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ABSTRACT. Interaction ofd-endotoxin and its proteolytic fragments with phospholipid vesicles was studied
using electron microscopy, scanning microcalorimetry, and limited proteolysis. It was shown that native
protein destroys liposomes. The removal of 4 N-termindielices and the extreme 56 C-terminal amino

acid residues did not affect this ability. The results obtained by limited proteolysiseafiotoxin bound

to lipid vesicles show essential conformational changes in three or four N-terminal helices and in the
C-terminal region. The calorimetric method used in this study provides a unique possibility for the validation
of existing models of protein binding and for a more accurate determination of the regions where
conformational changes take place. It was found that the binding of the protein to model liposomes does
not alter its structure in the regions starting with the fourthelix of domain I. This can be concluded

from the fact that the activation energy of denaturation of the protein remains unchanged upon its binding
to the phospholipid membranes. A new structural model has been proposed which agrees with the data
obtained.

Proteinaceous crystalline inclusions are formeBagillus insertion in membranes need to be elucidated. Insights
thuringiensiscells during sporulation. The proteins contained regarding the structure of the pore-forming domain within
in these inclusions, the so-calléeendotoxins, are toxic for  the membrane could significantly contribute to the under-
insects and some other invertebratd3. Based on the  standing of the mode of action of these toxins and are highly
structure and mechanism of functiod;endotoxins are important as a paradigm for the mechanism of insertion and
divided into two multigenic familiesCry and Cyt R). organization within membranes of other membrane-permeat-
Solubilization of crystals in the midgut of insect larvae, ing toxins and integral membrane proteins.

proteolytic processing of protoxin molecules to toxins, and  Tywo alternative models have been proposed for the
binding of toxins to receptors on the surface of epithelial organization of the pore-forming structuresdgndotoxin
cells and their insertion into the apical membrane generateyyithin the membrane, the “penknife” and the “umbrella”
pores that lead to distortion of osmotic balance and cell lysis yjgdels b, 13-15. The same models were suggested
(2-4). . ~previously for the colicin pores9}. The “penknife” model
There are data on the conformation of three Cry proteins jmpjies that two of the helices without significant rearrange-
from B. thuringiensisnamely, Cry3A that is active against ment of the rest of domain | would flip out of domain | like
insect larva of Coleoptera, Lepidoptera-specific CrylAa, and 4 penknife opening. The “umbrella” model suggests that a
Cry2Aa with dual toxicity against lepidopteran and dipteran pajr of helices, joined to the side of domain | closest to the
insects §—7). The results obtained show that despite the membrane surface, would drop down into the membrane.
differences in the amino acid sequences the proteins have arpe remaining helices will be rearranged to be open on the
similar three-dimensional structure and consist of @sesli- membrane surface like the ribs of an umbrella. Based on
cal () and twop-sheet (Il and Ill) domains. Domain I, the results of the interaction of synthetic polypeptides
assumed to be pore-forming)(is formed by a bundle of  ¢qrresponding ta-helical segments of domain | with model
seveno-helical regions with a central helo located inside membranes, Gazit et all§) proposed thati4 anda5 insert
the bundle. A similar structural motif, i.e., a “bundle” of jnto the membrane as a helical hairpin in an antiparallel

a-helical segments with a central hydrophobic hairpin, is manner, andx7 may serve as a binding sensor to initiate
characteristic of some other pore-forming proteins such asstryctural rearrangement of this domain.

colicins and B-fragment of diphtheria toxi812).

Although the crystal structure dfendotoxins was deter-
mined and extensively studied, the conformation of pores
formed by the toxin and the molecular mechanism of its

It is important that any of the models proposed for the
formation of channels require partial or complete unfolding
of bacterial toxin molecules for insertion of theirhelical
segments into the membran&7). It is evident that the
conformation of the pore-forming domain can easily be

0 4;§dgressflCoézjeSponde”‘ie@to this a“:hor' Phone/Fex(095)924-  changed as a result of interaction with the lipid membrane
, E-Mall address: spot@vega.protres.ru. . . . .

