseminal region, which maps far the first ftve bellces {ol-a5) of
domain 1 in other (ry toxings, and which pubtettvely sharms a
simitar tri=dimansional structure, s sutflickent to accournd kor the
iom channel activity of the wholg tox|n, Uselng circular dichroism
spaciraacopy and planar Bpid bifayers, wa showed thet the 21-
kDa polypagitids sxisted as an a-halical structune and that bath
CrrdB and #e a1—a5 fragmenit farmed (on channels of 248+ 44
pS and 207 123 pS, mspeciively, The chainels were cabion
walective with a polasxium-iz-chioride parmeabliity ralie of 6.7
for CrydB arvd 4.5 for its fragment. However, condrary 1o The full-
lgngth texin, iha al-a5 regien fvimed chamels 2t low dozs;
they tanded (0 remain kcked in thir opan stats and displayod
flbckaring activity bouts, Thus, ke the ful-length oxin, (ke =1-
a3 reglon is a funciianal channal former. A pH-depandent, yet
undéfingd mgion of the loodn may ba Involved in regulating the
chanml propertes.

Keywords: Bacwss thu

8, S-andotoudn, avaiad protsin,
planar ipld blleyer, lon channed.

Introduction

Becillys hudngiensis {BY) is an endospore-fomming becer-
i el produces larvicidal prolgins {Cry and Cvl S-sndotox-
ins)] as crystallive inclusions during sporufation [1]. These
prciaing ane reghly toxic 1o 8 wide vadaty af mportant inmect
pests 58 weall as other imertebrales, which explins the
extensive uss of Bl &% a bivjogical control agent, To dabe, 40

*To whom oocrespondancs thould be addraszed.
s-mak jearviovis. schvansiumortreal.ca

classes of cry gene sequances have been [dentibed based
on their deduced aming acid sequesnce idenbity [2]. Lipon
ngesion by susceplibie (arvae, ihe protelc crysials are
soiubilized and proteciytically cwaved in the alkaline rmid-
gut pice to produce the activatsd toxins [1]. These, in tum,
bind o specific receplors on the mid-gut apithalial cells and
form pores in thelr membranes, resuling in cell sweling and
eventually coll lysis due lo cemolic imbalance [3.4].

The 130-%D Cryd4A and Ciy4B profoxing produced by 8t
sub-species /zraslensis are toxic, followsng solublization and
proteciytic procesaing in the insects' gut, 10 Asdes ssgynl,
Anopheles gamivae and Civex quinguefascialus moequite
Hrvae [B]. These mosquiloes are serious human disgease
vectors thal transmit malaria, Madal parasikes, dengue and
yelow fever virus. The exact mode of sction of Gry4 toxins |s
i knovn. It has been proposaed thal moel Cry taxins shame a
similar foiding based on the five highly consarved reglans of
their primary amine acid sequences. This Is supponed by the
fact that the ssomic resolution orystal structures abtained for
CrylAa [8], Cry2Aa [7), Cry3A [8] and Cry38b1 [8] foxins are
vary simdar. In vitro proteolysis of the ful-length Cryda ang
CrydB protoxing produces activated toxins thet sre com-
posed of tawo non-covalently gsgocisied fragments resulting
fromi 1he ceavage of the loops between helions =5 and of
(5,101, as deduced from three-dimangional models of CrydA
and CrydB generaled by homology madelling (unpublished
data). This cleavage is critical for in witro cytolylic aclivity
.

