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Conformation and pairing properties of the N-terminal fragments
of trichorzianine and alamethicin: a theoretical study
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Energy optimizations are ca:ried out on the N-terminal fragment of trichorzianine in comparison to that of
alamethicin. The results indicate that the helical character of the (Ac...Pro®) sequence of trichorzianine
(TA Hlc) is essentially alpha with a bead in the helix axis in the end prolins regtion, 2 structuse comparable
to (he opiimai a-heiicai structure of the corresponding segment (Ac...Pro*) «f alamethicin AL However,
two weak n — n + 3 interactions coexist in trichorzianine with the a-helical % ~ 5 -+ 4 hydrsgen bonds. The
possible role of the glutamine side-chains in pairing such segments together is considered.

Introduction

In a series of recent papers [1-4] we have
explored the packing properties of various ‘hydro-
phobic’ polypeptide a-helices and their aptitude to
form transmembrane bundles with a view to con-
tributing to a better understanding of the capabil-
ity of such bundles to act as channels or pumps in
membranss, a possibility currently considered for
explaining the observed properties of physio-
logical transmembrane proteins (e.g. bacteriorho-
dopsin [5-7], the acetylcholine receptor (for a
review see Ref. 8), the sodium channel [S], etc.).
Bundles of a-helices have also been considered to
play a role in the conductance properties of syn-
thetic polypeptides [10,11] as well as in the case of
the natural antibiotic alamethicin [12,13] and of
its synthetic analogs [13].

Abbreviations: Ac, acetyl; Ait, a-aminoisobutyric acid; Phcol,
phenylalaninol; Trpol, tryptophanol.

Correspondence: A. Pullman, Institut de Biologie Physico-
Chimique, Laboratoire de Biochimie Théorique associé au
C.N.R.S., 13 rue Pierre et Marie Curie, 75005 Paris, France.

In view of the continuation of our program
concerning the format:ion of channels by helical
pclypeptides, we constder in this paper a problem
encountered in the comparison of alamethicin and
trichorzianine.

These molecules are antifungal peptides pro-
duced by Trichoderma viride and Trichoderma
harzianum fungi respectively. They both belong to
the tamily of peptaibols, i.e., polypeptides carry-
ing an alcohol at their C-terminal extremity and
whose sequence contains a non-classical amino
acid, a-aminoisobutyric acid, Aib (ar alanine in
which the C, hydrogen atom i3 substituted by a
methy] group). The interest raised by *these mole-
cules is due to their antibiotic properties and to
their ability to produce membrane modifications
{14-18). Concerning alamethicin., it is well estab-
lished that it induces voltage-dependent mem-
brane conductance (for a review see Ref, 19), The
situation is fess clear-cut in the case of tri-
chorzianines. In a recent paper {17} it was shown
that the major component of trichorzianines, TA
Illc [20}, produces modifications of membrane
permeability by inducing leakage of carboxy-
fluorescein entrapped in vesicles. More recently,
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results on macroscopic and single-channel conduc-
tance properties of TA Illc have also been ob-
tained [21], indicating an apparent general pattern
of channel formation analogous to that observed
with the alamethicins with, however, some dif-
ferences.

The major components of alamethicin,
alamethicin 1 [22], and of trichorzianine, trichor-
zianine A IIlc [20], correspond to the sequences
(abbreviated here as A and T respectively):

A = AcAib' Pro’Aib’Ala“Aib*Ala® GIn'Aib® Val*Aib'* Gly' -
Leu'?Aib"?Pro'*Val'*Aib*Aib’Glu"* GIn'® Pheol

T = AcAib'Ala?Ala’AibAib* GInAib/AibPAIb Ser *Leu' -
Aib"2Pro? Val*Aib" 1 Gln'’GIn'* Trpol

These two sequences present a number of anal-
ogies: high overall hydrophobic character, same
number of Aib residues, presence of one gluta-
mine at the first third of the chain and at the end,
presence of a prolinc at the end of the second
third of the chain. Perhaps more intriguing are the
differences between the two polypeptides, in par-
ticular the lack of the proline at the N-terminal in
trichorzianine. In order to visualize easily these
differences we have aligned the two sequences in
Fig. 1, labelling the successive amino-acid posi-
tions in alphabetical order starting with ‘a’ at the
N-terminal but labelling ‘a”’ the second positicn
occupied by a proline in the A sequence and
absent in the T sequerce. In this fashion, Gln’ of
A coincides in position f with GIn® of T, as does
Pro** with Pro® in position m, etc. This alignment
shows immediately that 12 residues are identical
in the iwo sequences (at positions a, ¢, d, f, g, i, k,
1, m, n, o, 1), while Aib b, Ala e, Val h, Gly j, Aib
p, Glu q in A are replaced respectively by Ala,
Aib, Aib, Ser, lle, Gln in T. Among the replace-
ments, the most conspicuous are in positions j
(where Gly is replaced by a polar residue, Ser) and
q (a polar ionic Glu rcplaced by a polar non-ionic
Gin). The replacements in positions h and p sub-

t g

stitute a hydrocarbon side-chain for another one,
less and more bulky respectively. One notes also
that the framed sequence b to ¢ comprises the
same four residues in the two molecules with only
an interchange in positions b aind e. Except for
this exchange and for the substitution in position
p. the eight Aib residues of both sequences coin-
cide with each other.

As concerns the secondary structure of these
molecules, crystal data [12] and NMR studies in
solution [23] are available for A. Although differ-
ing in their conclusions as to the conformation of
the C-terminal part of the molecule, these studies
concur in considering that the N-terminal part is
a-helical at Jeast up to the 9th or 10th amino acid.
Further physico-chemical studies of analogs con-
clude alsc to an a-helical structure up to the
second proline residue [24].

In the different models [12,24,25] built to ex-
plain the voltage-gaied conductance of alamethcin
a special role is devoted to this N-terminal a-heli-
cal segment assumed tc insert into the membrane
and from aggregates laier transformed into bi-
layer-spanning bundies enclosing a channel. Fur-
thermore, in the model built on the basis of the
crystal structure {12), the glutamine side-chains of
neighbor a-helices are assumed to favor the pack-
ing by forming an array of hydrogen-bonds be-
tween their carboxamide groups.

