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ABSTRACT. Trichotoxin_A50E is an 18-residue peptaibol antibiotic which forms multimeric transmembrane
channels through self-association. The crystal structure of trichotoxin has been determined at a resolution
of 0.9 A. The trichotoxin sequence contains nine helix-promoting Aib residues, which contribute to the
formation of an entirely helical structure that has a central bend-df03 located between residues-10

13. Trichotoxin is the first solved structure of the peptaibol family that is-dikelix as opposed to containing

part or all 3¢-helix. GIn residues in positions 6 and 17 produce a polar face, and are proposed to form the
channel lumen. An octameric model channel has been constructed from the crystal structure. It has a
central pore of~4—5 A radius, a size sufficient to enable transport of ions, with a constricted region at
one end, formed by a ring of GIn6 residues. Electrostatic calculations are consistent with it being a cationic
channel.

The peptaibols are a family of antibiotic polypeptides that  rrichotoxin AsoE Ac-UGULU-QUUUAAUPLUU-@V-o01
exhibit antibacterial activity mainly against gram-positive  Trichotoxin A40_1  Ac-UGULU-QUUAAUUPLUU-EV-ol
bacteria. These peptides are produced by soil fungi and range Alamethicin F30 Ac-UPUAUAQUVUGLUPVUUEQE -0l
in length from five to twenty residues. Longer members Chrysespermin C Ac-EUSUILYGUUAAUBUUU-@R-o1

of the family are_capablg of_m_sertmg into lipid bilayer Ficure 1: The sequences of trichotoxin_AS50E, trichotoxin_A40-
membranes, forming multimeric ion channels. 1, alamethicin_F30, and chrysospermin_C. Imino acid residues are
Most peptaibols have an acetylated N-terminus, a C- in yellow, aromatics in red. Glu is in green and GIn in blue=U
terminal amino alcohol, and a frequent occurrence of the AP, and J= Iva. Alignments were done in CINEMAS].
nonstandard, helix-promoting amino acid Ado-@gminoisobu- - ,
tyric acid oro-methylalanine). The sequences of over 250 alamethicin_F30 1) and the NMR solution structure of
peptaibols have been compiled in the peptaibol databaseSnrysospermin_C8). These peptaibols have functionally
located at http://www.cryst.bbk.ac.uk/peptaibol. significant differences in sequence from the trichotoxins

The peptaibols have been divided into subfamilies (5Fs) (Figure 1).
on the bases of their sequences, lengths, and functional
properties 1). The largest SF is SF1, containing the “long” MATERIALS AND METHODS
peptaibols, which are between seventeen and twenty residues
in length. The trichotoxins are members of SF1 and have Synthesis and Crystallizatiofhe trichotoxin_A50E pep-
been isolated from the funguBrichodermaviride strain  tide was prepared by solution phase synthesis as previously
NRRL 5242 @—6). So far, structures of two other SF1 described ), and was characterized by mass spectrometry
members have been described: the crystal structure ofand liquid chromatography. Crystals were obtained from a
mixture of methanol and acetonitrile at a ratio of 1:10 (v/v),
TJ.K.C. was supported by a BBSRC studentship. Data collection at using a peptld_e concentration of 29.6 mg/mL. Gk
the Daresbury Synchrotron Radiation Source Station 9.8 was supported Data Collection.Data were collected on the Synchrotron
by a beamtime grant from the BBSRC to B.A.W. Radiation Source at Daresbury using the high-resolution
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* Department of Crystallography. °C. The data were collected to a resolution of 0.8 A. Due to
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1 Abbreviations: Ac, acetyl; MeCN, acetonitrile; MeOH, methanol; ; ; ;
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Table 1: Statistics for the Trichotoxin Crystal Structure Rk T ul‘ b iﬁﬁ
Determination and Refinemént ' . L%j
space group P1 L) AIT

unit cell a=9.455b=16.75,c=31.68 A, .

o=95.77,8=98.07,y = 99.45

solvent content 8.3%

mol/au 2

resolution 09A

redundancy 2.79 (2.18)

completeness 99.7% (99.9%)

Ro 0.059 (0.413)

Rint 0.051 (0.261)

no. of total unique reflections 14115

final Rfactor 0.075

final Rfree 0.092

no. of non-H atoms 238

no. of solvent atoms (non-H) 11
average B-factors (A

chain A 4.03

chain B ) 4.37 At 5

RMSD (chainsAandB)  1.18 A FiGure 2: Electron density (2FeFFc) map, showing the atomicity

aValues in parantheses are for the outermost resolution shel-0.90 ~ at this resolution. The density around GIn17 of chain A is shown.
0.95 A. The map is contoured at 6 This figure was made using

BOBSCRIPT v.2.320) and RASTERS3D 21).