Sevaral activated Cry inxing, Inciuding CryiAa §#8,11-14],
Crylag [13,15-17), Cry1B [13], CryIC [1BL Cry2A [19),
Cry3As [16] and Cry3B2 [20§, have the ablilty to formn ion
channalg In receptor-free phosphalipid vesicles and planar
fipid blleayer mambrares. Diffarant Cry tomins have conduc-
fances ranging from A few pS  over 1000 pS, suggesting
thal cerain Gry classes might have spacific channel char-
actaristics. Since the N-benmanal domaln of Cry toxins, which
is made of seven 1o sight balioas, is thought bo play a crucal
role in membirane inserion and pore formation [14,21-29),
we hypothesized that the: first five helices of the CrydB toxin
may constttute the putalive pore-lorming reglon responsible
for membrane permaabfzation by This toxin. This is sup-
ported by the fact thal Cry4B helices 4 and 5 play an
important rola n mesquito landcidal sctivity |28, 30] and thal
the al—=5 fragment of the imdn permesbilizes liposormes
31}

In this study, ion channel formation by the aciiveted CrydB
toin and s o1-af fragment was nveeligatsd. The rasults
ghow Nal bolh forn CABon-sebective channels hat have
differant properfies under idenical pH conditions. Thensbone,
while the a1-25 reglon & sufficdent o account far the
pammaabilizing effec of the whola toxin, the ovarall channei
acivity of the toxin i3 also depandant on a gating regian that
may have diffevent properties depending on the pH condi-
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lions under which the protoxdin has been processed and may
rmiap for 8 part of the actvaled toxin locatéd outsida its 21 -a5

Resuits
Cryd8 and x1-u8 secondary slructures

The secondsiy struclures of the §5kDa activated Cry4B
toxin and ils at- oS frapment were exarned by circular
dichralem spediroscopy. Figure 1 shows the CD spactra of
Cry4B and the a1 —e5 polypeaptide In the 185-280-nm region.
Since a negative band at about 222 nm s typical of w=helix
coniart due bo the nx* trensiion, the helical condent was
inkerprated by the molar slipdicity al this wavelength. The
activaled Cry4B toxin snd the x1-=5 fragmert exhibited
helical content values of 33% and 61%, respeclively. Thesa
values are cioss o those calculated with the Swiss PD8
scftvarte usad o model the AlHength toxin and Iis x1-ab
peptide [32]. i.e. 31% and 83%, respactively.

Chanmy! propertes of Cry4B and ifs at-a5 region

Undar symmebtical ¢conditions, Cry4B channel activity was
cbeerved after about 1 hour following addition of 150300
nid of The toxin, whereas the channels formed by the x1-a5
ragion of the toxin were observed after & Tew minutes (never
mere thian 30 min) at doses a& low aa 4.3 nbd. Representative
current treces of Cryd8 and 21 -5 channals are shown In
Figures 2{A ) and 3(A) respectivety,

The CrydB toxdn, solubilized anvd aclivated at pH 10.5,
displayed mullipie amplitudes with some slaps oocurning
from the cloged stale, i¢. from 1 =0, and showed many sub-

oonducting states. (n all CrydB axpenmeniz, ihe curment-
woltage reistions were rectilinear (Figure 2{C)), demonsimat-
Ing the ohmic beheviour of the channela. The channal
sonduckences, obtained by Method 1 described in the
Experimantal procedures, ranged from 19+4 W 39944
pS (Table 1). When ol the ourend steps weare analysed
{Mothod 3 in Expanmental procedurss). the conduciances
were found to be betwean 27 + 10 anyd 248 + 44 pS (Table 1),
Fast kinotic activity was observed in a few experments at
some applied voltages (Figure 2(8)). bn selectivity was
measursd by conducting experiments under asyrnmadrical
conditions. The reversal poiential, Vi, of the CryMB channeis
was —20+2 mV (Table 1). Under the same lonic gradiest
conditions, the Nermst potential for K™, calculated at 25°C,
was —2Z8.2 mV, demonstrating e calion selecivity of the
channels. The Px/Pq permaabiity ratic was calcidated wsing
the Goldman-Hodghin-Katz equation and the Ve value
abovea. It was equal 15 8.7, confirming the cationic selectivity
of 1he Cryd4B chanmels,

