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Energy optimizations are ca.~ed out on the N-terminal fragment of trchorzianine in comparison to that of 
alamethicin. The results indicate that the helical character of the (Ac.. .  Pro 13) sequence of trichorzianine 
(TA lllc) is essentially alpha with a be~:ld in the helix axis in the end prolin, ~. rel~on, a structure comparable 
~o the optim~i a-heiicai su-ucture oi the ~,orresponaing segment (Ac... Proa~ ,,,f alamethicin AI. However, 
two weak n --, n + 3 interactions coex;~t in trlchorzianlne with the cMmlica! :~ -> n -.'- 4 hydrogen bonds. The 
possible role of the glutamine side-chains in pairing such segments together is ~onsidered. 

Introduction 

In a series of recent papers [1-4] we hay,: 
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 
membrane.s, a possibility currently considered for 
explaining the observed properties of physio- 
logical transmembrane proteins (e.g. baeteriorho- 
dopsin [5-7], the acetylcholine receptor (for a 
review see Ref. 8), the sodium channel [9], 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 alamethicJn [12,13] and of 
its synthetic analogs [13]. 

Abbreviations: Ae, acetyl; All;, a-aminoisobutyrie acid; Phcol, 
phenylalaninol; Trpol, tryptophanol. 

Correspondence: A. Pullman, Institut de Biologie Physico- 
Chimique, Laboratoire de Bioehimie Throrique associ~ au 
C.N.R.S., 13 rue Pierre et Marie Curie, 75005 Paris, France. 

In view of the continuation of our program 
concerning the formation of channels by helical 
Fc!yp~ptides, we consider 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 iamily of peptaibols, i.e., polypeptides carry- 
ing an alcohol at their C-terminal extremity and 
whose sequence contains a non-classical am'~no 
acid, a-aminoisobutyric acid, kit, (an alanine in 
which the C,~ hydrogen atom i:; :;ubstituted by a 
methyl group). The interest rai~ed by these mole- 
cules is due to their antibiotic properties and to 
their ability to produce membrane modificatiom 
[14-181. Concerning alamethicin., it is well estab- 
lished that it induces voltage-dependent mem- 
brane conductance (for a review see Rcf. 19). The 
situation is less 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 coz,,duc- 
tance properties of TA IiIc have also been ob- 
tained [21], indicating an apparent general patte, rn 
of channel formation analogous to that observed 
with the alamethicins with, however, some dif- 
ferences. 

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

A = AcAib 1Pro2Aib3Ala4AibSAlarGlnTAibSValgAib 1° Gly t L 
Leul:~Aibl 3 ProZ 4 Valt 5Aibl~AiblTGlul 8 Glnl° ph col 

T = AcAiblAla2Ala3Aib4AibSGInrAibTAib sAibgSerl°LeuH- 
Aibl 2 Pro' 3 VaP4Aibl~ Ile 16Glnl~Glnl s 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 
trichorzianiae. 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 position 
occupied by a pro!ine in the A sequence and 
absent in the T sequex~ce. In this fashion, Gin 7 of 
A coincides in position f with Gin 6 of T, as does 
Prd 4 with Prd 3 in position m, etc. This alignment 
shows immediately that 12 residues are identical 
in the two sequen~s (at positions a, c, d, f, g, i, k, 
1, m, n, o, r), while Aib b, Ala e, Val h, Gly j., Aib 
p, Glu q in A are replaced respectively by Ala, 
Aib, Aib, Ser, lle, Gin in T. Among the replace- 
ments, the most conspicuous are in positions j 
(where Gly is replaced by a polar residue, Set) and 
q (a polar ionic Glu r,:placed by a polar non-ionic 
Gin). The replacements in positions h and p sub- 

stitute a hydrocarbon side-chain for another one, 
less and more bulky respectively. One notes also 
that the framed sequence b to e comprises the 
same four residues in the two molecules with only 
an interchange in positions b and 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 lheir 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 least up to the 9th or 10th amino acid. 
Further physico-chemical studies of analogs con- 
clude also 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-gated conductance of alamethcin 
a special role is devoted to this N-terminal =-heli- 
cal segment assumed t~ insert into the membrane 
and from aggregates later transformed into bi- 
layer-spanning bundles ea,':losing a channel. Fur- 
thermore, in the model built on the basis of the 
crystal stnlcture [12], the glutamine side-chains of 
neighbor a-helices are assumed to favor the pack- 
ing by fo._rming an array of hydrogen-bonds be- 
tween their carboxa_mide groups. 

Trichorzianine, much more recently sequenced 
than alamethicin, has not been the object of many 
investigations and its conformationaI 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 (a, 3]o 
or other), although it concludes that the first turn 
of the helix is of the 3~0 type. 

The ~,.n~egies and differences in the sequence 
of alamethicin and trichorzianine, as well as the 

a a' b c d e f g h i j k I r a i n  o p q r s 

A - G P r o [ A d b  Ala Aib AlaJ Gin Aib ~ Aib G ~  Leu Aib P ro l  Val Aib ~ GlU Gin IPMO| 

T :  

Cl b c d e f g h i j k I m n o p q r s 

Fig. 1. A diagram empha~iizing the analogies and differences in the sequences of alamethicin I (A) and trichonianinc T Illc (T). The 
amino acids which differ in the two sequences are in bold type. 
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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 alarnethicin, as 
well as the possible role of the glutamine and 
serine side-chains in the pairing of two such seg- 
ments. We c~saccntrate here on the p~oblems raised 
by the N-terminal portion of the mol¢,cules'up to 
Pro 14 in alamethicin and to Prd 3 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. 