0.051. Data completeness was 99.7%. The outermost resoluzegyjted in a slightly higher Rfactor of 0.151 and Rfree of
tion shell from 0.95 to 0.90 A had aRo of 0.413, Rint of 0.167.

0.261, and redundancy of 2.18 (Table 1). Model Building and Refinemenkodel building of the
Molecular Replacemeng Matthews coefficient calcula-  polypeptides was carried out using the program O, version
tion (11) suggested the crystals had 8.3% solvent content, 8 (18) to produce the correct amino acid sequences. One
and two molecules in the asymmetric unit. Such a low solvent acetonitrile (MeCN) molecule was also built into density.
content is consistent with other peptaibol crystals: antiamoe- Refinement was carried out in SHELXL. Each chain was
bin and alamethicin had solvent contents of 28 and 30%, defined as a rigid body and 20 cycles of full matrix least-
respectively {2, 7). The structure described in this paper squares refinement were performed with data to 1.3 A
was determined by molecular replacement, although virtually resolution. Aib, Ac, MeCN, and valinol (Vol) were defined
identical structures were also obtained from these data byin the .ins file by use of the HIEUP heterocompound
two different direct methods procedures (Chugh and Wallace, database1(9), which generated appropriate parameters for
in preparation). A wide range of truncated models derived the unusual residues. Then 50 cycles of CGLS refinement
from the alamethicin crystal structure were unsuccessful at 0.9 A with the inclusion of antibumping restraints gave
using both AmoRe13) and MOLREP {4) procedures. The  an Rfactor of 0.153 and Rfree of 0.164.
structure was ultimately solved using a theoretical helical SHELXWAT was used to identify four water molecules.
model for the first 12 residues and the N-terminal acetyl (Ac) Rejection was on the basis of the isotropic U being greater
group, initially created in the molecular graphics program than 0.2 for a potential water molecule. A further 40 cycles
SYBYL, version 6.7 15). The solution was obtained using of CGLS refinement led to an Rfactor of 0.153 and Rfree of
MOLREP, and included two molecules in the asymmetric 0.170. Addition of two more water molecules by analysis
unit. The search model had 75 (non-hydrogen) atoms out of of sigma-weighted difference maps and the introduction of
the 119 atoms expected for trichotoxin_AS5@=factors were  anisotropy with 50 cycles of CGLS refinement gave an
set to 20. The molecular replacement search using dataRfactor of 0.108 and Rfree of 0.132.
between 10 ah4 A resolution resulted in a solution with a A further MeCN molecule was added after inspection of
correlation coefficient of 0.516 and an Rfactor of 0.486. The the sigma-weighted difference maps. This, combined with
solution was initially refined in SHELXL 16) using data  rebuilding of the Leul4 side chains, addition of hydroxyl
between 11 and 2.1 A. At this stage the Rfactor was 0.457 groups to the C-terminal residues and addition of hydrogens
and the Rfree was 0.531. Then 40 cycles of CGLS (conju- and water molecules, resulted in a final Rfactor of 0.075
gated gradient least squares) refinement were done using datand Rfree of 0.092 (Figure 2). The restrained goodness-of-
to a resolution of 1.3 A, producing an Rfactor of 0.425 and fit was 0.977. The final model consists of 527 atoms
Rfree of 0.455. including hydrogen atoms and five water and two MeCN
Arp/Warp (17) was then used to identify additional Mmolecules.
atoms: After a total of 100 rigid body refinement cycles  The coordinates and structure factors have been deposited
with model building every 10 cycles, the Rfactor decreased in the Protein Data Bank as entry 1M24.
to 0.136 and Rfree to 0.152. At this stage the peptide Structure Analysis MethodsPROCHECK 22) and
structure was made up of only Ser, Ala, and Gly residues WHATCHECK (23) were used to examine the stereochem-
with a connectivity index of 89%. However, chain B lacked istry, geometry, and quality of the structure. PROMOTIF
the three C-terminal residues, so the procedure was repeate@4) was used to define secondary structure and hydrogen
to include data to 0.9 A resolution. The C-termini residues bonding patterns of the peptide. MODEL from the RE-
of both chains A and B were then accounted for, but this STRAIN suite of programs was used for the calculation of
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Ficure 4: Stereoview of chains A (red) and B (blue) from the
crystal structure of trichotoxin superimposed. This figure was
produced in MOLSCRIPT v.2.080) and RASTER3D 21).