Unlike Cry4B, the o1 - o5 fragment of the (oxin could not be
solubilizad in 50 mM NazCOy butlier, pH 10.5, $0 50 mM Tris
puier, pH 8.8, was used insiead. In all expesiments, soma of
the z1-af chanhels remained always opan. Thelr curment-
voliage curvas were recinesar and iheir conduciances,
determinad by Method 2 in Exparimantal proosdures, ranged
from 148 o 3243 pS (Figure 3(C) and Table 1). The
conduciances of all the current sleps were betwesn 3544
and 207 +23 p3 (Table 1) At a 430-nM dose, the gl-=5
channels had very large conductances (in excess of 650 pS,
and often larger than 1000 pS), quite larger than those of
CrdB, which were found o be in e 20-400-p5 range, at
similar doses, whan the fulldength toxin had been prepared
8l pH 10.5 {Table 1). T¢ exchude the possibility that the large
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Far LN Groutar dichroism specira of the B6-kDa activabed CrydB imdn and ibs ¢1 - «5 polypaplice. ThCD:p;utnolCnﬂBtn-J}ln

10 mhd MaH POy, pH B0, and the of -5 fragment (o = 5] in 50 il Teis, pH 8.8, s Shewn by dobled and solid linee. mapactively. Elipticity

units {Ar, verical stals) ar8 pec naidue Motar oiticity.
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Vot my

wl-a5 chanmels comespomded to B supsrposition of
several smaler channels with a veqy high probability of
opening, smafer ai-a5 polypeptide concantraions ware
Lgad, i.8, doses from 4.3 to 8.8 nh, Channel activity was still
obsarved under these reduted dose conditions. Two differ-

Figura 2. Single-chanmal cument races of the activaisd Cryd
wdn. {A) arwd (5) Repeesantative sagments of typlcal cumant inaoss
rscorded in symmeineal 150 mM KOl solution st varicus holding
vallagad, V, A8 indicaind neot D the ¥aces. The cument levels
comusponading 10 the cloaad Stabe of all chanpists are Indiceted by the
lotier ¢ and deshed knes. (2 ) Episade of fast kinatic activity of CrpdB
charmel under symmetioal conditans. Current-voliage relalions
¢btained from curenls recorded Tt urder symanedrical (sobd
aroles) &nd than under aFymmatrical condicns (xa81 inanglss).
Dala are reprasenta®re of thme sxpeniments. Under asyTmimnalncal
conddons, {he reversal polenial was shifted to — 20 MV, which
demnorsirgées Te Callonic selactity of the acliviled Cryd takn
channals. The condudiances mensursd under each 9ot of condiiaha
ane ghven in e teed Dox shown o6 e grassh. Crsta poars wans ey
by lirvestir reggreasion.

ant kinatic bahaviours were obearved in o1 - 25 chanhals. I
some: sxpaniments, several channsls were aclive and their
open probabiiity was very high (Figure 3HA)). In other
expardiments. the open prabability of the channels was
smalier (Figure 3(8)). Fast kinelics was also diaplayed In
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Vor 50 mV

Ve 45 mV
[ i | ol {2 ant e maer e 1 v
I b ",
a0 s o A e ;

gt Figure 3.  Single-cha@nnad clambnd traces of CrpdB's a1 25 fragment
; WA e chammels. (4] s (3) Repressniaive segmants of typical cummeert
treces redorded under 150 mikd KCI syrrmalcsl condions al vafous

holdng vollages, ¥, e shavwn nexd o the a0es, The cuttemt levels

comusponding to o closed slake of all channals are indicaled by the

1 i) letter ¢ and deshed lines. (4} Representatlive records of channala

depiaying a very high opan peobability. Mol that there are ot lsast
] four idestical chanrels actve in |is expesimenr, with st wesl Three
chidmnals simullanequsly locked In thelr open stales_ (B) Rapresan.
1 tafive reconds showing channed activity wih avarage open probabity
14 o and Tickering behaviour (shown between amrocws). At lesat Mue
- chiannets were aciva |n s axparimest, wilh gt leasl two chvannsls
/' simutanacusly lotked in helf open siates. (C) Curreri—voitage
e ; ; : — ¥{mv) relatiors obimined from cumants recorded first under symmeincad
A S h oW e om ok ‘ {nold crcles) and than under asyrmelrical conditions {solid Wian-