Stan@oint 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 treated as a Lennard-Jones 
type interaction with th, • conventional 6-12 de- 
pendance, the case of hydrogen bonds being espe- 
cially treated so as to account for the angular 
dependance of these interactions (for the parame- 
ters used in the expression of the Lenaar,~l-Jones 
component, see gel. 26). The CINFLEX n~ethod- 
elegy, developed in our h, boratory [28], allows for 
the flexibility of rings in an energy optimization 
procedure, a necessity i~posed here by the pres- 
ence of the proline residue. The angle distorsion 
force constants used in CIN'I~'LEX have been de- 
veloped by fitting to ab-initio c~,dculations on small 
modal systems (fo~' their values, see Ref. 28). This 
method allows the backbone diihedral angle ~ of 
the proline residue, included in the ring, to be 
treated as an independent variable. 

Considering the N-terminal part of the se- 
quence up to the proline residue, namely T1 ffi A¢- 
Aib-Aia-Ala.Aib.Aib.Gln-Aib-Aib-Aib-Ser-Leu- 
Aib-Pro-NHCH 3 (the NHCH3 group was placed 
after the C-terminal proline in order to ndmic 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 helical 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 
(~b, ~ ffi - 57.4 °, -47.5 ° ), taking into considera- 
tion the possible bending effects of the end pro- 
line: for the Leu-Aib-Pro C-termln~l 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: 
- a n  entire 31o helical structure with ,/,, ~ =  
- 6 0  °, - 3 0  ° as currently propo'~;ed in the litera- 
ture for an 'ideal' 310 helix (see, e.g., Refs. 31-33). 
- mixed helical conformations: 310 for the first 
turn and a for tile following tmns (with the Lea- 
Aib-Pro C-terminal as in (a)), a for Ac. . .GIn,  
followed by 31o for the Aib-Aib-Aib sequence, 
then a. 

For the hydrocarbon side-chains other than 
those of the Leu-Aib-Pro C-terminal sequence, 
thcir C,~C# carbons have been placed in a staggered 
conformation. Serine was initially placed in 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 
Gin, 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 maintvined fixed in its starting conforma- 
tion (qb, 6, ~0 constant), then the resulting struc- 
ture is reoptimized with respect to all the dihedral 
angular variables (all ~) ~, o~ and X) simulta- 
neously. In procedure B, the energy is minimized 
with respect to all the variables simultaneously, 
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 
A t . . .  Pro 14, A1 = Ae-Aib-Pro-Aib-Ala-Aib-Ala- 
Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-NHCH 3, 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 prdinfinary results obtained 
for the tripeptide CH3CO-Aib-Pru-NHCH3). 

In the first part of the next section we discuss 
the results of these energy 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 

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

The four most stable structures Tla, Tlb, Tlc  
and Tld  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 art essentially a-helical 
character along the whole chain. We shall come 
back to this point below. 

The most conspicuous structural differences be- 
tween the four structures reside in the conforma- 
tion of the Gin side-chahi 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 Gin in the four struc- 
tures (Table II). 

In T la  and Tld  the values of X1, X2 can be 
related to the values ( - 6 0  ° , I~°0 ° ) calculated [34] 
to provide a good stabili:mion of the Gin di- 
peptide and frequently found for Gin 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 Tld resi- 
des essentially in the difference in the value of X3 
which allows, in Tld, the formation of a hydrogen 
bond between the Gin 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 Tld  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 sedne, threonine and cysteine 
residues in a-helical segments of globular proteins 
and was found as a stable form in our energy 

~t | " 

T l o  T l b  T l c  T l d  

Fig. 2. View perpendicular to the helical axis of the four most stable structures Tla, T lb,  T i c  and T ld  optimizod for the (Ac... Prol3), 
fragment of trichorzianine. 
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TABLE I 

VALUES (IN DEGREES) OF THE DIHEDRAL BACKBONE ANGLES qb, ~,, ~ IN THE FOUR MOST STABLE CONFOR- 
MATIONS Tla, Tlb, Tlc, Tld 

AF, a: 0.0 I I 2.6 3.6 

Fragment: Tla T'tb Tlc Tld 

Residue ~ q, ".' ¢, ,k '-' ¢, 6 ~o ,# 6 

Aib t -51.5 -49.9 -177.4 -51.3 -50.2 ~-175.6 -51.4 -49.9 -175.8 -51.2 -50.3 -174.3 

Al~ 2 ~.~.9 -51.9 174.7 -58.!  -47.6 -176.1 -58.0 -48.4 -175.8 -58.7 -44.7 -177.3 
Alaa -56.2 -50.0 -179.5 -59.1 -51.7 - I79.8 -59.1 -51.0 -180.3 -61.2 -54.2 -178.6 
A i b  4 - 52,8 - 54,9 - 176.5 - 52.9 - 54.1 - 176.3 - 52,6 - 54.2 - 176.8 - 52,6 - 53.1 - 174.7 
Aib s -54,5 -48,4 -175.6 -54.3 -50.4 -175.9 -54.4 -49.4 -175.6 -53,9 -52,2 -174.3 
Gin 6 -58.9 -50.4 -179.0 -57.6 -50.4 -179.1 -58.5 -50.1 -178.8 -60,4 -49.5 -179.3 
Aib 7 -52.3 -56.0 -177.1 -52.0 -56.1 -177.9 -52,2 -56.0 -177,5 -52,0 -55.9 -177.3 
Aib s -54.1 -54.0 -172,1 -54.1 -54.2 -171.7 - 5 4 J  -54,0 --172,1 -54.5 -53.9 -172.1 
A . i b  9 --56.1 -41.0 --173.8 --56.2 -40.6 -172,8 -56.3. -41,0 -173.7 -55.9 -41.4 - 173.8 
Ser ~° - 72.9 - 53.6 - 168.9 - 74.7 - 52.4 - 169.9 - 72.9 - 53.5 - 169.0 -72.8 - 53.8 - 168.8 
Lcu H -75.8 -46.2 -167.2 -75.7 -46. i  -167.3 -75.~1 - 4 6 2  -167,2 -75.7 -46.0 - !67.3 
Aib lz -59.4 -.~2.7 -167.9 -59.3 -32.7 -168.0 -59.2t -32.8 -167.8 -59.5 -32.6 -167.7 
P r o  13 - 82.7 -43.9 - 179.5 - 82.7 -43.8 - 179.5 - 82.7 -43.7 - 179.4 - 82.7 - 44.2 179.6 