* State Research Cent%r of A,?p,ié’d Microbiology. if the domain does not form a unique cooperative system.
8 |nstitute of Protein Research. However, recently we demonstrated8) that a Cry3A
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molecule melts without any intermediate states and thus isphospholipid vesicles, the protein solution was intermixed
a cooperative system. To elucidate this contradiction, we with liposomes at a molar toxin-to-lipid ratio of 1:100.
studied the principle of-endotoxin structure organization. Hydrolysis of -endotoxin with trypsin or chymotrypsin in

It was shown that its structure consists of “core” and 100 mM sodium phosphate buffer, pH 7.5, was performed
“passive” parts. By definition, the “core” involves structure at the toxin-to-enzyme ratio of 1:2 at 3€. Samples were
elements, which undergo conformational changes when thetaken at 2, 4, and 24 h. The reaction was stopped by the
molecule turns into the activated (or transition) state. This addition of 2 mM phenylmethylsulfony! fluoride (PMSF).
part of the structure is maintained due to kinetic reasons. At Cry3A was cleaved with pepsin in 25 mM glycine hydro-
the same time, the structure of the “passive” part is chloride buffer, pH 3.0. The protease was added at a toxin-
maintained solely due to its interaction with the “core”. to-enzyme ratio of 10:1. The reaction was performed at 25
Removal of the “passive” part evidently only slightly changes °C and stopped by adjusting the pH to 8.0.

the stability of the protein, due to entropy reasons. Appar-  Preparation ofé-Endotoxin FragmentsTo prepare a 53
ently, any change occurring in the structuredeéndotoxin kDa fragment, pepsin (Sigma) was addedtendotoxin in
upon its binding to the phospholipid membrane should affect 25% methanol solution in ¥/HCI, pH 2.0 (the toxin-to-

the thermodynamic parameters of its denaturation. If theseenzyme ratio was 100:1), and the mixture was incubated at
changes involve the molecule “core”, the activation energy 25 °C for 4 h. The reaction was stopped by adjusting the
would also change. It has an immediate impact on the half- pH to 8.0. Then the incubation mixture was dialyzed against
width of the melting curves. Thus, scanning microcalorimetry 50 mM Tris-HCI, pH 8.0. The 53 kDa fragment that
provides a unique possibility to localize the range of aggregates in these conditions was collected by centrifugation
conformational changes in a toxin molecule upon its binding and dissolved in 100 mM glycine hydrochloride buffer, pH
to the membrane, while checking the validity of the proposed 3.0, and the protein solution was dialyzed against an
structural models of pore formation. Recently the influence appropriate buffer at 4C for 18 h.

of -endotoxin on liposomes and phase transitions in lipids To prepare a 49 kDa fragment, Cry3A crystals were
forming these liposomes has been studi&®).(The aim of dissolved in 3.3 M KBr, 50 mM sodium phosphate buffer,
this work is to elucidate changes in the structure and pH 7.0, at 37°C for 1 h, and the insoluble material was
cooperativity of a Cry3A protein molecule during its interac- separated by centrifugation. The supernatant was 5-fold

tion with phospholipid vesicles (liposomes). diluted with 50 mM sodium phosphate buffer, pH 7.8.
Chymotrypsin (Sigma) was added to the Cry3A solution
MATERIALS AND METHODS (toxin-to-enzyme ratio was 2:1), and the mixture was

incubated at 37C for 48 h. The reaction was stopped by
the addition of PMSF to 2 mM. Then the pH of the
suspension was reduced to 3.0 lwit M HCI, and the
purified using a step sucrose gradient (67, 72, and 82%) in f’ilézpﬁziflgrn V;asg 'gly.f_ﬁcei azl%allggngsrarglmgrzcglgviyddrtc()) cr;lg-
distilled watgr €. ) ) ) associated with low molecular weight polypeptides resulting
The protein concentrgtlon was Qetermlned according to £.0m s-endotoxin proteolysis26). This complex was dis-
Lowry et al. @3). Protein preparations were analyzed by gqciated by incubation at S for 20 min, and the fragment
polyacrylamide gel electrophoresis as descritisd. ( was separated from the admixtures by gel chromatography
Determination of N-Terminal Amino Acid Sequenkter on a Sephadex G-75 column (Pharmacia) atG4
electrophoresis in SDSPAGE, the products of proteolytic Differential Scanning CalorimetryCalorimetric measure-
hydrolysis of Cry3A were blotted onto a poly(vinylidene ments were made on a precision scanning microcalorimeter
difluoride) membrane (Immobilon, Millipore) in 50 MM gcAL-1 (Scal Co. Ltd., Pushchino, Russia) with glass cells
borate buffer solution, pH 8.0, containing 20% ethanol and of 0.3 mL volume at a scanning rate of 1.0 K/min and an
0.02% -mercaptoethanol. A Transphor 2005 (LKB) was excess pressure of 2.5 atm. The protein concentration in the
used for electrophoretic transfer of the Cry3A fragment. experiments varied from 1.0 to 3.0 mg/mL. The partial
Polypeptide bands were stained with Coomassie R-250 andspeciﬁc volumes were 0.73 &g for proteins and 0.985
analyzed on an automated gas-phase sequencer 477A (Apcn/g for lipids. The excess partial heat capacity was
plied Biosystems). calculated in a standard manngf), A thermodynamic and
Preparation of Phospholipid Vesiclesl-Palmitoyl-2- kinetic analysis of the profile of the excess heat capacity
oleoylphosphatidylcholine (POPC), 1-palmitoyl-2-oleoylphos- was done as in Potekhin et al§j.
phatidylglycerol (POPG), and 1-palmitoyl-2-oleoylphos-  Electron MicroscopyMixtures of 6-endotoxin with lip-
phatidylethanolamine (POPE) (Avanti Polar Lipids) were osomes at protein-to-phospholipid molar ratios of 1:20, 1:50,
used. Unilamellar vesicles consisting of POPE/POPG and1:100, and 1:10000 were prepared for electron microscopy
POPE/POPC with a molar ratio of 3:1 were prepared by analyses. The samples were negatively stained with 1%
reverse-phase evaporati@¥). The required buffer solutions  aqueous uranyl acetate using a single-layer carbon technique
(glycine hydrochloride at acid pH or sodium phosphate at (28). Electron micrographs were taken with a JEM-100C
neutral pH) at a concentration of 25 mM were added to the electron microscope at an accelerating voltage of 80 kV and
mixture of lyophilized lipids. At the final stage of preparation, magpnifications of 10009 and 80006.
the samples were passed 10 times through an extruder with Bjoassay.The biological activity ofd-endotoxin from
a 0.2um pore size. Cry3A and its 53 kDa fragment was tested against the first-
Proteolysis of Protein Cry3A in the Presence of Liposomes. to second-instars larvae of the Colorado potato beetle
For proteolytic cleavage of Cry3A in the presence of (Leptinotarsa decemlineatalhe proteinsin 25 mM glycine