Trichorzianine, much more recently sequenced
than alamethicin, has not been the object of many
investigations and its conformational studies are
less advanced. The only one, to our knowledge,
presently available [20] concludes, on the basis of
NMR measurements, that this polypeptide is heli-
cal up to proline-13 but without definitive infor-
mation about the overall nature of the helix («, 3,,
or other), although it concludes that the first turn
of the helix is of the 3,, type.

The analegies and differences in the sequence
of alamethicin and trichorzianine, as well as the
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Fig. 1. A diagram emphasizing the analogies and differences in the sequences of alamethicin I (A) and trichorzianine T Ilc (T). The
amino acids which differ in the two sequences are in bold type.



apparent differences observed in their conduc-
tance, raise the problem of the possible differences
in their conformational and aggregation proper-
ties, We report in this paper theoretical computa-
tions carried out in the same fashion for the two
molecules, considering the problem of the nature
of the helix in the N-terminal segment of trichor-
zianine in comparison to that of alamethicin, as
well as the possible role of the glutamine and
serine side-chains in the pairing of two such seg-
ments. We ccacentrate here on the problems raised
by the N-terminal portion of the molecules up to
Prd* in alamethicin and to Prd® in trichorzianine
since, as mentioned above, this part, according to
the models of Refs. 12, 24 and 25, plays a special
role in the voltage-dependent conductance.

Standnoint and Methodology

The conformational and aggregation study was
conducted using energy optimization computa-
tions. The method used (CINFLEX, standing for
constrained internal coordinate flexibility) is de-
rived from that employed [26] in our previous
studies [1-4), i.e. it relies on the calculation of the
energy as a sum of electrostatic, Lennard-Jones,
hydrogen-bonding, torsion and polarization com-
ponents. The electrostatic component is computed
using atomic monopoles appropriately optimized
so as to reproduce with good accuracy the more
accurately computed electrostatic properties of
protein constituents [27), and the dispersion and
repulsion energies are treaied as a Lennard-Jones
type interaction with the: conventional 6-12 de-
pendance, the case of hydrogen bonds being espe-
cially treated so as to account for the angular
dependance of these intcractions (for the parame-
ters used in the expression of the Lennard-Jones
component, see Ref. 26). The CINFLEX niethod-
ology, developed in our laboratory [28], allows for
the flexibility of rings in an energy optimization
procedure, a necessity imposed here by the pres-
ence of the proline residue, The angle distorsion
force constants used in CINFILEX have been de-
veloped by fiiting to ab-initio calculations on small
model systems (for their values, see Ref. 28). This
method allows the backbone dihedral angle ¢ of
the proline residue, included in the ring, to be
treated as an independent variable,
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Considering the N-terminal part of the se-
quence up to the proline residue, namely T1 = Ac-
Aib-Ala-Ala-Aib-Aib-Gln-Aib-Aib-Aib-Ser-Leu-
Aib-Pro-NHCH, (the NHCH, group was placed
after the C-terminat proline in order to mimic the
presence of the following amino acid which con-
strains the rotation about the C,-C’ bond of this
residue), we investigated by energy minimization
the preferred helica! character of this segment.

The starting conformations for the energy opti-
mization procedures have been chosen as follows:

(a) An entire a-helical conformation with the
geometry and dihedral backbone angles of Ref. 29
(%, ¥ = —574°, —47.5°), taking into considera-
tion the possible bending effects of the end pro-
line: for the Leu-Aib-Pro C-terminal the initial
values of the dihedral angles have been taken from
the work of Bosch et al. [30]. The energy of T1 in
this starting conformation is more favorable than
in a pure a-helix.

(b) In view of the suggestions of Ref. 20:

— an entire 3, helical structure with ¢, ¢ =
—60°, —30° as currently proposed in the litera-
ture for an ‘ideal’ 3, helix (see, e.g., Refs. 31-33).
- mixed helical conformations: 3, for the first
turn and « for ihe foliowing iurns {with the Leu-
Aib-Pro C-terminal as in (a)), « for Ac...Gln,
followed by 3,, for the Aib-Aib-Aib sequence,
then a.

For the hydrocarbon side-chains other than
those of the Leu-Aib-Pro C-terminal sequence,
their C,C; carbons have been placed in a staggered
conformation. Serine was initially placedin a (g™t}
conformation. In the starting structures, special
care has been taken to allow for the many confor-
mational possibilities for the long side-chain of
Gln, numerous different initial conformations
being used as starting points.

Energy minimizations have been carried out in
two different ways, A or B. In procedure A,
energy minimization is carried out first by liberat-
ing only the side-chains (x angles) while the back-
bone is maintained fixed in its starting conforma-
tion (¢, ¥, « constant), then the resulting struc-
ture is reoptimized with respect to all the dihedral
angular variables (all ¢, ¥, « and x) simulta-
neously. In procedure B, the energy is minimized
with respect to all the variables simultanecusly,
from the start.
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For the sake of comparison similar optimiza-
tions have been equally carried out in a similar
fashion on the N-terminal segment of alamethicin
Ac...Pro%, Al = Ac-Aib-Pro-Aib-Ala-Aib-Ala-
Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-NHCH,, anal-
ogous starting points being used in the two cases.
(The starting point for the dihedral angles in the
early proline-containing segment have been cho-
sen on the basis of preliminary results obtained
for the tripeptide CI1,CO-Aib-Pro-NHCH,).

In the first part of the next section we discuss
the results of these encrgy optimizations and their
implications. In the second part we consider some
of the pairing properties of the optimized seg-
ments and the possible role of the glutamine
and/or serine residues.

Results and Discussion

1. The helical nature of the trichorzianine N-termi-
nal

The four most stable structures Tla, T1b, Tle
and T1d are displayed in Fig. 2. The values of
their respective energies and dihedral angles are
given in Table I. Both Fig. 2 and the values of the
dihedral angles, very similar in the four structures,
indicate unequivocally an essentially a-helical
character along the whole chain. We shall come
back to this point below.