a A E is the energy deviation with respect to the most stable structure (energies in kcal/mol, angles in degrees). 

o p t i m i z a t i o n s  on  bund le s  o f  h y d r o p h o b i c  helices 

[4]: the p resen t  ca lcu la t ions  ind ica te  t ha t  it shou ld  

a lso  be  f o u n d  for  Gin .  N o t e  t ha t  desp i te  the  

p re sence  o f  this add i t iona l  s tabi l iz ing h y d r o g e n  

b o n d  wi th  respect  to  T l a ,  T l d  r emains  less s tabie,  

the ene rgy  loss in the  in t e rac t ion  be tween  G i n  a n d  

s o m e  u p p e r  residues b a l a n c i n g  the  ga in  in stabiliz- 

ing  ene rgy  be tween  G i n  and  the first three re- 

s idues  o f  the sequence.  

In  T l b ,  wh ich  fo l lows T l a  i m m e d i a t e l y  in t e rm 

o f  dec reas ing  stabil i ty,  the c o n f o r m a t i o n  o f  the 

G i n  s ide -cha in  is qu i t e  d i f fe ren t :  here  the  

ca rboxanf ide  t e rmina l  satisfies its h y d r o g e n - b i n d -  

ing  capaibility b y  in t e rac t ing  wi th  the  o x y g e n  o f  

t h e  Ser h y d r o x y l  g roup .  A g a i n  tht.' h y d r o g e n  b o n d  

is n o t  suff ic ient  to  m a k e  T l b  raore  s tab le  t h a n  

T l a ,  

F i n a l l y ,  in T l c ,  the  G i n  s ide-cha in  is c o m -  

TABLE II 

CONFORMATIONS OF THE GLUTAMINE AND SERINE SIDE-CHAINS IN Tla, Tlb, Tlc, Tld 

For Gin Xl = N-Co-C/rC~, X2 = Ca-C#'C~'Cs, X2 = C/rCv-Ca'N,; for Scr Xi = N"Ca'C~rOv, X2 *= Co'C#'Ov-H(Ov), the angles being 
given in degrees. A E  as in Table I, in kcal/mol. A=H(OT)se r, B=O(C')Gta, C = O  v s~r, D=H(N,)t31n, E'~O(C')A,aa; 
d = H " "  Q~ in Jb, ngstri~ms for the interaction P H . . .  Qv; ~ = (PH, HQ) in degrees. 

Structm~e: Tla Tlb Tlc Tld 

A E: 0.0 1.1 2.6 3.6 

Glnx1 -- 73.3 - 174.8 - 174.8 - 77.5 
Xz 170.2 66.2 179.0 171.2 
Xa 75.2 -- 129.4 - 174.1 - 74.0 

Scr XI - 59.4 - 55.9 - 59.4 - 59.6 
X2 80.3 79.2 79.2 80.7 

Hydrosen bonding A-B A-B A-B 
d, 2.01; 0, 11.3 d, 1.98; 0, ~ d, 2 0, 11.5 

D-C 
d, 2.2; O, 19.5 

A-B 
d, 2.03; 0,12.3 
D-E  
d, 2.08; 0, 22.8 
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T A B L E  III 

D I H E D R A L  B A C K B O N E  A N G L E S  (Ibl  D E G R E E S )  IN A N  

O P T I M I Z E D  S E Q U E N C E  

T h e  sequence used was Ac-Aib | -AIa2-Aib3-AlaLNHCH3 • A 

n u m b e r  of  different  s tar t ing conformat ions ,  involving a and  

310 helical s t ructures  (and  for  these several sets of dihedral  
angles), were used. All yielded the same final structure. 

Residue dk ~ to 

Aib  ~ - 51A - 50.3 - 177.I 

Ala  2 - 59,8 - 4 8 . 6  - 174.5 

A i b  3 - 56.8 - 43.2 - 179.1 
Ala  4 -- 67.5 --47.4 178.6 

pletely extended in a "trans" conformation, "trans' 
to the main-chain nitrogen atom, 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 Tld  comes 
essentially from the improved interaction between 
Sor 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- 
cha) keeps the same conformation in the four 
structures (Table iI): the hydrogen atom of its 
hydroxyl group is hydrogen-bonded to the back- 

bone carbonyl oxygen of Gin 6, a residue situated 
fc~ut tlrfits down in the proceeding turn of the 
he~ix. The length mid angle of this interaction are 
quite comparable in the four T1 structures. 

Coming back to the details of the dihedral 
angles ~b, 6 of the backbone and of the values of 
¢o 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 ~b, 
~b, ~0 varying, however, from one residue to another 
along the chain. Noteworthy is the fact that this is 
true even for Gin, 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 
Ala2Ala3A;b4Aib s in T1 differ from these obtained 
in the optirt;al conformation of the same isolated 
sequence, as shown by the comparison of Tables I 
and III. 