d gfas). Data are represefative of three sxpaniments, Under Ssymme-
|T_'j trieal conditions, e reversal polanlinl was shiflied ko — 19mV, which
_:;‘T“‘ shiows the cabiorns: selectivity of the aot-aoS fmgment channals,
almilar ¥ It of the Sul-lengih boxin. Tha congduclances MasaumBd
Aeprruarical, | under each set of condibons ade Qiver in the texi box shawn on the
- _ graph. Dale points wam fted by Enear regroasion.
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Tabis 1. Blopiysical pmpartes of the ion chafnieis fonmed by the sclivetad CrAlB badn and it o - 25 fmgment.

Channel proparies Activatid Crydi™® al-ab fragments®
Canductanoe” Calouston mednod” Calcuiarion method®
1914 (n=4) 148 (= 1)
7948 (0 =3) W41 (=)
141 (n=15 412 114 (7= 4
90144 (nm ) 681113 {n=4)
T 414 (nmd)
1014 116 (n = 5)
152040 (p= 2}
1754 {ﬂ'-‘
2dd {0 =1
3243 (nw
Miramum and maximum conduciances 27 £9 (= 14] B4 (v= 19
ebtalres Tom & obssrved cument abaps® MELdd (nw 14) 207 +23 {n = 18}
Vi, reversal pobential (mv)P ~ 242 {n =11} 17T+ {n=12)
Py fPe;, pemnaabiltty ratio 87 48
“muan + SEM

*7 indicaies e number of exporimonts
 arperanerts wele conducied urvder symmetrical KCI condiong

€ conduciantes were determined using Melhod 1 (see Expstmanial prooedues)
* conduciances wers detarmined uaing Melhod 2 (see Experitmenial procadarss)

‘conduckances were detamined usng Method 3 (see Exparmonal procedures)

¥ eaparimants were condutied under asymmedrical KCI condiiony

thres sxpariments, but not ol evéry applied vollage (Figure
3(8). arrowsg). Under agymemetrical conditions, the of=x6
fragrment icomed cation-selective channels with Vg equal o
—17+1 m¥ and 3 Pg/F permeabilty ralio of 4.5.

Whein ihe CrydB profoxin was solubllized and activaled at
pH 9.0, it showed on 15% SDS-PAGE the same two major
bamds at about 47 kDa and 18 kDa as thoss sean with tha
toxin prepared al pH 10.5 (data not shown), but its channel
ackivity was differant In all dxperiments, some of 1he
channels remained always open, i.e. the cumant naver
retumed to zemo. The channeis Gaplayed multiple conduc-
lances varying from 16 p5 to 3301 pS, similar o those
obsarved wilh the ol - 25 fragrment (dala nol shown), On the
other hand, the selectivity and the kinatic behawour of the
fuHength toxinobtamned fom the CrydB protoxin preparad at
pH 9.0 o nol dilffer from thoze of the toxin resuling from
CrydB sojubliilzaion and setivation at pH 105 (data not
showm).

Discussion

This shudy deary demnonsiraias thal the diptevan-specific
Cryd8 bowin and its «1—25 fregment foom calion-selectve
charmels in planar Bpid bilayers, suggesting that the o1 - 25
tegion is suficiant 1o Torm functional channels like Shosa
assembied by the fulHangth 85-kDa oxin. This conoepl is
supporied by previous siudies thal showed thet the N-
termindl domaing of CrylAs, Cry3A and CrydB2—la. the
wl -7 regions of thase toxins —ficarn channels thet compare
well to thase of the full-ength Toxdns [20,33,34), The presend
study prowides lhe first evidence thal the firsd five helicaz of 2
Cry toiin can funclion edficiendly ag ion channels.