Isolation and Characterization af-Endotoxin. B. thur-
ingiensissubsptenebrionisvas grown in Ches mediun2()
according to Mahillon and DelcouRq). The crystals were
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PG, 3:1) vesicles before (a) and after interactiérendtbtoxin (b, c), 53
kDa fragment (d), and 49 kDa fragment (e). Protein-to-lipid ratios are 1:50 (b), 1:100 (d, e) and 1:10 000 (c). Experiments were conducted
in buffer containing 10 mM glycine hydrochloride, pH 3.0. Insets in (b, d, €) represent micrographs of the same samples at high magnification
(240000x).

hydrochloride buffer, pH 3.0, were diluted in phosphate- Vie et al. 33) report results about spontaneous insertion of
buffered saline from 1.0 to I8 mg/mL. Potato leaves were  CrylAa in receptor-free lipid bilayers with the formation of
dropped in the prepared solutions, air-dried at°20) and pore-like structures.
placed in Petri dishes. Ten larvae were tested for each Analogous processes of liposome destruction took place
dilution, and 8-10 dilutions were used to determine theskC ~ when liposomes were treated with the 53 and 49 kDa
values g9). Mortality of the larvae was recorded after 5 days fragments ofy-endotoxin (Figure 1d,e, respectively). When
of incubation at 2I°C and a photoperiod of 18 h. the concentration af-endotoxin was reduced (the toxin-to-
phospholipid ratio is 1:10 000), very large vesicles as well
RESULTS as aggregates of vesicles originally absent in the control
Electron Microscopy Analysis of Interaction of Cry3A with  sample appeared on micrographs (Figure 1c). The appearance
LiposomesTo study the effect ob-endotoxin on model  0f large vesicles suggests that the toxin can induce liposome
liposomes, a comparative electron microscopy examination fusion. The electron micrograph of the same preparation at
of negatively stained phospholipid vesicles was carried out high magnification is presented in Figure 2. It is clearly seen
before and after the addition @tendotoxin (Figure 1) or  that toxin molecules are concentrated on the surface of
its proteolytic fragments. On the electron micrographs, intact liposomes. Moreover, in this case the surface of smooth
unilamellar phospholipid vesicles appear as spherical or oval vesicles has become rough. Similar morphological changes
bubbles of 0.020.2 um (Figure 1a). An addition of Of vesicles obtained from the gut membranes of silkworm
o-endotoxin leads to their destruction. When toxin-to- larvae were observed after adding the insecticidal protein
phospholipid molar ratios vary from 1:20 to 1:100, no from B. thuringiensissubsp kurstakiHD-1 (34).
vesicles are observed, and only liposome scraps and Cry3A The electron microscopy data allow us to suggest the
molecules can be seen on the field of preparation (Figure following sequence of events occurring upon the interaction
1b). These results corroborate the ability dEndotoxins of Cry3A with liposomes. If molar ratios of the toxin-to-
from B. thuringiensisto interact with artificial lipid mem- phospholipids are low (e.g., 1:10 000), the toxin molecules,
branes containing no specific receptdd8+{32). Moreover, as well as some other proteins and peptic&s 86, induce
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Ficure 2: Electron micrograph of phospholipid (POPE/POPG, 3:1)
vesicles in the presence éfendotoxin at a decreased protein-to-
lipid ratio (1:10000) and at enhanced magnification. Toxin Ficure 3: Electrophoretic analysis of Cry3A-endotoxin pro-