(c) Up to Aib 9, the ~b, ~ values belong strictly 
to the a-helical domain. From Set 1° onwards, 
larger values of 4, are observed. The values of 
a~d ~ for Aii~ 2 are closer to the 'standard' 31o 
vaJ~,,Jes. 

(d) The absolute value of ~ for Pro 13 is very 
larvae: the inhial bend adopted in the starting 

T A B L E  IV 

C H A R A C T E R I S T I C S  O F  T H E  B A C K B O N E  H Y D R O G E N  B O N D S  O(C. ' ) . . .  H (N)  IN T l a ,  T l b ,  T i c  A N D  T l d  

d = d ( O . . .  H) in  AngstrOms; 0 -- (NH,  HO)  in degrees. 

H b o n d  Residues Fragment  

na tu re  T i a  T l b  T l e  T l d  

d 0 d 0 d 0 d 0 

n ~ n 4-3 Ac . . . A l a  3 2.56 72.1 
n ~ n + 4  Ac  . . . A i b  4 2,00 8.05 2.01 9.30 2.00 8.70 2.02 
n ~ n + 4  Ail~ .. ,Aib  ~ 2,05 6.25 2.00 5.18 2.02 5.15 1,97 
n -s  n +4 Ale 2 . . . G i n  6 1.92 14.48 1.95 11.77 1,95 14.42 2.11 

n ~ n + 4  Ala  3 . . . A i b  7 1.96 6.54 1,97 6.52 1.95 6.80 2,01 

n - -  n 4-4 Aib  4 . . . A i b  a 2.08 6.49 2.08 6.92 2.08 6.55 2.01 
I~ "-~ n + 4 A i b  s .... Aib 9 1.96 8.60 1.97 8.62 1.96 8.47 | .98 

n - -  n + 4  G i n  6 . . .Ser  1° 2.08 24.56 2.06 26.19 2.06 24.81 2.07 

n ~ n 4- 3 All/t . . .  Ser 1° 2.55 58.20 2.55 56.66 2.56 58.13 2.58 
n --* n + 4  Aib  7 . . .Le~  n 1.96 8.78 1.97 9.40 1.96 9.03 1.96 
n --D n + 4  Aib  8 , . , A i b  lz 1.96 13.00 1.97 13.03 1.96 12.90 1.96 

n --* n + 4  . qe r t ° . . . (NHCH3)  2.32 29,88 2.33 29.95 2.34 29.66 2.31 

10.45 
5.56 

11.42 
1.60 

3.54 
9.15 

23.% 
58.47 
9.1)6 

13.23 
29.79 
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A l a  A lb  Ale Ald 

Fig. 3. View perpendicular to the hefical axis of the four most stable structures Ala, Alb, Alc and Ald opttmized for the 
(Ac... Pro t4) fragment of ',damethicin. 

conformation is enhanc'~,ed after optimization. 
Moreover, it is seen that the bend of the structure 
is in fact ak-'eady initialized in the Set ]° region. 

(e) The peptide bond is never strictly planar 
and *.he departure of ,-: from !80 ° is largest for 
the residues lying in. the bent re#on of the helix. 

The characteristics of all the C = O. . .  H-N hy- 
drogen bonds are #yen in Table IV for the fore" 
T1 conformations. This table confirms the a-heli- 
cal nature of the helix in that all normal a-hefical 
n--* n + 4 bonds are present, being similar from 
one T1 conformation to another, as expected by 

the similarity of the backbone dihedral angles. 
interestin#y the Ala 2 ~  Gin 6 hydrogen bo~rtd is 
somewhat longer in Tld (which possesses also a 
hydrogen bond between the Gin side-chain and 
the carhonyl oxygen of Ala 2) than in the three 
other Tl's. All lengths and an#es 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 8renter value of 0, thus are weaker 
than the other n ~ n + 4 hydrogen bonds in the 
molecule. 

TABLE V 

CONFORMATIONS OF THE GLUTAMINE SIDE-CHAIN IN Ala, AIb, Alc, Ald  

~i~ Xz, x3 of Gill ~ in Table Ii. A E  as in Table 1, in kcal/mol; angles in degrees, d in A, 

Structure: AI ~ Alb  Alc Ald 

AF.: 0.0 0.1 1,6 3.1 

GInx! 
X2 
X3 

Hydrogen bonding 
type 
d(O-H) 
0~HMO) 