The incorporation tima of the o1 —«5 fragment ino planar
lipid belayers was faster than that of the fullHength loxin and
lower dosas (4.3 nM) were required for the fragment
nduce channel activity comparable to thal of Cry4B and

ather Cry toxins, for which et least TO- 150 nM are needed W
infuce ac@vity. Furtheemore, tha x1-a§ channal conduc-
tancas ware generally larger fan thoge of the B5-kDa Yoxin
(Tabie 1). ft is conceivahle thal the o1 - oS fragment, which is
preduced in aggregated foam langer then 200 kDa, has @
higher oligomernzation crder than the full-length toxn, which
would axplain the karger conductances observed. 1 is atso
possibie that tha smallar polypeplide iz more flexible and
requires a lesser conformationsel change 10 irsert indo the
membang, which would account far Its faster integration into
the membranse.

intarwslingly, the pH condiions used to sohsbilize and
activate ¥ Y30-kDa CrydB prodoxdn affecited both the
conduckance @nge of the channels formed by the 55-kDa
toxin and their aclivity. When the protosin was. treated at pHi
10.5. the conductance of he resulting toxin was found o be
betwaen 19 pS and 399 pB, and the channel ouments did
retum compietely (0 Zem, whersas the range of the channsl
conduciances of the 85-kDa toxin produced at pH 9.0 was far
widier, l.e. from 18 pS 10 3300 pS. and the chennels never
closed fully,

One simple explanation for the different kinelic behaviouwr
of the full foxin and that of the o1 oS5 polypsptide may be that
the residiies imalved in the transition o the opan stk 1©
the cheed state of the CrydB chemnela ane located I a
region of the loxin that iz mot mapped by e al-af
potypaptide. Their absence n the Inmcated protein would
twerafore account for the tandency of the ul—x5 channals to
rema!n open. However, when Cry48 was prepamd al pH 5.0
rather than pH 10_5—as iower pH., whach did not resull in toxin
tuncation as demonsirated by the presance of the two magor
bands observed at sbout 47 kDa and 18 kDa on S06G-
PAGE —Hs channel kinatic activity resembiled that of the a1 -
a5 polypeptide. Thus, it cannot ba excluded that the residues
invoived in gating are located in the al-«5 region itsel and
that, undsr tha reduced praparative pH condittons used for
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the full toxn {pH 9.0) and ils 21—5 fregment (pH 8.8, ke
capacity of the gating residuas 1o returm the channeis to the
closed atale wae inhibked, which would explain tha slmiler
knetic behaviour of CrydB and its ol -aS fragment under
theas conditiong. This pH-dependence of the channal activily
remans 1o be elucidated further,

Therefore, cur resuits suggest thal the pH at which the
protoxdn | processed afecls the regions of the toxin invohed
in oEgorerizalion, clustar Bssemmbly and gating due o
profonation or deprotonadion of cartain residues. There s
evidenos that panicll|ar strabehis i gomalin 3 of Cry1Aa and
Cry 1A boxting are iwblvad in jon channed reguiation [12,35).
Morsover, it hag been meported that pH directly aflects Cry1C
chanmsl selactivity and conductance [18) ang that redusing
pH promades unfoldng of this toxin [36]. Furthérmore, it has
baen shown recenty that targe conductances of Cry1C
channels are attually due Yo clusters of channats of smallsr
conductances [37).

Taken togeliver, our data demonstrate that the major
determinait of Cry4B pora formation s e «1-a5 segmeni
af the putative domain 1 of the toxin, & region thal fundiions
a5 an afficient chanmel-fomming polypeptids wilhout the
remainder of the activaled prolein, Our results also show
thal CridB chaniel sizé and gating depants on the pH
condiions used for the processing of the preiosdn. YWhile itk
possibie that assembly and galing of the channelz are
reguisted by residuees localed outside the o1-u5 region of
i i0in, #l cannot be excluded that they may be found within
thve ol1— =5 segment itsell, in an area thal s sensilive 16 pH
duning the processing of the iruncaled palypeptide and the
136:k0a protoxin. Furlher work i3 nesded W locate thes
pariicutar regeost of the CrydB protein and 1o cdlarfy the role of
pH In ils gaing and pore-assembly propartias.