FIGURE 3: _Stereoview of trichotoxin chain A. This figure was Because the chains are so similar, unless otherwise stated,
produced in GRASP26). only chain A will be discussed. There are no intermolecular

inter- and intramolecular contact®5). For RMSD, electro- hydrogen bonds between the two polypeptides in the asym-

statics, and dipole calculations, GRASES(was used with m_etric unit. The B-factors for b_oth chains were very low,
AMBER (27) charges assigned. HOLE8) was used to with over 95% of the atoms having B-factors between 1 and
calculate and visualize the pore diameter. 10. o _ ) )
Modeling of the Channel Structur&he chain A structure Packing in the CrystalThe two helices in the unit cell
was used for modeling the channel as it was better orderedPack in an antiparallel manner. The molecules are oriented
than chain B. The channel model was generated using theSO that their polar surfaces face inward opposite each other.
CCP4 program PDBSET20) and GRASP 26) with oc- Thg Gln17'5|de chains are at the N—t_ermln_al ends of the other
tameric symmetry. The monomers were initially oriented so helix allowing them to come close in a zip-like manner.
that the hydrophilic GIn side chains would form a lumen  Dipoles.In this study, dipoles have been calculated using
and the hydrophobic Leu and Vol side chains would lie on GRASP @6). The average dipole moment of chains A and
the periphery. The octamer structure was minimized in B of trichotoxin is 37 D. By comparison, alamethicin and
SYBYL (15) with 500 cycles of CGLS refinement. The antiamoebin dipole moments are 54.1 and 26.8 D, respec-
RMSD between the chain A structures before and after tively. These are very comparable to the experimentally
minimization as part of the channel with the inclusion of measured dipole moments of alamethicin-like pepti@ds (

side chains was 0.65 A. The differences in calculated dipoles between trichotoxin,
antiamoebin, and alamethicin are accounted for by their
RESULTS differences in structure: Antiamoebin has three hydroxypro-

line and proline residues, and a greater bend-@&) in its
g structure 12), and aromatic residues at both the N- and
C-termini, thus resulting in a weaker dipole. Alamethicin
2—16 in chain A and residues-2L7 in chain B (Figure 3). has a charged Glu residue near its C-terminus which results

The termini are type B-turns. No 3¢-helix was found, unlike N its larger dipole.

in all other peptaibol structures solved to date. Chains Aand Geometric Deiations from “Ideal”. Residues 1612 are

B differ from each other slightly: chain A has a bend angle not as tightly coiled as the rest of the structure. The-isi

of 8° and chain B of 10. Consequently, the length of chain  angles for these residues tend to be closer to those gf a 3
Ais 29.9 A and chain B is 29.8 A. These helices are of helix, which are usually-49° and —26°, even though the
sufficient lengths to span the hydrophobic section of a lipid hydrogen bonding pattern is that of arhelix. The phi angle
bilayer. for Alall (—86°) is much higher than the expectedo°.