- 73.5 178,7 - 77.5 - 174.7 
171.6 62.1 171,7 178.6 
73.7 -96.1 - 76.t 176.3 

+ + 

O(C')ola, , .  H(N,)GIn O(C')^tb,,. .  H(Nt)c3t. 
2.11 2,06 

35.1 19,9 
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TABLE Vl 

VALUES OF THE DIHEDRAL BACKBONE A~GLES q~, ~, ,-, IN THE i:OUR MOST STABLE CONFORMATIONS A!a, Alb, 
Ale, Aid 

AE ~: 0.0 0.1 1.6 3.1 

Fragment: Ala Alb Air Ald 

Residue ,is ~ to ~ ~ ,., ~ ~, ~ ,6 ~, to 

Aib 1 -50.5 -59.0 -167.9 -50.5 -58.5 -169.4 -5t).6 -58.0 -170,7 -50.5 -59.1 -169.4 
Pro 2 -58.7 -54.6 -179.1 -57.5 -53.6 -179.1 -56.8 -52.9 -179.1 -56.8 -54.6 -179.1 
Aib 3 -48.8 -57.6 ~172.1 -50.:~ -53.7 -174.1 -51.7 -50.4 -176.3 -48.9 -57.5 -173.7 
Ala 4 -58.1 -48.7 -179.7 --60.0 -50.4 -178.7 -61.7 -52.9 -176.6 -58.1 -48.7 -179.3 
Aib s -52.3 -52.9 -174.7 -52.2 -52.3 -175.0 -52.2 -52.I -172.9 -52.3 -52.8 -175.4 
Aia 6 -60.8 -45.6 -178.7 -60.1 -47.4 -177.8 -58.3 -49.2 -177.2 -60.8 -45.6 -178.5 
Gin ~ -57.5 -51.1 -177.1 -57.3 -49.5 -177.3 -59.5 -50.5 -177.0 -57.4 -51.2 -176.9 
Aib" -53.5 -50.1 -177.3 -54.1 -51.0 -177.1 -52.9 -50.2 -175.5 -53.5 -50.1 -177.4 
Val 9 -61.3 -49.8 -176.1 -61.3 -49.5 -176.5 -62.2 -49.5 -175.9 -61.3 -49.9 -176.1 
Aib 10 -54.4 -42.1 -178.9 -54.2 -41.3 -178.9 --54.2 -42.8 -178.7 --54.5 -42.1 -179.0 
Gly n -68.4 -51.5 -170.0 -69.0 -51.6 -170.3 -69.0 -51.6 -I70.0 -68.5 -51.5 -170.0 
Leu ~2 -67.6 -51.1 -16~,.1 -67.4 -51.3 -164.1 -67.1 -5!.5 -164.1 -67.6 -51.2 -164.1 
Aib la -60.5 -33.5 -169.4 -60.3 -33.7 -169.2 -60.5 -33.7 -169.0 -60.4 -33.6 169.3 
Pro ~ - 8 2 . 2  -43.2 -178.8 -82.3 -40.9 - 1 7 8 . 9  - 8 2 . 2  -41.2 -178.9 -82.2 -41.5 -178.8 

a As in Table !. 

A n  interesting feature appears upon  close scru- 

t inization of  Table IV: the existence o f  a ' hyd ro -  
gen-bond-l ike '  interact ion between the carhonyl  

s O oxygen of  A~b" and the ami.de nydrogen of  Set  t°, 
thus o f  an ~: .... n + 3 type, characterist ic of  a 3~0 
helical struclh;e.  However,  the length ( O . . .  H = 
2.55 A) and  ~agle ( 0 - -  58 ° )  of  this interaction are 
too large to qualify it as a ' r e a r  t lydrogen bond.  
Moreover,  the normal  a-helical n ~ n + 4 bond  
between the same C = O of  Aib ~ and H-N of Leu n 
coexists with t ~ s  supplementary  interaction. 

Furthermore~ a detailed analysis of  the first 
turn  o f  the optimal s tructure of  T1 demonstra tes  
anotl~er feature of  this kind: the interatomic dis- 
tance between the carbonyl  oxygen of the Ac 
group and the amide  hydroger~ of  Ala 3 is short  
compared ,  to all o ther  interactions of  this t ~ e  
( n - ~ n  + 3): d ( O . . . 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")  ot' the angle (NH,  HO)  associated 
with it (Table I 'O. 

No tewor thy  i~; the fact that all starting confor-  
mat ions  u~ed, including entire 310 and  a/310 
mixed conformations,  have yielded the same char-  
acteristic a-helical secondary structure of  T1. The 
same is trc,~ for ~Lhe short  sequence of  Table III. 

II. Comparison with the optimal a-helical structure 
of the corresponding segment (Ac...Pro 14) of 
alamethiein AI 

"¢,'¢ bdef ly  c o m m e n t  below o~i the essential 
results obta ined for segment A1 of  ~,lametl~ficin. 
As in the case of  TI ,  the four  most  stable struc- 
tures (Fig. 3) found for A1 are very close in energy 
(Table V) and differ essentially in the conforma-  
tion of  their  Gin  side-chain. More  specifically it 
appears that:  

(a) The helix is essentially a as in the T. strue,- 
t u r e s .  

(b) The various conformat ions  of the Gln 
side-chain are closely related to those found in the 
T r s :  same conformat ion  m A l a  and  T l a ,  the 
most  stable s~ractures of  A1 and  T1, respectively; 
Sanle conformat ion  in A i c  and  T i d ,  yielding the 
same type of  hydrogen bond  (compare  Table  V 
and  Table II); overall "trans' conformat ion  in A l d  
and  T1c; related conformat ions  in A l b  and  T l b  - 
in A lb ,  due  to the lack of  the serine residue 
e,,d~ting in T1, the side-chain o f  Gin  curls back 
towards the main  chain so as to form another  type 
of  hydrogen bond,  this t ime be tween one  hydro-  
gen a tom of  the end amide group and  the back- 
bone carbonyl  oxygen of  the same residue. This 
conformat ion  corresponds also to a f requent ly ob- 