T1a T1b

The most conspicuous structural differences be-
tween the four structures reside in the conforma-
tion of the Gin side-chain which interacts in dif-
ferent ways with the other residues. These dif-
ferences are indicated by the corresponding values
of the x dihedral angles of Gln in the four struc-
tures (Table II).

In Tla and T1d the values of x,, x» can be
related to the values (—60°, 120°) calculated [34]
to provide a good stabilization of the Gln di-
peptide and frequently found for Gln residues in
the crystallographic structures of globular proteins
[35,36). It corresponds to a partially extended
conformation, ‘trans’ to the main-chain carbonyl
group. The difference between Tla and T1d resi-
des essentially in the difference in the value of x;
which allows, in T1d, the formation of a hydrogen
bond between the Gln side-chain amide group
(residue number 6 in the sequence) and the
carbonyl oxygen of residue 2, namely four amino
acids below. In view of the energetical difference
between Tla and T1d the probability of occur-
rence of such a conformation of Gln appears
non-negligible. This type of hydrogen-bonding be-
tween the end group of an nth residue and the
(n—4)th carbonyl has been noted to occur fre-
quently {37] for the serine, threonine and cysteine
residues in a-helical scgments of globular proteins
and was found as a stable form in our energy

T1c T1d

Fig. 2. View perpendicular to the helical axis of the four most stable structures T1a, Ttb, Tlc and T1d optimized for the {(Ac... Pro'?),
fragment of trichorzianine.
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VALUES (IN DEGREES) OF THE DIHEDRAL BACKBONE ANGLES ¢, y, @ IN THE FOUR MOST STABLE CONFOR-

MATIONS Tla, Tlb, Tic, T1d

AE™ 0.0 1 26 16

Fragment: Tla Tib Tlc Tid
Residue P ¥ W ¢ ' w ) [ w L3 ' W
Aib' —-515 -499 —1774 -513 ~502 -1756 -514 -—499 —1758 -512 -503 ~1743
Ala? - 569 ~519 1747 -581 -476 -1761 -580 -484 -1758 —~587 -447 -—1773
Ala® -562 -500 -1795 =591 =517 -~17%8 ~-591 =510 -1803 =-612 ~542 -—1786
Aib* -528 -549 -1765 ~529 -541 -1763 —526 -542 —1768 -—526 —531 =—1747
Aib® -545 —484 —1756 —543 -—504 —1759 ~544 -494 ~1756 -—538 -—522 -1743
Gin® —589 -504 -1790 -576 -504 —179.1 -585 -501 —1788 -604 -495 -—1793
Aib’ -523 -560 -1771 -520 ~561 -1779 =522 =560 -1775 -520 =-59 -177.3
Aib® —541 -540 -1721 -541 -542 -170.7 -54) -S540 1721 -545 -539 -1721
Aib® —561 —410 —1738 —562 —406 —1728 —561 —410 -173.7 -559 -414 -1738
Ser'® —-729 -%36 -1689 —747 -—524 1689 -—-720 -—535 1690 -~728 -538 -—1688
Leu!! -758 -462 -167.2 =757 -461 ~1673 ~758 -—-462 -1672 --757 -—460 -—1673
Aib*? -594 -327 -1679 ~593 -327 -1680 -59.3 -—-328 -—1678 ~595 -326 -—167.7
Pro™? -827 -439 -1795 -827 -438 -1795 -827 -437 -—-1794 -~827 -442 1796

& AE is tke energy deviation with respect to the most stable structure (energies in keal /mol, angles in degrees).

optimizations on bundles of hydrophobic helices
[4]: the present calculations indicate that it should
also be found for Gln. Note that despite the
presence of this additional stabilizing hydrogen
bond with respect to Tla, T1d remains less stabie,
the energy loss in the interaction between Gin and
some upper residues balancing the gain in stabiliz-
ing energy between Gln and the first three rc-
sidues of the sequence.

TABLE I1

In T1b, which follows Tla immediately in term
of decreasing stability, the conformation of the
Gln side-chain is quite different. here the
carboxamide terminal satisfies its hydrogen-bind-
ing capability by interacting with the oxyaen of
the Ser hydroxyl group. Again the hydrogen bond
is not sufficient to make Tib rnore stable than
Tla.

Finally, in Tlc, the Gln side-chain is com-

CONFORMATIONS OF THE GLUTAMINE AND SERINE SIDE-CHAINS IN Tla, Tib, Tlc, T1d

For Gln x, = N-C,;-C5-C,, x2 = Ci-CqC,-Cp, X3 = Co-C,-Cy-N,; for Ser x, = N-C-Cz-0,, x2 = C,-Cg-0,-H(O, ), the angles being
given in degrees. AE as in Table 1, in keal/mol. A=H(O,)s... B= O(C')gins C=0, gy D=HN)g E=OC" )i
d=H---Q, in Angstroms for the interaction PH .. Q,; 9=(PH, HQ) in degrees.

Structure: Tla T1b Tlc Tld
AE: 0.0 11 26 36
Giny, --73.3 -1748 -1748 =715
X2 170.2 66.2 1790 '1M.2
X3 75.2 -120.4 -174.1 =740
Ser x; -594 -559 —59.4 -59.6
X2 80.3 79.2 9.2 80.7
Hydrogen bonding A-B A-B A-B A-B
d,201; 6,11.2 d,1.98; 8,8 d.28,115 d,203; 8,123
D-C D-E
d, 22, 0,195 d,208; 8,228
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TABLE HI

DIHEDRAL BACKBONE ANGLES (IN DEGREES) IN AN
OPTIMIZED SEQUENCE

The sequence used was Ac-Aib'-Ala-Aib*-Ala*-NHCH,. A
number of different starting conformations, involving « and

3,, helical structures (and for thesc several sets of dihedral
angles), were used. All yielded the same final structure.

Residue

¢ 4 w
Aib! ~514 -503 —172.1
Ala? -59.8 -48.6 -1745
Aib’ -56.3 -132 -179.1
Alat —615 —474 178.6

pletely extended in a ‘trans’ conformation, ‘trans’
to the main-chain nitrogen atons, another of the
conformations highly populated in globular pro-
teins [36]. In this conformation the amide group
stays away from the polypeptide backbone so that
the interactions with the main chain are weakened.
The energy difference between Tlc and T1d comes
essentially from the improved interaction between
Ser and Gin in the former.