The trichotoxin helix is amphipathic: residues Gly2 and This causes the carbonyl oxygen of Alal0 to protrude on
GIn6 contribute to the polar face, along with the carbonyl the polar face of the helix. A slightly high phi angle is seen
oxygen atoms of Aib9, Alal0, and Prol13. The Leu4 side for GIn6é (=71°), resulting in its side chain protruding
chain is in different conformations in chains A and B, outward on the polar face of the helix.
indicating there may be some flexibility in this residue. From It was of interest to examine the planarity of the poly-
residue Aib9 onward, the two monomers deviate from each peptide backbone, since the structure was solved by a full
other slightly. The C-terminal Vol18 residue has different matrix least-squares procedure with no geometric constraints.
conformations in the two chains. Additionally, disorder at In other high-resolution structures of polypeptides, the
the C-terminus of chain B was seen in the difference maps angle often deviates significantly from planarit§2( 33),
indicating two possible conformations. However, the second although in most large protein structures planarity is used
conformation was a minority and thus not defined enough as a geometric constraint. Both chains in trichotoxin have
to model a suitable conformation. The RMSD between the planar backbones within which most angles deviate by less
two trichotoxin chains is 1.18 A for all non-hydrogen atoms, than 10; however, in chain A the planarity angle of GIn17
but only 0.386 A between backbone atoms (Figure 4). deviates by 13and for Alall in chain B by 12

Structural FeaturesTwo independent peptides were found
in the unit cell. These molecules were labeled chains A an
B. Both chains are essentially althelical, including residues
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Table 2: Intramolecular Hydrogen Bonds Table 3: Water Molecules Involved in Hydrogen Bonding to
chainA chainA chainB chainB Polypeptide
donor acceptor length angle (deg) length angle (deg) acceptor
o] N A C=0—N A C=0—N water molecules
Ac Loud 302 161 > o4 162 chain donor (HOH) length (A)
Aibl Aib5 2.93 154 3.00 155 A Aib16 (O) 1 2.77
Gly2 GIn6 2.97 156 2.98 157 A Vol18 (OH) 1 3.46
Aib3 Aib7 2.96 157 2.99 153 B Gly2 (N) 2 2.97
Leud Aib8 2.99 164 3.00 158 B Alal0 (O) 3 2.78
Aib5 Aib9 2.96 148 3.00 150 B GInl17 (NE2) 4 2.86
GIn6 Alal0 3.01 155 3.11 155 A GIn6 (NE2) 4 2.91
Aib7 Alal0 3.24 110 3.19 114 A Aib12 (O) 5 2.99
Aib8 Alall 3.06 122 2.92 125
Aib9 Aib12 3.06 117 3.06 122
Alall Leuld 2.94 138 2.98 135
Aib12 Aib16 3.11 163 3.09 163
Prol3 GInl17 3.44 138 3.20 141
Leul4d GInl17 3.08 118
Leuld Vol18 3.10 163
Aib15 Vol18 3.09 126
Aib15 Vol18? 2.88 138

aDenotes the hydrogen bond was made to the OH group of Vol18.

PROCHECK also indicated the mean cli)(angles for
Leud in chain A as being unusually high with a deviation
of 17°. This high-resolution, geometrically unrestrained
structure indicates that proteins can contain side chain
conformations that are not normally produced in geo-
metrically constrained protein structures determined at lower
resolutions. Such can be observed in other high-resolution
structures. The high-resolution crystal structures of ribonu-
clease 82) and crambin 33) both contained chi angles that
were above the average of 182:713.1°.

Hydrogen BondingThe criteria used for hydrogen bonds

were (a) a length between 2.5 and 3.5 A and (b) an angle of W;

>110 (Table 2). Chains A and B each have 15 intramo- "‘9
lecular hydrogen bonds involving intramolecular backbone : © N
L

interactions. The major difference in the hydrogen bonding .
of the two chains is in their C-termini. In chain A, 014 makes E'GtURE o Ir}tramct)_léecular gydrloge? ?‘r’]”dt'”g an(lj hydtr%genhb(_)nd_s

; ; etween polypeptides and solvent. The two polypeptide chains in
a hydrogen Pond to N17 a”?' 'n chain B, Ql4 hydrogen bondsthe asymmetric unit are linked by a hydrogen bond to the same
to N18. An influence on this is that chain A is a turn from  water molecule. Water and acetonitrile (MeCN) molecules are
residue 16 onward whereas in chain B this occurs from shown as green and yellow spheres, respectively. Hydrogen bonds

residue 17 onward. Due to the difference in conformations a{e representeld b)é cyadn-co:jorgld dotted ””?_5- ?Xygﬁ_n E}Ud nitrogen
. P . . aloms are colorea red an ue, respectuvely. IS Tigure was
in the C-termini, O15 is able to hydrogen bond with OH18 produced in MOLSCRIPT v2.030) and RASTER3D 21).