TABLE VII 
CHARACTFR~,C;TgCS OF HYDROGEN ,n, ONE~S O(C')residu-- n , . .  H('N)residue n+4 IN Ala, Alb, AI¢ AND Ald a 
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Residues Fragment 
Ala Alb Alc Aid 

d 0 d 0 d 0 d 0 

At... Ala 4 2.04 4.67 2.05 6.68 2.07 9.30 2.05 5.87 
Aibt ... Aib 5 1.94 3.29 1.94 3.86 1.93 4.31 1.93 3.65 
Pro2... Ala 6 2.05 10.90 2.00 9.41 1.97 8.55 2.02 10.64 
AiQ... Gin ~ 1.94 12.04 1.99 11.42 2.19 9.83 1.97 12.68 
Ala4... Aib 8 1.93 8.31 I.~4 9.3 ] 1.98 4.14 1.92 9.27 
Aib~... Val 9 2.14 12.38 2.14 12.13 2.06 10.38 2.15 12.59 
Ala6... Aib 1° 1.91 10.30 1.91 8.89 1.93 11.61 1.91 9.96 
GlnT... Glyl I 2.01 19.97 2.02 22.19 1.99 18.31 2.01 20.13 
AibS...Leu t2 1.94 19.11 1.94 18.57 1.95 I9.06 1.94 19.24 
v a l g . . . A i b  13 1.91 2.89 1.91 2.64 1.90 1.63 1.9I 2.75 
Glyn...(NHCH~) 2.22 29.58 2.24 29.59 2.22 29.51 224 29.68 

* d and 0 as in Table IV. 

served structure in proteins [34]. The various con- 
formations of the Oln side-chains in the optimized 
Al ' s  and the closeness of their computed ene~'gies 
appear in keeping with the fact that the three 
alamethicin molecules present in the crystal [12] 
display different conformation~ of their Gin side- 
ch',tins. 

(c) The bending effect of the end proline is 
similar to that of ~richorzianine, this bend being 
already initiated three residues before the proline 
(see in Table VI the values of the dihedral back- 
bone angles from Gly n onwards). Note that this 
result correlates rem~rkably well with that de- 
duced recently from 1H-NMR two-dimensional 
measurement [3g] which suggests a "tilting' of the 
hefieal axis in the region around residue,,; 11-13. 

Concerning :he effect of proline residues, one 
can observe, from Table VI, that the AiblPro 2 
sequence situated ~t the N.terminal extremity, es- 
sentially a-helical, does not adopt the 3ame con* 
formation as the same sequence Aib13Pro ~4 situated 
at the C-terminal extremity of the segment close 
to a 310 helic~ structure. The behavior of proline 
at the N-term~al agrees with the observation made 
recently [39] that a great number of a-helical rods 
in globin molecules have a proline at their N- 
teu-ainal extremity. In contrast, as seen explicitly 
in our results, a proline situated within an a-helL 
cal structure prodvces a bend in the helix axis, due 

to the lack of the amide hydrogen, hence a missing 
C ffi O . . .  H-N interaction in th~ 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 A1 to another, as 
expected by ~he similarity of the backbone di- 
hedral angles. 

Apart from these st~fing similarities an inter- 
esting difference exists between T and A in that 
there exists no 'hydrogen-bond-like' n ~ n + 3 in 
A1 similar to those observed in T1. In particular 
there is a significant difference between the first 
turn of A1 and the first turn of TI:  d (O . . .  H) 
between Ac and Aib 3 in the former is 3.13 A, i.e. 
signihcantly longer than the corresponding dis- 
tahoe (Ac. . .  Ala 3) in T1 (2.56 A). 

In conclusion, the results of this conforma- 
tional study show that the intrinsically preferred 
helical character of Ac . . .P ro  ~3 fragment of tri- 
chorzianine (TA IIIc) is essentially a 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 ',~itua° 
tion is different from the suggestions of Ref. 20. 
However, the A c . . . A l a  3 interaction in T1 is 
shorter than the interaction Ac. . .  Aib s in AI:  it is 
possible that this interaction, intrinsically weak, 
might be strengthened under the influence of ex- 
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temal factors such as ~.~,'Avents. 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 polypepfide conformation. A number of 
contradictions can be found in the literature con- 
cerning this problem (see 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 A1, despite its lfigh Aib content, its 
helical preference is a in a ct3'staltine 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 consen,ed in the different media. 
In the case of T1, the intrinsic preference deduced 
from theoretical computations also appears to be 
a with a somewhat hidden tendency to become 3t0 
at least partially under appropriate conditions. 
This is not to say that other sequences could not 
be intrin.~ically 310. 

Zrl 

C -terminal ~-~ ~..--~ 

• ] /  

f 

h I f i x e d  

Fig. 4. The six parameters definmB the position of a helix h 
with r~pect to h~ m a eomp]ex. P is the pivot of h I (center of 
its length). R and 0 fL~ the position of the projection P' of the 
pivot P"  on ~ circle centered at P, a, # and -/define the 
rotations of h around the directions indicated, d is the vertical 

translation. 

IlL The possible role of the polar side+chains in the 
aggregation of T1 and AI segments 

In the model built to represent the channel 
made by alamethicin [12], several (Ac. . .Pro  14) 
N-terminal segments (A1 in the present work) are 
supposed to pack tightly together with the help of 
the Gin 7 hydrogen-bonding together parallel a- 
helices .in an aggregate surrounding a central 
channel. No expficit hypothesis has been made 
about a possible aggregation of tricborzianines nor 
about a possible role of its corresl~onding gluta- 
mine residue. The similarities found in Section I 
both in the conformation of the two ~graents A1 
and 1"1 and in the conformational behavior of 
their glutamine residues suggest that similar modes 
of aggregation could be invoked for the two 
species. A supplementary interest arises in the case 
of trichorzjanine, due to its possessing another 
polar group, serine at position 10, capable in 
principle of hydrogen-bonding to a neighboring 
helix. Such binding was fomad in bundles of 
sefine-containing hydrophobic helices [3], 

As a preliminary step in the theoretical stady of 
the possible modes of aggreg0xion of thes,~ mole- 
cules we have considered the pairing proF';r~'ties of 
the N.terminal segments T1 and A1 and the possi- 

ble role played in this pairing by their polar 
residues. 