The side-chain of the serine residue (number 10
in the sequence) existing in T1 (instead of the
glycine at the corresponding position in alamethi-
cin) keeps the same conformation in the four
structures (Table II): the hydrogen atom of its
hydroryl group is hydrogen-bonded to the back-

TABLE IV

bone carbonyl oxygen of GIn®, a residue situated
foaun umits down in the proceeding turn of the
heiix. The length and angle of this interaction are
quite comparable in the four T1 structures.

Coming back to the details of the dihedral
angles ¢, ¢ of the backbone and of the values of
« in the peptide linkages, examination of Table I
indicates that:

(a) For a given residue, their values are essen-
tially the same in the four structures, the set of ¢,
¥, w varying, however, from one residue to another
along the chain. Noteworthy is the fact that this is
true even for Gln, which displays considerable
variation in its side-chain dihedral angles.

(b) The pair of angles (¢, ) is not a character-
istic of a given amino acid (all Aib’s, all Ala’s) but
it varies according to its location in the chain, The
backbone angles of a given short sequence are not
necessarily constant either: note that those of
Ala?Ala’Aib*Aib® in T1 differ from these obtained
in the optiraal conformation of the same isolated
sequence, as shown by the comparison of Tables I
and IIL

{c) Up to Aib’, the ¢, ¢ values belong strictly
to the a-helical domain. From Ser!® onwards,
lavger values of ¢ are observed. The vaiues oi ¢
and ¢ for Aib2 are closer to the ‘standard’ 3,,
values.

(d) The ahsolute value of ¢ for Pro'® is very
larjze: the initial bend adopted in the starting

CHARACTERISTICS OF THE BACKBONE HYDROGEN BONDS O((Z*)...H{N) IN Ttla, Tlb, Tlc AND Tid

d=d(0...H) in Angstroms; 8 = (NH, HO) in degrees.

H bond Residues Fragment
nature Tia Tib Tic Tid

d 0 d ] d [] d L]
n—on+3 Ac ... Ala® 2.56 721
n—n+4 Ac ...Aib* 2,00 8.05 201 9.30 2.00 8.70 202 10.45
n—en+4 Ait' ...Aib° 2.05 6.25 2.00 518 202 5.15 1,97 5.56
n->n+4 PV ¢ 192 1448 195 11.77 1.95 1442 21 11.42
n-n+4 Ala’ . AiY 1.96 6.54 197 6.52 195 6.80 201 1.60
n—-n+4 Aib? ... Aib® 208 6.49 208 692 208 6.55 2,01 3.54
n-n+4 Aib® ... Aib° 196 8.50 1.97 8.62 1.96 847 1.98 915
n—n+4 Gln® ... Ser!® 2,08 24.56 206 26.19 2.06 24.81 207 23.96
n-n+3 Aib' .. Ser'® 2.55 58.20 255 56.66 2.56 58.13 2.58 58.47
n-n+4 Aib’ ...Lea" 1.96 8.78 1.97 9.40 1.96 9.03 1.96 9.06
non+d Aib® ... Aib? 1.96 13.00 197 13.03 1.9 12.90 1. 13.23
n—on+a Ser'®...(NHCH,) 232 20.88 233 29.95 234 29.66 231 29.79
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Alc Ald

Fig. 3. View perpendicular to the helical axis of the four most stable structures Ala, Alb, Alc and Ald optumized for the
(Ac...Pro'?) fragment of alamethicin.

conformation is enhanced after optimization.
Moreover, it is seen that the bend of the structure
is in fact already initialized in the Ser® region.
(e) The peptide bond is never strictly planar
and the departure of o from 180° is largesi for
the residues lying in the bent region of the helix.
The characteristics of all the C=0...H-N hy-
drogen bonds are given in Table IV for the four
T1 conformations. This tabie confirms the a-heli-
cal nature of the helix in that all norma!l a-helical
n— n+4 bonds are present, being similar from
one T1 conformation to another, as expected by

TABLE V

the similarity of the backbone dihedral angles.
Interestingly the Ala? — Gin® hydrogen bond is
somewhat longer in T1d (which possesses also a
hydrogen bond between the Gin side-chain and
the carbonyl oxygen of Ala%) than in the three
other T1’s. Ali lengths and angles of these n—n
+ 4 hydrogen bonds correspond to strong a-heli-
cal hydrogen bonds. Note. nevertheless, that inter-
actions occurring in the bent region of the mole-
cule have a greater value of 6, thus are weaker
than the other n— n+ 4 hydrogen bonds in the
molecule.

CGNFORMATIGNS OF THE GLUTAMINE SIDE-CHAIN IN Ala, Alb, Alc, Ald
X1» X2+ X3 of Gln 25 in Table 11. AE as in Table I, in keal/mol; angles in degrees, d int A

Structure: Ala ' Alb Alc Ald
AE: 00 01 1.6 31
Glay, =736 1787 -71.5 -174.7
X2 1716 621 17 178.6
X3 733 -96.1 -76.1 1763
Hydrogen bonding - + + -
type AHC )gin - HN)gin O(CHap .- HMN i
d(O-H) 2.11 206

#(NH.HO) 35.1

159
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TABLE Vi
VALUES OF THE DIHEDKA!L BACKBONE ANGLES ¢, ¢, w IN THE FOUR MOST STABLE CONFORMATIONS Ala, Alb,
Alc, Ald