(Figure 5).

There are no intermolecular hydrogen ponds between theDISCUSSION
chains. However, the two molecules do interact through a ) )
water molecule. Water molecule 4 forms hydrogen bonds Comparison of the Structures of SF1 Peptaibdlte
to GIn6 of chain A and GIn17 chain B. Water molecules 1, Structures of two other members of SF1 have been deter-
4, and 5 form hydrogen bonds to chain A and water mined: the crystal structure of alamethicin_F30) (n
molecules 2, 3, and 4 form hydrogen bonds to chain B. Water M€OH/MeCN and the NMR structure of chrysospermin_C

molecule 1 also forms two hydrogen bonds to chain A (Table (8) bound to dodecylphosphocholine vesicles. All three SF1
3) structures, alamethicin, trichotoxin, and chrysospermin_C,

] are amphipathic helices, having two GIn residues, one
Sobent ContentFive well-ordered waters and two MeCN midway in their sequence and one toward the C-terminus,
molecules were observed. For a calculated solvent contentyhich form part of the hydrophilic face. GIn6/7 has been
of 8.3%, the theoretically expected number of solvent shown to be critical for conductance in SF1 memb@g. (
molecules was nine, so most of the solvent is ordered in Also all have a Pro residue in position 13 or 14 and in the
these tightly packed crystals. Neither of the two MeCN case of alamethicin there is a second Pro residue in position
molecules make any intermolecular hydrogen bonds and both2. The bend angle seen in chrysospermin_&38° and in
have relatively high B-factors. Of the five water molecules, alamethicin it ranges from 26-30°, as opposed t0°8-10°
the two water molecules that form two hydrogen bonds each,in the nearly straight trichotoxin. Comparisons of chryso-
have higheB-factors. spermin_C and trichotoxin give an average RMSD of 1.59



12938 Biochemistry, Vol. 41, No. 43, 2002 Chugh et al.

Trichotoxin A40 1  Ac—UGULUBUUAAUUBLUUEV-o0l (42). In trichotoxin_A40 the Glu is at position 6, whereas in
Trichotoxin A40_2  Ac-UGULUQUUUAAUBLUUEV-ol the other trichotoxins, it is at position 1243).
?*Eﬂ"?’"*“—iig—i ﬁ‘ﬂggiggggﬁgggiggg‘oi Extensive studies have characterized the ability of tri-
Trioheper e AC_UGULUQUUUAUUPLUJEV_; chotoxin_A40 and alamethicin_F30 to produce voltage-
Trichotoxin A40 S5a Ac-UAULUQUUUAUUPLUUEV-ol dependent ion channels in black lipid bilayer membranes
Trichotoxin A40 Ac—UGULUEUUUAUUPLUJ'PV—ol (44—47). Fewer functional studies have been described for
Trichotoxin ASOE Ac—UGULE]QUUUMUPLU -ol the trichotoxin_A50 subgroup, although trichotoxin_A50E
Trichotoxin ASOF  Ac-UGULUQUUAAAUBLUJ@V-ol has been shown to be capable of forming channels, causing
gigﬂgtgiiﬂ:ﬁgﬁ ig:gigiﬁggﬂﬁgiigg:gi cell death, and capable of lysing most cell and cell organelle
Trichotoxin AS0I Ac-UGULUQUUUAUUBLUJ@V-01 membranes4g).