Exparimantal procaduras
Towity proparation

CrydD proteings and The al- a5 polypegplides were axpesssed os
inclusion bodies produces from the doned o8 and of o genes
in E cof. They were partislly purfied 88 described aardier [31).
Cry4B was bolubized and then trypain-sctivabed in 50 mbd kayCO,,
pH 8.0 or 1.5, emcept for sscondary struchure delemanation where
10 mM NalH POy, pH 9.0, wes ussd insteed, Pmoisin concentrations
warg debtermningd Lsing & Suo-Rad proben quantiiattvg kit with bovine
sanam abumin Sigme-Addch Comp.. St Loy, MO, USA} a8 a
siandard, The sclivaled Ciy4D wxin wes Wirther puihed by bize-
axthuson chromalography using a Superose 12 calunn (Amemsham
Bioscienoas Comp., Piscataway, MJ, USA), The punfied fractiors
werd Bnalysad by SD6-15% wiv polyacryiamics ged electrophornes:s.
Pufifed CRsl cams cut Gt A Menomeante B wilh is two fragmeants
of 47 kDa and 21 kDa attached together,

Sinog the a1- a6 fmgment could nod be solubiized in B0 mbl
a0, buffer, pH 10.5. 50 mM Trs buffer, pH 2.8, wea used. Tha
solubilizad proleit was passed (frough & Centicon-10 (Milipore,
BiBericg, MA, USA) for conpentrating bafore injection on a Superdax
200 FPLC column (Amersham Biasciences Com.. Plecataway, N,
LISA). Thie protein was debactad i the void volume a8 an ggregate
larger than 200 kDa (data nol showm). Priar 16 o5, oxin solufans
wam vortsosd and sonkcated for abowt 1 min o prevant sggregation,

Chreudar ticfaiem (OO spectropeopy

CL spacira of the ackvated Crydf tman and the =1 - o5 polypapida
warg megaurad with 8 Jasco JT18 spectropotaimebss (Jasco ind,
Easion, MO, USA), Thay were scanned bebween 185 nm and 280
nms ol mom temparatuns In B metangulsr quarz cuvelie with a 0.2-
mm optioal paih length. CO measurements of CrydB [n = 3) and its
al-4a5 fragmend (0 = 5} ware laken at a rmiw of 20 nmfmin. The
mmurmﬂlwmmwnhmhdpdwm
was oquad 0 4510 ¥ M and 3107 M, respacivaly, as
determined by far UV abeorbanocs. Specia weess comected for
sabvent baseline oblained under the same condiions. The moler
drcular dchroism Ac ot @ piver wavelength wat caltulated with the
following formuls:

Ak = (K = & x M, )HE % N d)

where K was aqual bo 3298 » 10°, # was the measured slipticity (in
milidegress), M, was the molecutsr waight of the sample, ¢ was te
sampia ocnoerration {in gimi), N was the number of papkde bonds
of the sampla and d wes the optical paih length of the sampls call (in
o). Rafernce spacta wers cbisined and ecala calibeation ai 200
nm waz padormed with cemphorsulionio acid (CSA, Sigma-Aldrizh
Goip., 51 Lous, MO, USA) and the ¢ velug of CEA (1 mgimik was
nmumdlﬂhﬂhdmafum rianend, giving As (182 8 nm)f
Ar {290.5 nim} = 2.08 |38], Tha coemiarie of the peobin and s
fragment wars derivad from their A« determines gl 222 rm using Ax
{222 nm) = 10.6 & the value for 100% helicity (30,