molecules are We.II visible on the surf@ce of Ilpospmes. Experiments teolytic digestion (see Materials and Methods) by pepsin (a) and
were performed in the same conditions as indicated in Figure 1. by trypsin and chymotrypsin (b). In all panels, lane 1 shows marker

proteins, and lane 2 shows 67 kIdaendotoxin. (a) Lane 3, 53

fusion of liposomes into large vesicles. Moreover, it seems kDa fragment obtained in 25% methanol solution at pH 2.0 (3 h);
that Cry3A exerts a weaker effect on the integrity of small lane 4, 53 kDa fragment obtained in 25 mM glycine hydrochloride

buffer containing phospholipids POPE/POPC (3:1) (24 h); lane 5,

liposomes as compared to that of larger liposomes. Theseqeolysis in the same conditions but without phospholipids. (b)

data indicate that binding of a relatively large number of Results ofd-endotoxin proteolysis in the presence of liposomes
protein molecules on the surface of any liposome is required (2, 4, and 20 h, respectively) by trypsin (lanes5 and by

to trigger its breakdown. Butko et.gB7) reported a similar ~ chymotrypsin (lanes 68).

result with CytA d-endotoxin. They assumed that at least o )

140 CytA toxin molecules should bind to a vesicle before Pholipid vesicles. Based on the enzyme used, three or four
the latter starts losing its integrity. An increase of the N-terminal a-helices are removed. Indeed, the 55 kDa

concentration oB-endotoxin induces rapid destruction of fragment formed as a result of trypsin treatment is obtained
liposomes. after splitting of three N-terminak-helices (t1—a3) (39).
Thus, the results of the electron microscopy study show The 53 kDa fragment obtained after pepsin action is a result
that, first, -endotoxin can bind to model liposomes in the ©f splitting of foura-helical segments1—a4). In the case
absence of specific ligands and, second, such binding cause8f chymotrypsin processing (49 kDa fragment), 3 N-terminal
disruption of membranes. o-helices ¢1—a3) and 56 amino acids from the C-terminal
Limited Proteolysis.Limited proteolysis was used to are removedd6). Studies of CytA and CytB toxins frof.
investigate changes in the structure of the Cry3A protein thuringiensisshowed that their incubation with phospholipid
caused by its interaction with phospholipids. liposomes also results in t_he appearance of new sites of
The Cry3A protein is not practically processed upon its Protease cleavaget@). It is interesting that methanol can
incubation with pepsin at pH 3.0 at least for 24 h. Nonethe- also induce certain structural changesjkendotoxin mol-
less, in the presence of phospholipids or 25% methanol aecules that are similar to those occurring upon its binding to
53 kDa fragment resistant to further pepsin digestion is the membrane4().
formed (Figure 3a). The N-terminal sequence of the 53 kDa  Effect of Lipid Bilayer on Heat Denaturation éfEndo-
fragment is Ala-lle-Ser-Gly-Tyr. A comparison of this toxin.As shown earlier8), heat denaturation @-endotoxin
sequence and the primary structure of the to%i§) @llows and its 55 kDa fragment are under kinetic control in solution
us to conclude that in this case pepsin cleaves the Phe{184) at acid pH and can be described by a one-stage model. Thus,
Ala(185) peptide bond. These amino acid residues are locatedn addition to standard thermodynamic characteristics of
in the C-end of heli>a4, i.e., close to the loop between the denaturation, enthalpy and transition temperature, experi-
a4- andob-helical segments in domain ) mental data allow us to evaluate the activation energy of
The changes in the toxin structure caused by its interactionthe rate-limited step of the process. Figure 4 shows temper-
with phospholipid vesicles are also evidenced by the dataature dependencies of the denaturation enthalpy and activa-
from its treatment with trypsin and chymotrypsin. Trypsin tion energy for the toxin and its fragment in solution at pH
hydrolyzes the protein in the presence of phospholipids, andfrom 2.0 to 3.5 (lines 1, 2, and 5). The functions are linear
the 55 kDa fragment is formed (Figure 3b). The proteolysis and increase with a temperature increase. Earlier it was
with chymotrypsin is more complicated: 55 and 49 kDa shown that the enthalpy of proteins is practically independent
fragments as well as smaller peptides with molecular massesof solution pH and is a function of temperature only. This
of 15 and 8 kDa are formed (Figure 3b). assumption may be also taken for the activation enet§y (
Thus, the results show a remarkable acceleration of Cry3A Thus, a difference of denaturation enthalpy and activation
protein proteolysis in response to its interaction with phos- energy for experiments at different pH reflects the temper-