Trichotoxin A50J Ac-UAULUQUUUAUUBLUJRV-ol Studies involving side chain modifications of the Glu6

Ficure 6: The sequences of the two trichotoxin subgroups, the res_ld_ue n t_r'ChOtOX'n—A4O showed that the haemolytic
trichotoxin_A40s and the trichotoxin_A508-6). Pro is in yellow, activity was in the order: {COO") < (~CONHNH;") <

Glu is in green, and GIn is in blue. &= Aib and J= Iva. (—CONH,), where the modification to an amide makes it
Alignments were done in CINEMAS. equivalent to trichotoxin_A50. Thus, the GIn version is more

) ) active in lytic activity than is the version with a Glu residue

A for their 104 common atoms and1.40 A for only their  (49). This is comparable to the case for alamethicin where,
backbone atoms. The closest alamethicin structure has afyhen the C-terminal Glu is replaced by a Gln, activity
RMSD with trichotoxin of~2.37 A for the 109 common  increases. Mutational studies have demonstrated that a Glu
atoms, and~1.61 A for the backbone atoms alone. Thus, s not essential for channel-forming activity in the case of
there are considerable differences between the SF1 membergjamethicin 0). It has been proposed that the Glu residue

and this is likely the reason that models based on the may cause charge repulsion between monomers in a channel
alamethicin structure were unsuitable for the molecular assembly49). Alternatively, it is possible that Glu may have
replacement of trichotoxin. a disruptive effect with regards to channel stability.
Comparison to Structures of Members of Other Peptaibol  Model Channel Features and Implications for the Mech-
SFs.The crystal structures of antiamoebib2[ from SF2  anism of TransportThe trichotoxin_A50E channel was
and Led-zervamicin 85) from SF3 have been determined. modeled as an octomer (Figure 7), since octamers have been
The main differences between these two structures andinferred to be the most stable conducting forms of most of
trichotoxin are that zervamicin and antiamoebin have two the peptaibols. However, conductances have been recorded
Hyp and one Pro residue, contributing to a greater bend for a range (4 12) of other peptaibol oligomeric sizes; these
observed in their structures, thus making zervamicin and result in variable pore sizes, which may produce differences
antiamoebin significantly shorter. In trichotoxin the Aib jn the mean channel conductances and selectivities for ions
carbonyl oxygens contribute to the polar interior; however, (44, 51-55). Detailed conductance data is not yet available
in antiamoebin and zervamicin, this is achieved by the for trichotoxin, so the number of monomers in this channel
carbonyl oxygens of the Hyp residues. is not currently known. However, the octameric model
Comparison to Crystal Structures of Trichotoxin Segments. produces a most reasonable channel geometry, as described
The crystal structures of a number of synthetic trichotoxin below, and also, since the alamethicif) &nd antiamoebin
segments have been determined, but until now the full channels%6) have been modeled as octamers, permits direct
peptide had never been crystallized. The structures of comparisons to be made between those structures and the
trichotoxin segments are considerably different from the trichotoxin channel model produced here.
comparable regions of the intact molecule. The trichotoxin  The GIn6 side chains form a lumen which defines the
helix is predominantly-helix; however, thus far all of the  narrowest region of the pore to have a diameter@f A
segments examined have been found to fen8lix struc-  (Figure 8). The GIné NE2 atom of one chain can form a
tures. A segment consisting of residuesI2 (36) forms a  hydrogen bond to OE1 of GIn6 of the neighboring helix, a
predominantly right-handedghelix, made up of mostly type  hydrogen bond of3 A potentially stabilizing the oligomer
Il f-turns. The N-terminal tripeptide and pentapeptide (Figure 7). This is the residue that forms the interconnecting

segments of trichotoxin were bofhturns of type I and Il,  hydrogen bond with water molecules in the crystal. A second
respectively. The first three residues of the pentapeptide wereintermolecular hydrogen bond could be formed between the
the same in structure as the tripeptide segmanit 38). NE2 atom of GIn17 of one helix with the carbonyl oxygen

Such differences between segments and the intact peptaibohtom of Aib16 of the neighboring helix chain B. Most of
structure were also seen for alamethica®)( In that case, the pore lumen is relatively uniform in diameter4—5 A)
residues 1220 were found to contain a mixture af and as it is composed of nearly straight helices aligned parallel
3ior-helix (40), whereas an undecapeptide similar to the to each other.