AE®: 00 0.1 1.6 31

Fragment: Ala Alb Alz Ald
Residue ] b « ¢ [ ¢ ' w L' ¥ w
Aib! -505 —590 -167.9 -505 -585 —169.4 -—506 -—580 -—1707 -505 -521 -—1694
Pro® —587 —546 -179.1 -57.5 =536 -1791 -568 -—529 -1791 -—568 —546 -—179.1
Aib® —488 ~576 ~1721 -503 -537 -1741 -51.7 -504 -1763 —489 -—515 —1737
Ala* -581 -487 -1797 -600 -504 -1787 —61.7 -—529 -—1766 -—-581 —487 ~179.3
Aib® -523 -528 -1747 -522 -523 -1750 -522 =521 =-1729 -323 -528 -1754
Ala® —608 —456 -1787 -—601 ~474 -—177.8 —5835 -492 -1772 -608 -—456 —1785
Gin’ -575 =511 -1771 -573 -495 -177.3 -595 -505 -1770 -574 -512 -1769
Aib® -535 =501 -1773 ~-541 -510 -177.1 =529 =502 -1755 -335 -501 -—1774
val® -613 -498 -1761 —-613 —495 —1765 —622 —495 =179 ~61.3 —499 —176.1
Aib® -544 -421 -1789 -542 -413 -1789 -542 -428 -—1787 -~545 -421 -1790
Gly"! —684 —515 —-1700 -690 -516 -1703 -690 -51.6 -1700 —-685 —515 —170.0
Leu" -676 -511 -1641 -674 -513 -—1641 -671 -515 -—1641 -676 -512 =164
Aib®? -605 -335 -1694 —603 -337 -—1692 =605 ~337 -1690 -604 -—336 1693
Pro* -822 -—-432 -1788 -—-823 -409 -1789 -—822 -—412 -1789 -822 -415 -1788

® As in Table 1.

An interesting feature appears upon close scru-
timzation of Table IV: the existence of a ‘hydro-
gen-bond-like’ interaction between the carhonyl
oxygen of Aib’ and ihe amide hydrogen of Ser'?,
thus of an » — n+ 3 type, characteristic of a 3,,
helical struciu.ce. However, the length (O...H=
2.55 A) and :ngle (8 = 58°) of this interaction are
too large to qualify it as a ‘real’ hydrogen bond.
Moreover, the normal a-helical n — n+ 4 bond
between the same C = O of Aib’ and H-N of Leu!
coexists with this supplementary interaction.

Furthermore, a detailed analysis of the first
turn of the optimal structure of T1 demonstrates
another feature of this kind: the interatomic dis-
tance between the carbonyl oxygen of the Ac
group and the amide hydroges of Ala® is short
compared. to all other interactions of this type
(n—=n+3): d(D...H) is, in this case, 2.56 A.
Note, however, that this particular interaction in
T1 is rather weak as shown by the quite large
value (72.1°) of the angle (NH, HO) associated
with it (Table IV).

Noteworthy is the fact that all starting confor-
mations used, including entire 3,, and «/3,,
mixed conformations, have yielded the same char-
acteristic e-helical secondary structure of T1. The
same is truc for the short sequence of Table III.

II. Comparison with the optimal a-helical structure
of the corresponding segment (Ac...Pro'?) of
alamethicin Al

We oriefly comunent below on the essential
results obtained for segment Al of alamethicin.
As in the case of T1, the four most stable struc-
tures (Fig. 3) found for Al are very close in energy
(Table V) and differ essentially in the conforma-
tion of their Gln side-chain. More specifically it
appears that:

(a) The helix is essentially a as in the T struc-
tures.

(b) The various conformations of the Gin
side-chain are closely related to those found in the
TP’s: same conformation in Ala and Tla, the
most stable siructures of Al and T1, respectively;
same conformation in Alc and T1d, yielding the
same type of hydrogen bond (compare Table V
and Table II); overall “trans’ conformation in Ald
and Tlc; related conformations in Alb and T1b -
in Alb, due to the lack of the serine residue
existing in T1, the side-chain of Gln curls back
towards the main chain so as to form another type
of hydrogen bond, this time between one hydro-
gen atom of the end amice group and the back-
bone carbony! oxygen of the same residue. This
conformation corresponds also to a frequently ob-



TABLE VII

CHARACTERISTICS OF HYDROGEN BONDS O(C”} residuc ++- H®¥) residue n+4 TN Ala, Alb, Alc AND Ald ®

Residues Fragment

Ala Alb Alc Ald

d [] d [] d [} d []
Ac...Ala* 2.04 467 2.05 6.68 2.07 9.30 2,05 587
Aib'... Aib’ 1.94 3.29 1.94 3.86 1.93 431 1.93 3.65
Pro®...Ala® 205 10.90 2.00 9.41 197 8.55 2,02 10.64
Aib*...Gln’ 1.94 12.04 1.99 11.42 219 9.83 1.97 12,68
Ala’,..Aib® 1.93 8.31 1.34 %37 1.98 4.14 1.92 927
Aib®,..val® 214 12.38 2.14 12.13 2.06 10.38 2.15 12.59
Ala... Aib'® 191 10.30 19 8.89 1.93 11,61 191 9.96
Glo'...Gly" 201 19.97 2.02 2219 1.99 18.31 201 2013
Aib®...Leu!? 1.94 19.11 194 18.57 1.95 19.06 1.94 19.24
val®...Aib" 191 2.89 191 2.64 1.90 1.63 191 2.75
Gly'...(NHCH;) 222 29.58 224 29.59 2.22 29.51 224 29.68

2 4 and @ as in Table IV.

served structure in proteins [34]. The various con-
formations of the Gln side-chains in the optimized
AY’s and the closeness of their computed energies
appear in keeping with the fact that the three
alamethicin molecules present in the crystal [12]
display different conformations of their Gln side-
chuins.

(c) The bending effect of the end proline is
similar to that of trichorzianine, this bend being
already initiated three residues before the proline
(see in Table VI the values of the dihedral back-
bone angles from Gly'! onwards). Note that this
result correlates remarkably well with that de-
duced recently from 'H-NMR two-dimensional
measurement ;38] which suggests a “tilting’ of the
helical axis in the region around residues 11-13.

Concerning the effect of proline residues, one
can observe, from Table VI, that the Aib'Pro®
sequence sitnated at the N-terminal extremity, es-
sentially e-helical, does not adopt the same con-
formation as the same sequence Aib!’Pro* situated
at the C-terminal extremity of the segment close
to a 3y helical structure. The behavior of proline
at the N-terminal agrees with the observation made
recently [39] that a great number of o-helical rods
in globin molecules have a proline at their N-
terminal extremity. In contrast, as seen explicitly
in our resultis, a proline situated within an a-heli-
cal structure produces a bend in the helix axis, due

to the lack of the amide hydrogen, hence a missing
C=0...H-N interaction in the network of the
helix hydrogen bonds.