14 = -——
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g Table 1: Thermodynamic and Kinetic Characteristics of
1500 — Denaturation fod-Endotoxin and Its Fragment in the Presence and
| Absence of Lipid3
5 1250 - liposome  Tn AHp, AEy
£ | objects pH composition (K) (kJ/mol) (kJ/mol)
2 1000 - o-endotoxin 3.0 — 338.6 1200 410
- ] 35 343.6 1330 460
o 55 kDa fragment 3.0 — 343.3 830 470
< 750 4 53 kDa fragment 3.0 — 330.6 690 520
£ . 35 - 338.2 730 530
L 500 - 49 kDa fragment 3.0 — 336.2 340 430
o-endotoxin 3.5 POPE/POPG 340.5 1150 380
i 3.5 POPE/POPG 342.2 940 420
250 7.4 POPE/POPG 353.0 1610 -
1 o-endotoxin 3.5 POPE/POPC 3414 1170 430
AN 7.4 POPE/POPC 3529 1620 -
320 330 340 350
aTn is the temperature of the peak maximukiy, is the calorimetric
T(K) enthalpy, andAE is the activation energy. Experiments on the
Ficure 4: Dependence of enthalpy (filled symbols, lines3) and influence of lipids on denaturation of-endotoxin were done at a
activation energy (open symbols, lines) for denaturation versus ~ Protein-to-lipid ratio of 1:50.9) In this experiment, the protein-to-
the apparent denaturation temperatufg, Designations: ©,®) lipid ratio was 1:20. The I|p|d—to?I|p|d ratio in Ilpc_)s_omes was 3:1. The
5-endotoxin; @,0) 55 kDa fragment; ¥,v) 53 kDa fragment; experiments were conducted in buffer containing 25 mM glycine

(a,2) 49 kDa fragment. Results af-endotoxin interaction with ~ hydrochloride (acid pH) and 25 mM sodium phosphate (neutral pH).
model liposomes are shown b$ (). Straight lines are drawn by

the least-squares method for every object. The data on intact . . .
o-endotoxin in solution and the 55 kDa fragment are reproduced on the pH of the solution and is a temperature function.

from Potekhin et al.X8). The filled diamond at-343 K corresponds 1 herefore, the enthalpy values for the bound and free forms
to the melting ofd-endotoxin at pH 7.4 and two different lipid  of the toxin can be compared only at the same temperature
contents (see Table 1). irrespective of the pH at which the data were obtained. Figure
600 4 shows that the denaturation enthalpies for the bound protein
both at acid and at neutral pH are very close to the
temperature function of denaturation enthalpy for the protein
in solution (Figure 4). Usually this is interpreted as the
absence of any essential conformational changes in the
molecule structureZ7). To be more exact, the change in
the protein hydration during denaturation in solution and
when bound to lipids is practically the same.
As for the activation energy of denaturation, Figure 4 (line
e L R 5) shows that it does not change when the protein binds to
330 340 350 liposomes either. This means that despite direct interaction
T(K) of the protein with the lipid bilayer, the kinetic pathway of
FiGURe 5: Effect of phospholipids on heat denaturationdeén- protein denaturation remains unchanged. Moreover, the
dotoxin. Temperature dependence values of the excess heat capacityegion of the structure determining the protein stability (the

functions ford-endotoxin were obtained at pH 3.5 (curves3) “core” of molecule) has no conformational changes upon
and 7.4 (curve 4) at a heating rate of 1 K/min. Curve 1 was obtained ) g P

in the presence of liposomes containing POPE/POPG; curves 2 ancpmdmg as well. By definition, the ‘.‘Core” is the part of the.