N-terminus of alamethicin was found to be purelycahelix Which residues line the pore can be inferred by the
(41). These results suggest short segments may not neceshydrogen bonding pattern to solvent in the crystal. Five water
sarily be good models for intact peptaibol molecules. molecules form hydrogen bonds to Gly2, GIn6, Alal0, and

Structure/Function Relationships of the Trichotoxins GInl7 (Table 3). The N atom of GIn17 forms a hydrogen
The trichotoxin sequences comprise two subgroups, tricho-bond with the Pro13 carbonyl oxygen of the same molecule.
toxin_A50 and trichotoxin_A40 (Figure 6). The tricho- We suggest that upon application of a voltage, the GInl7
toxin_Ab0s have two GIn residues, one at position 6, and side chains could undergo a change, moving in toward the
one at position 17. In the trichotoxin_A40s, one of these pore, especially since they have weaker hydrogen bonds of
GIn residues is replaced by Glu, as found in alamethicin_F303.44 A. This could change the bend angle around Pro13.
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Ficure 8: Pore dimensions of the octameric channel model. The
individual helical monomers are depicted as ribbons in different
colors. The blue surface indicates where the pore radius is wide
(>2.3 A), and the green surface indicates where it&3 A but
>1.15 A. This figure was produced in HOLRS).

to the trichotoxin channel model proposed here, although
there are key differences that may result in altered channel-
formation and transport capabilities. First, trichotoxin_A50E,
lacks the charged Glu residue at the C-terminus which is
seen in alamethicin_F30. In addition, alamethicin has a
structurally important second Pro residue near the N-terminus
and an aromatic Phe residue as its C-terminal residue, both
of which are absent in trichotoxin_A50E. The presence of
aromatic residues at membrane interfaces has been suggested
to stabilize channels in membran&s8), so these differences
may have functional implications. The GIn6 ring diameter
proposed for the alamethicin channel is comparable to that
proposed here for trichotoxin. A third possible site of
stabilization in alamethicin_F30 was proposed to be the
negatively charged Glu near the C-terminus.

Electrostatics calculations on the trichotoxin_A50E chan-

Ficure 7: (8 A model for an octameric channel of trichotoxin nel modeled here suggest the interior of its pore is highly
viewed fr.om the C-terminal end of the helices. The GIn6 and Glnlﬂ negatively charged. Even without the presence of a Glu

residues are depicted in ball-and-stick mode, with their oxygen and "esidue, this high negative charge suggests that the channel
nitrogen atoms colored red and blue, respectively. The proposedshould be selective for cations (Figure 9). Chemical modi-
interhelical hydrogen bonding is shown in cyan. Rings are formed fication studies indicated that the GIn isoform had better lytic
from hydrogen bonds between the GIn6 residues of each helix, a“dactivity than the Glu form and thus, may produce far more
there are additional hydrogen bonds between N of GIn17 and O of " .

Aib16 of neighboring helices. The hydrophobic Leu and Vol stable char]nels49). The electrostatl_c calcu_lat|ons on the
residues are shown in ball-and-stick mode in gray on the exterior model for trichotoxin_ASQE are consistent with replacement
of the channel. (pA side view of the channel model. These figures by Glu having a disruptive effect on channel stability, as
were produced in MOLSCRIPT v.2.8Q and RASTER3D 21). opposed to the stabilization role previously proposed for the

equivalent residue in alamethicin.

The voltage could cause the interaction between Prol13 and-oncLUSIONS

GIn17 to be broken. The GIn17 side chain could then form

a set of interhelical hydrogen bonds similar to those of GIn6.  Subtle differences in amino acid sequences have been

The N-terminus would be part of the intracellular side of suggested to account for the varying functional activities of

the membrane due to inserting first into the membrane. In SF1 membersl)). SF1, the largest SF, has the most widely

alamethicin a hinge region similar to trichotoxin is formed studied range of functions vizo, including such activities

by a Gly-Leu-Aib-Pro motif and NMR studies show flex- as alamethicin causing the release of catecholamines in

ibility in this region 67). bovine chromaffin cellsg9), and chrysospermin_C having
The alamethicin channel model comprised of eight mono- some anti-cancer and anti-viral effect60f. Other SF1

mers, proposed by Fox and Richard3, (it is very similar peptaibols that have not yet been structurally characterized,
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Ficure 9: Electrostatic surfaces of the octameric channel. (a) viewed from the N-terminus and (b) viewed from the C-terminus. Both ends
of the channel have large negative potentials, indicating this should be a cation channel. This figure was produced In26RASP (
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