(d) One observes similar strengths of the n = n
+4 hydrogen bonds (compare Table VII and
Table IV), similar from one Al to another, as
expected by the similarity of the backbone di-
hedral angles.

Apart from these striking similarities an inter-
csting difference exists between T and A in that
there exists no “hydrogen-hond-like’ n—>n+3 in
Al similar to those observed in T1. In particular
there is a significant difference between the first
turn of Al and the first turn of T1: 4(0...H)
between Ac and Ait? in the former is 3.13 A, ie.
signiticantly longer than the corresponding dis-
tance (Ac...Ala®) in T1 (2.56 A).

In conclusion, the results of this conforma-
tional study show that the intrinsically preferred
helical character of Ac...Pro?® fragment of tri-
chorzianine (TA Illc) is essentially « with a bend
in the helix axis in the end proline region, a
conformation fundamentally similar to that of the
corresponding sequence of alamethicin, This situa-
tion is different from the suggestions of Ref. 20.
However, the Ac...Ala® interaction in T1 is
shorter than the interaction Ac...Aib® in Al: it is
possible that this interaction, intrinsically weak,
might be strengthened under the influence of ex-
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ternal factors such as sclvents. It remains that the
intrinsically preferred helical character of the N-
terminal part of T, like that of A, is a.

A final remark concerns the effect of Aib re-
sidues on polypeptide conformation. A number of
contradictions can be found in the literature con-
cerning this problem: (sce for instance Refs. 32,
40-44), probably due to the diversity of the se-
quences considered, of the physical states of the
samples, and of the methods of investigation used.
Concerning Al, despite its high Aib content, its
helical preference is a in a crystalline state [12], in
solution [23,38] and in lipid¢ vesicles [45), indicat-
ing that the intrinsic preference of the molecule
for the a-helix is conserved in the different media.
In the case of T1, the intrinsic preference deduced
from theoretical computations also appears to be
o with 2 somewhat hidden tendency to become 3,,
at least partially under appropriate conditions.
This is not to say that other sequences could not
be intrinsically 3,,.

III, The possible role of the poiar side-chains in the
aggregation of T1 and Al segments

In the medei built to represent the channel
made by alamethicin [12], several (Ac...Prd")
N-terminal segments (A1 in the present work) are
supposed to pack tightly together with the help of
the Gln’ hydrogen-bonding together parallel a-
helices in an aggregate surrounding a central
channel. No explicit hypothesis has been made
about a possible aggregation of trichorzianines nor
about a possible role of its corresponding gluta-
mine residue. The similarities found in Section 1
both in the conformation of the two segments Al
and T1 and ia the conformational behavior of
their glutamine residues suggest that simnilar modes
of aggregation could be invoked for the two
species. A supplementary interest arises in the case
of trichorzianine, due to its possessing another
polar group, serine at position 10, capable in
principle of hydrogen-bonding to a neighboring
helix. Such binding was found in bundles of
serine-containing hydrophobic helices {3}.

As a preliminary step in the theoretical study of
the possible modes of aggregation of ihes:: mole-
cules we have considered the pairing propusties of
the N-terminal segments T1 and Al and the possi-
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Fig. 4. The six parameters defining the position of a helix h

with respect to h, in a complex. P is the pivot of h, (center of

its length). R and @ fix the position of the projection P’ of the

pivot P” on ¢ circle centered at P, &, 8 and y define the

rotations of h around the directions indicated, d is the vertical
translation.

ble role played in this pairing by their polar
residues.

Let us consider the pairing properties of the
helical segment T1 considered in Section I, pro-
ceeding by energy optimization of a pair of two
such helices set initially in one of their most stable
conformations. On the basis of the models pro-
posed for alamethicin, we consider here only
parallel pairs.

The starting arrangements for the optimization
of the pairs have been constructed using the four
optimal fragments Tla, Tlb, Tic and Tld de-
scribed in Section I: two identical helices, named
h, and h,, were used, h, being positioned in space
with respect to h; by the six parameters defined in
Ref. 1 and recalled in Fig. 4. Three values of the
interaxial distance R were adopted (9, 10 and 11.5
A) and, for each R, three rotations of h, around
its helical axis were performed so as to place its
glutamine residue in different orientations with
respect to the Gln of h, (Fig. 5). The 36 different
starting configurations obtained were used as
starting points for energy optimization of the pairs
proczeding in two steps: (i) In a first step the total
energy of the system is minimized with respect to
the interhelix variables, maintaining all backbone
and side-chain dihedral angles fixed at their opti-



TABLE VIII

409

ENERGY AND INTERHELIX HYDROGEN-BONDING CHARACTERISTICS OF THE FOUR MOST STABLE T1 PAIRS

KEPT STRICTLY PARALLEL

E,, = E - Ey where E is the total optimal energy and Eyy the total energy of the pair when the two helices arc at an infinite distance
and in their optimal conformation Tln. E;= total interaction ¢nergy including the polarization term. Ej-pol = total interaction
energy minus the polarization term. Energies in keal,/mol, 4 in Angstrdms. § in degrees.

Complex E., E, E-pol Hydrogen bonds between the two helices
atoms involved d(0...H) 6(NH,HO)
C1 -6.5 -8.06 —6.87 H(N, )(Gtohyy ~CecGinhy) 207 340
c2 —-6.2 —8.63 =773 No interhelix hydrogen-bonding
C3 "‘4.84 -9.78 ~8.67 Oz(G!n‘h,)‘H(N:)(G!n.h;) 214 52.1
c4 -395 -11.24 -10.15 H(N) G~ DeGinngy 1.96 209

mal values found in Section I, except for the x
dihedral angles of Gln and Ser side-chains which
were labilized. Constraints were imposed on the
interhelical variables so as to maintain the two
fragments strictly parallel. (i) In a second step,
the lowest-energy structures resulting from step (i)
were reoptimized, labilizing now all intrahelix
variables (all dihedral backbone and side-chain
angles of k, and h,) and all interhelical variables.