4, POPE/POPC; curve 3 was obtained in the absence of lipids. Structure that undergoes conformational changes upon activa-
Experimental conditions are given in the legend to Table 1. The tion of the molecule. As demonstrated earliB8)( this “core”

lines correspond to experimental curves. Triangles show the bestdoes not include, at least, three N-terminahelices. To

fit of the experimental functions. The experimental curves of i p " .
o-endotoxin melting at pH 7.4 at two different lipid contents (see localize the molecule “core” more accurately, heat denatur

Table 1) do not differ. ation of two additional fragments of toxin in solution was
also studied.

ature dependence of these parameters and is not connected Heat Denaturation of 53 and 49 kDa Fragments of Cry3A

with any conformational alteration. Protein. The melting curves for fragments are well-described

An analogous approach was used to study denaturationby a one-stage kinetic model of denaturation (Figure 6). The
of 9-endotoxin bound to lipid membranes at acid and neutral transition temperatures of the 53 and 49 kDa fragments at
pH. As seen from Figure 5, at acid pH values the curves pH 3.0 (Table 1, Figure 6) are lower than those of intact
(1-3) are in good agreement with the one-stage kinetic toxin and the 55 kDa fragmen1§). The 53 kDa fragment
model. At neutral pH, the denaturation becomes more is less stable than the 49 kDa fragment, but its denaturation
complex (curve 4) and is not a one-stage process any longerenthalpy is much higher than that of the latter (Table 1,
The obtained thermodynamic and kinetic parameters of Figure 4). Thus, cleavage of the C-terminal region decreases
denaturation for the toxin bound to lipid vesicles are given the denaturation enthalpy far greater than that of four
in Table 1 and in Figure 4. It can be seen that experiments N-terminal a-helices.
done at two different compositions of membranes produce Figure 4 also shows that the activation energy of the 49
approximately the same results. As mentioned above, thekDa fragment (open triangles) coincides with that of the
denaturation enthalpy of proteins does not actually dependwhole molecule (line 5), whereas for the 53 kDa fragment
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available experimental data show that the “core” does not
include 3 N-terminabi-helices and at least 56 amino acids
in the C-terminus of the molecule. Indeed, when these regions
of the structure were removed, the activation energy of the
protein in solution did not change whereas the total enthalpy
of the molecular denaturation was altered significantly.
Additional removal of only the fourtl-helix results in an
increase of the activation energy of denaturation. Thus, the
fourth a-helix takes part in the activation conformational
changes and is incorporated in the “core” of the molecule.
Though there were no conformational changes in the
] . structure of the “core” ob-endotoxin bound with phospho-
Eﬁgﬁgn% f;’reygﬁdrg:g)r(?nd@ﬂfcgegr;cgngf iig%gﬁ?%ﬂﬁ%gi@g'tﬁipi(_:i vesicles, electron microscopy data revealed its dramatic
fragments (curves 1, 2, and 4, respectively) at pH 3.0 in 25 mM action on liposome structure. Destruction of all vesicles or
glycine hydrochloride buffer, and at a heating rate of 1 K/min.  at least a part of them was observed (Figure 1) in a wide
o ) ) ) ) range of molar toxin-to-lipid ratios (from 1:50 to 1:10 000).
it is noticeably higher (line 4). The 49 kDa fragment is 56 |t should be noted that the free toxin molecules observed
residues shorter from the C-end and4 helix Ionger from through the whole electron-microscopy field are hardly
the N-end than the 53 kDa fragment. Conservation of the geyoid of lipids. The fact that in the presence of lipids the
activation energy for a truncated protein means that the c5orimetric curves of toxin melting are well described by a
deleted region undergoes no conformational changes withingne_stage kinetic model allows us to assert that under such
the intact molecule upon activation. Therefore, it may be congitions the toxin molecules have a unique conformation,
concluded that activation changesd®gndotoxin structure  the same for all molecules. Indeed, though in the presence
do not occur in 3 N-terminadi-helices and in at least 56 and apsence of lipids the difference in the denaturation
residues from the C-end. The fourth N-terminahelix has transition temperatures can reachG3(see Table 1, pH 3.5,
already undergone (_:o_nformatio_nal changes during aCtivationpopE/popG)’ an addition of lipids does not result in a more
and, consequently, is included in the “core” of the molecule. ¢omplex calorimetric curve, which should inevitably occur
It should be noted that the real experimental error in jn the case of heterogeneity of the states of the toxin
determining the enthalpy and activation energy does not ygjecules.
exceed 10%27). The scatter of experimental points (Figure oy conclusion on the absence of conformational changes
4) corroborates this. Thus, the differences in the enthalpiesj, the larger part of the first pore-forming domain upon its
and activation energies for the fragments a@nreindotoxin binding with the membrane conflicts with the “umbrella”
in various states are reliable. The absence of any changes inygdel. This hypothesis suggests changes of the structure
these parameters within the limits of experimental error practically in the whole domain I15( 14, 15. In principle,
!ndicates only the absence of noticeable (large-scale) changes)r result agrees with the “penknife” model, if it is assumed
in the molecule structure. o _ that theo2—a3 helices play the role of the “blade”. However,
Biological Tests.The insecticidal activity of the native i \vas shown 39) that elimination of the first three helices