Let us cons~der 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 medals pro- 
posed for alm'nethicin, 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, Tlc and Tld de- 
scribed in Section I: two identical hefice:;, named 
h 1 and h2, were used, h2 being positioned in space 
with respect to h 1 by the six parameters d, efined in 
ReL 1 and recalled in Fig. 4. Three values of the 
interaxial distance R were adopted (9, 10 and 11.5 
~,) and, for each R, three rotations of 112 around 
its heli'c.al ax, is were performed so as 1Lo place its 
glutamine residue in different orientations with 
respect to the Gin of hi (Fig. 5). The 36 different 
starting configurations obtained were used as 
starting points for energy optimization of the pairs 
proceeding in two steps: (i) In a first step the total 
energy of the system is minimized with respect to 
the tcterhelix variables, maintaining all backbone 
and side-chain dihedral angles fixed at their opti- 
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TABLE VIII 
ENERGY AND INTERI'IELIX HYDROGEN-BONDING CHARACTERISTICS OF THE FOUR MOST STABLE 1"1 PAIRS 
KEPT STRICTLY PARALLEL 
Ere t = E - E 0 where E is ~he total optimal energy and E 0 the total energy of the pair when the two helices are at an infinite distance 
and in their optimal conformation Tla. E I = total interaction energy including the polarization term, Erpol ffi total interaction 
energy minus the polarization term. Em:rgies in kcal/mol, d in AngstrOms. 0 in degrees. 

Complex " E~t El Em-pol Hydrogen bonds between the two helices 
atoms involved d(O... H) 0(NH,HO) 

C1 - 6.5 - 8.06 - 6.87 H(N, )(Gin,h|) -Oe(Gln,h2) 2.07 34,0 
C2 -6.2 - 8.63 .- 7.73 No interhelix hydrogen-bonding 
C3 -4.84 - 9.78 .- 8.67 O,(G[n,hl )-H(Nc) (Gln,hz) 2.14 52,1 
CA - 3.% - ~1.24 - 10.15 H(N,)(ot,.hO- O,~l,,h2~ 1.96 20.9 

real values found in Section I, except for the X 
dihedral angles of Gln and Ser side-chains which 
were labillzed. Constraints were imposed on the 
interhelical variables so as to maintain the two 
fragments strictly parallel. (ii) In a second step, 
the lowest-energy structures resulting from step (i) 
were r~ptimized, labilizing now all intrahelix 
variables (all dihedral backbone and side-chain 
angles of ht and h2) and all interhelical variables. 

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

y 

% 

), 
R 

x 

Fig. 5. Schematic, representation of the startin8 arrangements 
used for the optimization of pairs of Tl's. ~ represents the 

Gin side-chain. 

ergy-rninimization 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 fulfW c~:r put- 
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 
energy and interhelix hydrogen-bonding character- 
istics of the four most stable ones, C1, C2, C3 and 
CA, are given in Table VIII. 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 the two helices (see C2 in Table 
VIII). As was demonstrated in our previous stud- 
ies, this is a general feature of the r~up!ing 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-chain.s of the two 
partners. (In the case of the couple C1, for i~l- 
stance, inside the total energy, -6 .5  kcal /mol  
given in Table VIII, the electrostatic component is 
+ 4.9 keal /mol  wl~e the compensating Lennard- 
Jones (repulsion/dispersion) term is -11.7.  Note 
that this situation would still be enhanced if a 
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TABLE IX 
ENERGETICAL AND CONFOILMATIONAL CHARACTERISTICS OF THE TWO MOST STABLE T1 PAIRS OBTAINED 
UPON COMPLETE LABILIZATION OF THE SYSTEM 

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

Complex E,o t E I Hydrogen bonds between the two helices Relative position of the two helices a 

atoms involved d(O... H) O(NH, HO) R 0 d a fl "g 

D1 -15.6 -22.3 O~(Gln.h~)-H(N,)(Gla,h2) 1 .95  16.4 9.6 136.4 1.2 40.1 -9.3 -18.5 
H(N,) (Oln.h D -Ov(ser,h 2 ) 2.14 23.0 

D2 - 14.5 - 17.7 No interhelix hydrogen-bonding 8.4 154.5 - 0.8 27.8 -25.6 10.3 

a 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 Gin carboxamide groups of  
the two helices. None  involves the Ser side-chains. 
One has no hydrogen bond at a l l  In  fact a de- 
licate balance occurs between hydrogen bonds and 
non-bonded interactions: in C3 with an interhelix 
hydrogen bond weaker (longer d ( O . . . H )  and 
larger 0) than in C1, the interaction energy ~s 
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 Eto t is 
always smaller than that of the interaction energy 
E~, implying that the conformational state of h x 
a n d / o r  h a is always less favorable than when 
isolated (Tla).  Nevertheless this destabilization 
does not  exceed 7.3 kca l /mol  in C4. In that case it 
is shared between the two helices: about 3.6 
kca l /mol  per helix, practically the energetic desta- 

bilization of T l d  wi~h respect to T l a  (see Table I) 
due essentially to the difference in conformation 
of the Gin side-chain. However, the comparison of 
the energy data in the pairs C1 and C4 shows 
dear ly  that the most favorable interaction energy 
E~ between 'Lwo helices does not  necessarily imply 
that the pair is the most  stable one: to achieve the 
more favorable value of the interaction energy in 
(24 each helix has been destabilized to a much 
greater extent than in CI. 
- The polarization component  of the interaction 
is weak (conlpare Et and Erpol) .  This was found 
also 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 dose  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 

TABLE X 

ENERGETICAL AND CONFOILMATIONAL CHARACTERISTICS OF TWO AI PAIRS OPTIMIZED FROM STARTING 
AFCRANGEk~ENTS MODELLED ON D1 AND D2 RESPECTIVELY 

E t a  t -~- E - E 0 where E is the total optimal energy and E o the total er, ergy of the pair when the two hdices are at an infinite distance 
and in their opthnal conionnation Ala. Giber dcf'ufitions and umts as in Tables VIII and IX. 