The use of a number of different starting
arrangements and of a diversification of the en-

<
Y/
(‘ h,
~

Fig. S. Schematir representation of the starting arrangements
used for the optimization of pairs of T1's. — represents the
Gln side-chain.

ergy-minimization pathway (allowing different
trajectories by, for example, various weightings of
the translational and rotational parameters, damp-
ing of the analytical gradients of the total energy)
avoids a number of local energy-minima or
artefacts. In this fashion, we can fulfil! our pur-
pose, which is not to attain the global minimum
(see Refs. 2, 4) but, rather, to obtain arrangements
as stable as possible, with a view to examining
their properties, particularly the part played by
the polar side-chains in their stability.

Procedure (i) yielded several stable pairs. The
encrgy and interhelix hydrogen-bonding character-
istics of the four most stable ones, C1, C2, C3 and
C4, are given in Table VIIL It is observed that: -
The interaction energy, always negative, is quite
favorable in the four pairs, despite the parallel
orientation of the two helices. This is true even
without the occurrence of a stabilizing hydrogen
bond between ihe two helices (see C2 in Table
VIID). As was demonstrated in our previous stud-
ies, this is a general feature of the roupling of
hydrophobic helices of sufficient length [1,2,4): the
electrostatic component of their interaction energy
is positive (as expected by the parallel orientation
of the two macro-dipoles) but it is overcom-
pensated by the negative dispersion attraction be-
tween the hydrocarbon side-chains of the two
partners. (In the case of the couple Cl, for in-
stance, inside the total emergy, —6.5 keal/mol
given in 'Table Viil, the clectrostaiic component is
+4.9 keal/mol while the compensating Lennard-
Jones (repulsion/ dispersion) term is —11.7. Note
that this sitvauon would still be enhanced if a
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TARLE IX

ENERGETICAL AND CONFORMATIONAL CHARACTERISTICS OF THE TWO MOST STABLE T1 PAIRS OBTAINED

UPON COMPLETE LABILIZATION OF THE SYSTEM

Energies as in Table VIII; distances in Angstroms, angles in degrees.

Complex E, E;

Hydrogen bonds between the two helices

Relative position of the two helices *

atoms involved d(©...H) 8NHHO) R ¢ d a B ¥
D1 156 -223 O,guny-HN)Gupy 195 16.4 96 1364 12 401 =93 -185
(N Ginhp~Oy(serny 214 230
D2 -145 -177 No interhelix hydrogen-bonding 84 1545 -08 278 -256 10.3
® See Fig. 4.

dielectric constant was introduced in the calcula-
tion, insofar as it acts only by reducing the elec-
trostatic component.)

— Three of the four structures involve hydrogen
bonding between the Gln carboxamide groups of
the two helices. None involves the Ser side-chains.
One has no hydrogen bond at all. In fact a de-
licate balance occurs between hydrogen bonds and
non-bonded interactions: in C3 with an interhelix
hydrogen bond weaker (longer 4(O...H) and
larger 8) than in Cl, the interaction energy is
more favorable. Also, in C2, with no interhelix
hydrogen bond, the interaction energy is more
favorable than in C1 and the total energy is nearly
as good.

— The absolute value of the total energy E,, is
always smailer than that of the interaction energy
E,, implying that the conformational state of h,
and/or h, is always less favorable than when
isolated (T1a). Nevertheless this destabilization
does not exceed 7.3 keal /mol in C4. In that case it
is shared between the two helices: about 3.6
kcal /mol per helix, practically the energetic desta-

TABLE X

bilization of T1d with respect to Tla (see Table I)
due essentially to the difference in conformation
of the Gln side-chain. However, the comparison of
the energy data in the pairs C1 and C4 shows
clearly that the most favorable interaction energy
E, between two helices does not necessarily imply
that the pair is the most stable one: to achieve the
more favorable value of the interaction energy in
C4 each helix has been destabilized to a much
greater extent than in ClL

— The polarization component of the interaction
is weak (compare E; and E;-pol). This was found
aiso in our previous studies on the packing of
mainly hydrophobic and uncharged a-helices
[1-4].

— In the four structures, the side-chain of the
serine keeps the conformation it has in isolated T1
(see Table II).

— The two most stable arrangements (C1, C2) are
very close in energy. Nevertheless they correspond
to appreciably different packing modes since they
differ in the conformation of their Gin side-chains,
by the presence or absence of a hydrogen bond

ENERGETICAL AND CONFORMATIONAL CHARACTERISTICS OF TWC Al PAIRS OPTIMIZED FROM STARTING
ARRANGEMENTS MODELLED ON D1 AND D2 RESPECTIVELY

E,

.o = E — £g where E is the total optimal energy and E,, the total energy of the pair when the two helices are at an infinite distance

and in their optitnal confonnation Ala. Giher definitions and units as in Tables VIIT and IX.

Complex E,, E,

Hydrogen bonds between the two helices

Relative position of the two helices *

atoms involved

d(0...H) O(NHHO) R 6 d a B ¥

K1 201 =274 Ougun,-HMNDGinny 197
K2 —145 -164

No interhelix hydrogen bondinz

16.51 84 1136 0 621 262 -—433
82 1554 -1 343 -418 233

* Sc2 Fig. 4.



between the Gin side-chains of the two helices and
by the relative orientation of the two helices.

In this first step the helices were maintained
strictly parallel. In procedure (ii) this condition is
relaxed. In fact, not only the four most stable
structures resulting from procedure (i) were reop-
timized but also a number of other stable struc-
tures obtained from the first step.

Table IX gives the characteristics of the two
most stable resulting pairs, D1 and D2. It is seen
that the interaction energy between the two frag-
ments has been appreciably increased, due essen-
tially to the labilization of all interhelix variables.
In the most stable arrangement, D1, obtained in
starting from the C3 conformation, the inclination
(see the values of 8 and ¥ in Table X) of h, with
respect to h; has allowed an improvement of the
hydrogen bond between the two Gin side-chains
(see the values of d and #) and permits, further-
more, the formation of an additional interhelix
hydrogen bond between the Gln on h, and the Ser
oxygen on h,. However, h, is significantly de-
stabilized (=5 kcal/mol) with respect to Tla,
essentially owing to the rotation of its Gln side-
chain (h, is only less favorable than T1a by about
1.8 kcal /mol).