Cry3A toxin and its 53 kDa fragment was checked on paq almost no affect on toxicity. Therefore, these helices and
Colorado potato beetld ¢ptinotarsa decemlineaidarvae.  ihejr interaction with the membrane do not play the leading

The LGy value was 0.g/mL for the intact 67 kDa Cry3A (g6 in realization of the toxic function. It is interesting that
toxin and 30ug/mL for the 53 kDa fragment. Thus, the 53 and 49 kDa fragments without several N-terminal
elimination of four N-terminabi-helical segmentso(l—a4) a-helices exert a similar destructive effect on liposomes, as
reduced the toxicity of the fragment by no less than 2 orders §ges the intach-endotoxin. If the same mechanism is valid
of magnitude. Earlier it was found that proteolytic cleavage for fragments and for intact protein, obviously, all of them
of Cry3A betweena3 and o4 helices did not affect its  paye structure elements necessary for interaction with the
insecticidal activity £6, 39. hydrophobic core of the bilayer membrane boundaries. On
the other hand, it is clear that for this type of interaction,
surfaces of all these objects should have identical (or similar)
hydrophobic regions, responsible for binding, with dimen-
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DISCUSSION

One of the most essential results of this work is that the

structure ofd-endotoxin does not change upon binding to
phospholipid vesicles in the region starting with the fourth
a-helix of the first domain to the 56th amino acid from the
C-end. This conclusion follows directly from the fact that
denaturation of the toxin bound to the lipid bilayer proceeds
with the same activation energy as that of a molecule in
solution (Figure 4, line 5). As shown earlietd) and
developed further in this paper, the molecular structure of
the toxin involves both the “core” and “passive” parts. In
contrast to changes in the “passive” part, any changes o
the “core” structure resulting from interaction of the toxin
with the lipid bilayer or from any other influence should
inevitably modify the activation energy of denaturation. The

sions corresponding to the thickness of the hydrophobic core
of the bilayer membrane (i.e., about 3 nm). However, the
existing crystal structures of Cry proteins have no such region
on the surface. Consequently, this region may appear only
as a result of a conformational transition induced by its
interaction with the membrane. This seems to be very likely,
especially because3—a4 helices become more accessible
for protease action. On the other hand, our results show that
such changes in the pore-forming domain can involve only
fthree N-terminabi-helices. Thus, a significant moment here,
as a result of deviation afl—o3 helices from the rest of
the protein structure, is that the hydrophobic surfaces formed
by hydrophobic residues of the fourth, fifth, and seventh
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ary. The linear dimension of the protein revealed that the
hydrophobic surface is about 30 A, which corresponds to
the thickness of the hydrophobic core of a bilayer membrane.
Our data do not exclude that only the first two helices move
away at the first stage of binding and the hydrophobic groups
of thea5 anda.7 helices only form the hydrophobic surface
that contacts the membrane core. However, biological tests
show that the 53 kDa fragment, lacking four N-terminal
o-helices, is much less active than intact toxin. Apparently,
the hydrophobic residues of tiegl helix should be involved

in interaction with the membrane for the toxic activity in
vivo to be revealed completely. The removal of the fourth
helix depresses the toxic effect of the protein but preserves
its ability to interact with lipid membranes. Thus, according
to this model, most of the toxin molecule inserts into the
membrane, forming the channel. The outer surface of the
channel is formed by hydrophobic regions @, a5, and

o7 helices, and its lumen is lined by the hydrophilic residues
of domains Il and Ill (Figure 7c).

It should be underlined that the model in which the greater
part of the toxin molecule is imbeded in the membrane is
not new. Aronson et al4@, 49 have made such a conclusion
using the data on treating the membrane-embedded-
dotoxins with proteinase K. The important role of the fourth
(45), seventh 46), and fifth a-helices for the toxic function

FiGUrRe 7: Model of interaction of Cry3A&-endotoxin with alipid ~ \was demonstrated earlier. On the other hand, the direct
membrane. (a) Scheme of Cry3A three-dimensional structure with participation of domain Ill in realizing the ion channel

three N-terminaki-helices flipped out. Domains I, I, and Il are . . -
shown in red, green, and blue, respectively. (b) Molecular surface function was also reported in a series of papéi—49).