Complex E,o t E I Hydrogen bonds between the two helkes Relative position of the two helices ~ 

atoms involved d(O... H) 0(NH,HO) R 0 d a fl y 

K1 - 20.1 - 27.4 Oc((jla.h l~-H(Ne)(cj,~h:) 1.97 16.51 8.4 113.6 0 ~ 62.1 26.2 -- 43.3 
K2 -14.5 -16.4 No interhelix hydrogen bondi~l,~ 8.2 155.4 -2.1 34.3 -41.8 23.3 

~°-- Fig. 4. 
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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- 
tiaUy to the labilization of all interhdix variables. 
In the most stable arrangement, D1, obtained in 
starting from the C3 conformation, the inclination 
(see the values of j8 and ~, in Table X) of h 2 with 
respect to hi has allowed an improvement of the 
hydrogen bond between the two Gin side-chains 
(see the values of d and 0) and permits, further- 
more, the formation of an additional interhelix 
hydrogen bond between the Gin on h~ and the Ser 
oxygen on h2. However, h~ is significantly de- 
stabilized (--5 kcal/mol) with respect to Tla, 
essenti~ly owing to the rotation of its Gin side- 
chain (h: is only less favorable than Tla  by about 
1.8 kcal/mol). 

The second most stable pair, D2, results from 
the reoptirnization of C2. As in C2, there is no 
interhelix hydrogen bond in the final complex, 
which, however, is very stable: the loss of intrahe- 
l b: ener~ is ~maller than Jr, DI. In fact, in D2, 
each helix has practically the conformation and 
energy of Tlb 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 bo,ud~ b~tween themselves in. the 
most stable pairs. We have obtained an arrange- 
meal where such m~ interaction exists but with a 
total energy less favorable than in the best pair by 
5.7 kcal/moh to form a hydrogen bond toger.her, 
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 Gin residue of the same 
helix. Furthermore, the hydrogen bond then 
formed between the two serine~ is weaker than 

that achieved, in D1, between the OIn side-chain 
of h I and the Ser side-chain of h 2 (the hydrogen 
bonding between the two Gin 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 correspondin.g fragments of alamet!ficin to 
a more rapid study made possible by the results 
obtained on T1. As a startin[, point we have 
placed two optimal Al's in the relative position 
adopted by the two Tl 's  in D1, ~hen in D2, 
placing the Gln side-chains in the appropriate 
conformations. Note, however, that due to he ab- 
sence of the Ser residue in A1, the Gin 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 Tlb 
in section I), i.e. a curling-back of the side-chain 
of the Gin 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 a.~d conforma- 
tional characteristics are given in Table X. As can 
be seen by comparison of Tables IX and X, the 
interhelix hydrogen bc,nd occurring between the 
two Gin 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 (shorter interaxial distance at midheight 
(R), larger inclination of h 2 ~ t h  respect ~o h 1 (~ 
and ~,). 

In K2 there is. as in D2, no hydrogen bonding 
between the two Gin side-chains. The interaction- 
energy component is less favorable by 11 kcal/mol 
than in K1, whereas for the optimal pairings o~ 
two Tl's, with and without the Gin 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 keal/mol. 

Overall, the pairing properties of the N-termi- 
nal fragment (Ac-P~o 1~) of trichorzianlne, and of 
the corresponding part (At . . .  PrJ 4) of alamethi- 
cin, conducted from a comparative point of view, 
show explicitly the possible role of the polar side- 
chains of these seqttenees in their aggregation: in 
both molecules the most favorable arrangement 
obtained in the computations is that where the 
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two Gin 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. In 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 Gin 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 Gin-hydrogen bonding could impose 
constraints on the arrangement. 

Conclusion 

For the reasons explained in the Introduction 
we have linfited .'l~e present study to tile coasider- 
ation of the N-terminal part of the molecules in 
view of the special role it is assumed ,o play in the 
voltage-dependent channels of Mamethicin. 

The optimization of the helical structure of the 
N-terminal part (Ac. . .  Pro t~) of trichorziaffme has 
shown that this helix has an intrinsic preference 
for an a structure with a small bend initiated 
about three residues be~ow the proline residue 
(th-d3). Moreover the comparison of this structure 
v ith the optimal corresponding sequence 
(Ac. . .  Prd 4) of alamethi, fin has stressed the con- 
formational similarity of the two peptides. Never- 
theless, in the N-terminal fragment of ~.ri- 
chorzianine and coexisting with the standard a- 
helical n --) n + 4 hydrogen bonds, two weak n -~. 
# + 3 imeractions hwe  been de~ected. One 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 310 type. 

We have shown explicitly the appreciable flexi- 
bility of the bulky polar Gin side-chain, which can 
adopt various conformations with little loss hi 
energy. Simil~a" observations were made in our 
previous studies on Ser side-chains embedded in 
otherwise hydrophob~c 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 transmemt'r~.ne 
proteins) gives it the ability to play different 
structural roles in the stability of various bundles 
and perhaps also in the transfer of ions. 

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