The second most stable pair, D2, results from
the reoptimization of C2. As in C2, there is no
interhelix hydrogen bond in the final complex,
which, however, is very stable: the loss of intrahe-
lix energy is smaller thar ir D1, In fact, in D2,
each helix has practically the conformation and
energy of T1b with a destablization of only 0.45
kcal/mol with respect to this structure (and thus
less favorable than Tla by only 1.5 kcal/mol),
hence a difference oi only 1.1 kcal/mol with
respect to the most stable pair D1.

It is observed that the Ser side-chains do not
make hydrogen bonds beiween ihemselves i the
most stable pairs. We have obtained an arrange-
ment where such an interaction exists but with a
total energy less favorable than in the best pair by
5.7 kcal /mol: to form a hydrogen bond together,
the Ser side-chains of both helices must break the
stabilizing hydrogen bond initially existing be-
tween their hydroxyl hydrogen and the peptide
carbonyl oxygen of the Gln residue of the same
helix. Furthermore, the hydrogen bond then
formed between the two serines is weaker than
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that achieved, in D1, between the Gln side-chain
of h; and the Ser side-chain of h, (the hydrogen
bonding between the two Gln side-chains being
similar to that observed in D1).

Having characterized in detail the pairing prop-
erties of the N-terminal fragments of tri-
chorzianine we have been able to limit our search
of the corresponding fragments of alamethicin to
a more rapid study made possible by the results
obtained on T1. As a starting point vwe have
placed two optimal Al’s in the relative position
adopted by the two T1's in D1, then in D2,
placing the Gin side-chains in the appropriate
conformations. Note, however, that due to he ab-
sence of the Ser residue in Al, the Gln side-chains
in the starting arrangement modelled on D2 have
not the same conformation as those of D2 but the
‘corresponding’ conformation (see Alb and T1b
in section I}, i.e. a curling-back of the side-chain
of the Gln residue on its own peptide carbonyl
oxygen. The energy-minimization computations of
these two arrangements yielded two stable pairs
K1 and K2, for which the energy and conforma-
tional characteristics are given in Tab'e X. As can
be seen by comparison of Tables IX and X, the
interhelix hydrogen bend occurring between the
two Gln side-chains is similar in D1 and K1 but,
in this last case, the relative orientation of the two
helices has been significantly modified upon opti-
mization (shorier interaxial distance at midheight
(R), larger inclination of h, with respect to h; (8
and ).

In K2 there is. as in D2, no hydrogen bonding
between the two Gln side-chains. The interaction-
energy component is less favorable by 11 kcal /mol
than in K1, whereas for the optimal pairings of
two TI’s, with and without the Gln hydrogen
bonding respectively, this quantity differs by only
4.6 kcal/mol. Due to a better conformational
energy, the total energy of K2 is nevertheless less
favorable than that of K1 by only 5.6 kcal/mol.

Overall, the pairing properties of the N-termi-
nal fragment (Ac-Pro'?) of trichorzianine, and of
the corresponding part (Ac...Pro'*) of alamethi-
cin, conducted from a comparative point of view,
show explicitly the possible role of the polar side-
chains of these sequences in their aggregation: in
both molecules the most favorable arrangement
obtained in the computations is that where the
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two Gln side-chain end groups interact by hydro-
gen bonding. In the most stable pair found for
trichorzianine, a hydrogen bond is also formed
between the end group of the Ser side-chain of
one helix and the end group of the Gin side-chain
of the other. However, for this fragment, a stable
arrangement without any interhelix hydrogen bond
was also found, only 1.1 kcal/mol higher in en-
ergy. I the case of alamethicin the corresponding
energy difference is larger, favoring the hydrogen-
bonded structure by 5.6 kcal /mol.

Concerning the possible role of the Gln side-
chains in the aggregation, our results indicate that
it can exist, at least in coupling two molecules
together, both in trichorzianine and alamethicin.
Whether an array of similar bonds can exist be-
tween all helices inside a bundle as proposed for
alamethicin [12] remains to be demonstrated. We
have seen that in our optimal pairs the helices
" deviate appreciably from the parallelism assumed
in the model. It is possible, but yet to be proven,
that the presence of other helices in the aggregate
and the interaction of each helix with its two
neighbors by Gln-hydrogen bonding could impose
constraints on the arrangement.

Conclusion

For the reasons explained in the Introduction
we have limited ihe present study to the consider-
ation of the N-terminal part of the molecules in
view of the special role it is assumed to play in the
voltage-dependent channels of alamethicin.

The optimization of the helical structure of the

N-terminal part {Ac...Prc'*) of trichorzianine has
shown that this helix has an intrinsic preference
for an a structure with a small bend initiated
about three residues beiow the proline residue
{Pro'?). Moreover the comparison of this structure
vith the optimal corresponding sequence
(Ac...Prd'?) of alamethicin has stressed the con-
formational similarity of the two peptides. Never-
theless, in the N-terminal fragment of tri-
chorzianine and coexisting with the standard a-
helical n = n + 4 hydrogen bonds, two weak n-»>
n + 3 interactions have been detected. Cne of them,
occurring in the first turn of the sequence, prob-

ably explains the conclusion obtained by NMR.

solution studies that the first turn of tri-
chorzianine is of the 3, type.

We have shown explicitly the appreciabie flexi-
bility of the bulky polar Gin side-chain, which can
adopt various conformations with little loss in
energy. Similur observations were made in our
previous studies on Ser side-chains embedded in
otherwise hydrophobic sequences {3,4]. This labil-
ity, together with the double potentiality for hy-
drogen bonding of the glutamine residue {which is
present in a number of peptaibols akin to
alamethicin and trichorzianine and also in some
a-helical hydrophobic segments of transmemtrane
proteins) gives it the ability to play different
structural roles in the stability of various bundles
and perhaps also in the transfzr of ions.

It was shown explicitly that the formation of
stable pairs of the a-helical s-gments considered
can occur for trichorzianine ard alamethicin in a
similar fashion, with a possinle (but not indis-
pensable) involvement of the glutamine residues.
The present results may lay the foundation for
future calculations on bundles of such helices.
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