of the toxin withouta1—a3 helices. The hydrophobic regions of However the proposed model does not completely agree with
the surface are shown in green. The projections of the three omittedthe data of Arnold et al.50), who have demonstrated a
a-helices are shown as cylinders. (c) Schematic representation ofremarkable effect of mutations in the secoachelix of
ﬂ?ﬂgoggﬁgd?éeg%‘fgﬂgg;’g;rt]h:n!pégtrgﬁ?x:ﬁne' Helieeb-a3 domain | on the ion transport abil_ity gnd the toxicity of the
Cry1Ab protein. But despite the significance of the changes
helices are turned open (Figure 7a). This assumption ismade (the highly conserved proline residue was altered), the
corroborated by the reported dag&®?), which show that the  toxicity dropped by no more than 3 times. Such small
enhanced membrane-perturbing activity of Cryd@ndo- alterations can be caused by the indirect effect of a particular
toxin at low pH correlates with the increased hydrophobic mutation. The authors believe that “the Pro70-caused broken-
surface of the molecule. In so doing, the previous CD study helix motif does seem to have a role in the topological
demonstrated only small pH-dependent changes in theorganization of the ion channel in the larval midgut
secondary structure of the proteins belonging to the Cry membranes”.
family (42). It has been shown (Figure 1c) that Cry3A is able to induce
Hence, a model that would reflect the results reported liposome fusion at rather low concentrations when liposomes
herein should take into account the following basic particu- are not practically destroyed. It is known that amphiphilic
lars. (i) The structure af-endotoxin starting with the fourth  helices can often induce liposome fusi@3 (36, destabiliz-
o-helix of domain | does not change upon protein binding ing the bilayer. It is possible that namely the interaction of
to the membrane. (ii) The lack of three or four N-terminal the second and/or third amphiphilic helices with the mem-
a-helices ofd-endotoxin does not lead to a loss of its basic brane induces liposome fusion and facilitates embedding of
structural elements responsible for the destructive effect onthe molecule into the hydrophobic core of the membrane.
the vesicles. (iii) The changes in the structuré-efndotoxin Special attention should be paid to principally different
induced by membraneprotein interaction reveal a hydro- contributions of C- and N-terminal parts of the Cry3A
phobic region responsible for its binding with the hydro- molecule to the total heat of its melting. It is obvious that
phobic core of a bilayer membrane. removal of C-terminal amino acids leads to a sharp drop of
A reasonable model satisfying all our data consists of the the denaturation enthalpy of the molecule (Figure 4, Table
following. At the first stages of binding, three N-terminal 1). This means that interaction of this region with the “core”
o-helices move away from the main structure (Figure 7a), of the molecule will intensify with a temperature decrease.
interacting with the membrane surface. As shown eaié), ( A quite different situation is observed for N-terminal
the second and third helices have high affinity to the a-helices. The plots of the dependence of the denaturation
membrane and are preferably oriented nearly parallel to theenthalpy of an intact molecule (Figure 4, line 1) and two
membrane surface. As a result of such conformational fragments (lines 2 and 3) intersect at about 32348 °C).
changes, the hydrophobic groups of the fifth, seventh, and This indicates that the contribution of N-termirwdhelices
fourth helices are opened (Figure 7b) which allows them to to the total enthalpy of melting is close to zero in this
interact with the hydrophobic core of the membrane bound- temperature range. At a lower temperature, their contribution
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becomes negative, and the process of their separation from 9.
the “core” is endothermic. Hence, a curious and possibly

important physiological conclusion can be drawn. The
strength of interaction of N-terminal-helices with the rest
molecule structure is maximal at about®D The interaction

diminishes with an increase and a decrease of temperature.
This may be a reason for the absence of toxin action on
warm-blooded animals. The process of separation of N-
terminal helices from the rest of the molecule needed for
embedding Cry3A into the membrane proceeds at lower

temperatures.
The results of limited proteolysis af-endotoxin in the

presence of different agents, which can somehow diminish

intramolecular interactions stabilizing the protein structure,

are also evidence for a rather weak interaction of these helices 19.
with the rest of the molecule at room temperature. It should

be noted that protein Cry3A is not practically cleaved upon
its incubation with pepsin. However, in the presence of 20

25% methanol or liposomes, the 53 kDa fragment is formed
(41). The use of KBr or liposomes and trypsin as a protease 21.

results in the formation of a 55 kDa fragmedB( 39. It is

evident that the changes in the structure caused by addition
of these agents increase the accessibility of proteases to theyg.

third and fourth helices, which is in good agreement with

the model proposed. The results of proteolysis show that 24.
similar changes also occur in the molecule upon its binding 25.
to the membrane. Treatment with proteases can cause 26

removal of three or four N-terminati-helices and the
C-terminal region. The physiological role of the conforma-

tional changes in the C-terminal part of the molecule is not
yet clear. It may serve to fix the molecule on the membrane
surface or promote the interaction between toxin molecules

upon pore formation. It was shown, however, that domain
Il may also be involved in receptor recognition and can
change insect specificityd(, 52. Additional studies are
required to clarify the role of this region.
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