Planar bpid biayers

Plarar §ipid Bilayess wans nmed e S T2 1 fwipat) lipd misture
of PE. PC and Ch {18]. Tha final ponoantralon wes 2% moimi
Aap0tved In docans. The lipid bilayer was painied, using a pre-puled
oinas pipwthe dipped in 8 decane-ipid solulion, on & 2004sm orifice
&Mnnbﬂnnmpawmmﬂﬂm;ﬂiwm
Membranes hed a typicel capacitance of 150-250 pF and rsnained
atahls for several hours. Badore tman or polypeplice reconatiuon,
e bilayar was monilored undér noo-zero holding vollage conditions
for mane than 30 min to andLre thad no conkarninant-inducis] charnel
#clivity was prasent. hmrpmﬁnnmpimomnd by adding allguots
of the proledn or its ant 1 e oz chambear, which was
stimed wsing & small magnetic . undii chanmal aclvity wae
obsarved. The inssrtion process wes faciitaled by appiving a 100-
mY hoiding polential scavas the blisyer. Channel aclvity was
dat&:ﬁadbyﬂwprmnmnﬂﬁshndmmlmwd-ddm
tes! woliage steps applied acnss the planar lipid biloyer. Acivated
Crydfl was vaad ol comcantralions between 150 nd and 200 niM,
wheenas the o1 - 28 dmgmant concentraion rangsd from 4.3 nM o
ggc';u All mxperiments were parformed at room temparature {22 -

Dets pacorkog avd Arwwyiss

Singl channgl curments were radandad with an Adopabah-10 patch-
damp ampiifiar {Aaon Instromaenis, Foglgr City, CA). Signals wees
digiized wilh a Digidata 1200 analogue-to-digital converisr using
Axoe0ope 5.0 softwsre (both fiom Axsn nelrunhdnis) & a S0-kHz
sampling frequency. They wers low-pass fitecsd ol 600 Hz and
anaiysed on a parsonal compaisr using Axpecope 8.0 software.
Channal conduciances were dalarmined & ollows. In experi-
ments whene channsi cuments retumed to the bapsling—i.e. 1o the
oumerr level obsarved at any particulsr voltage In the absence of
pithas' i foxin or il Tragmant— the famgest ampltude of the oumen
lops obaarvad fromn, of 1o, the Baaaking vl wai plolind sgains
appiied wiilBge o ganarmis curment—voltags reelone, o |-V cirves
(Mathod 1}. [n expadimanis where chamnel curments hever idumed o
e basalre—i.8. In which &t last ona channal remaingd aweye
opan—tha main channal asxmemt was plisined from the ampitude of
e srmallesd cumrent bevel obzervabls for al least 50% of the durston
of e fecording ol éach volags, and B -V curvea
wore obimined (3 2), Finaily, all phservable Cumant 33603 Were
mensured for each volfage and ther amplitudes wers plotied versus
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valage (Mathad 3. Using the iFres mefhod: described above, the
dhamnel conductanced waie (Han dedved oM e Popes of the
Irvaar FeQnaaion [Ings 1o Whe data palrita. The conducianees obtained
for weoh individiad exparimant werg then aweraged over the mumier
of superiments parformed under the same conditions. Fesults ane
sapresasd as maang +SEMa.

lon selectyity was measured urder 4501150 mM KC1 (cgtrans)
nsymmeical conditions. The reversal polersal, Vi, was oblained as
the vollage for which the comsponciing Enear regression imsrsached
e hesiankal axis of the |- curves, amd s comednsd o s value
calculated for K* accordng to Nemst equation [40). Channal
selaciivty for K* over CI~ was derved fom PP pammeabiity
ratios calcuieied using Vi and lhe Goldman-Hodgkin-Katz eguation
) 8

Chamicals and soldtions

Phosphatidyletanolamine (PE), phoaph (PC) and cho-
st :Ch]mobmad!mm Awanti Polar Lipids. {(Alabaster, AL,
USA}. All cihar chemicals used wers of snafytical grade (from
vanous suppliors). Under symmetrical conditions, bosh the oz and
e irans crambarcs of he biayesr expaimental apparabus containad
150 mM KC1. T mM CaCl: and 10 mM Tris-HG, pH 9.0. For lon
selncipdly debermingtion, ionio gradionis wee astabished with 450
aMKCJmmm sidg ard 150 mM KCi in iha frane side of lhe

.
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