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Energy opfim~afions a~  caffied out on packages of N a-heHces of poly(L-alanin~ from N = 3-% ~a~ing 
from an inifi~ affangement ¢f ~ e  helices ~ the ve~ices of various polygonal p~sm~ ~ ~ew ¢f the p o s ~ e  
formation of channel-making bun~¢s ~ membrane~ The results show: thaL for e~ch N, a number of ~ab~ 
packages e~st; that ~ e  p~sence of one p~r ~nd even two) of a~acent paralid helices ~ a package is not 
incompatible with ~s s~bili~, due ~ ~ e  o v e ~ o m p e n s ~ n  of i~ unfavora~e dec~o~afic energy by &e 
sum of ~ e  coffesponding favorab~ ~rms for the ant~araild p ~ ;  and th~ some packages prov~e 
ready-made pores ~ ~ r  ~ f i o L  The energy profile computed for Na + ~ d e  one of the pores ~es~fing 
from f~e h d ~ e ~  shows a favora~e energy all ~ e  way throug~ ~ s ~  of the meth~ groups protru~ng ~ 
the channd. Similarly one water m~ec~e  interacts favorab~ with ~ pore throughout. 

Although the r~e played by ~tfin~c mem- 
brane proteins ~ the ~anspo~ of ~ns through 
~p~s is well recognized the mecha~sms inv~ved 
are still ~ g d y  a m ~ r  of spec~ation du~ in 
p a r t ~ a r ,  Io lhe ~ a r d ~  cf p ~  ~ru~ur~ and 
conform~ion~ ~formafion on the 'channdg. The 
last ~w years, howeveL have witnes~d the onset 
of a breakthrough ~ this domain starting with the 
obtention of a low~es~ufion map of the 
d e c ~ o n - ~ f i n g  densi~ of bac~fiorhodop~n in 
the purp~ membrane [1] followed by the fu~ 
d ~ m i n ~ i o n  of i~ amin~add sequence [2-~. 
Other sequence determinations are r a ~ y  becom- 
ing availab~ ~.g. for the so~um channd of E&c- 
gophorus e&ahcus [5], the a c ~ c h ~ i n e  receptor 
[6-9] e~.), as well as dec~on spectroscopic images 
[1~. The early picture of ba~efiorhodop~n show- 
ing seven rods of d e n ~  perpend~dar to the 
membrane thickn~s [1] is compafib~ with a f~d- 

ing of the m~ecule invoNing seven a - h d ~  in- 
tramembrane segments [2] probab~ a~anged in 
an irregular heptagon~ packing [11]. The ex- 
istence of in~amolecular rods in a pentagon~ 
arrangement detected in the acetylchofine receptor 
protein is equally compatible wilh modds involv- 
ing probably five a-helic~ portions of the differ- 
ent subuni~ [12]. The detection or suspidon of 
a - h d ~  protein segments in other membrane pro- 
tons speaks in favor of thor pos~ble invoNement 
in the formation of channds by making ap-pro- 
pfia~ bundles [13]. In~restin~y a set of 11 trans- 
membrane a-helices pos~b~ pla~ng a role in 
dectron ~ans~r has ~so recently been detected in 
the photosynthetic reaction center complex of 
Rhodopseudomonas oiridis [1~. Although this in- 
volves dec~on ~ansfer while ba~efiorhodop~n 
~ a n s ~  protons, both protons r~se the problem 
of the ro~ of ~ansmembrane a-helix b u n d ~  

In par~lel to the study of the phy~olo~c~ 
ion-~ansduong proteins, a number of invesfiga- 
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tions have been devoted to the abihty of s y n t h ~  
polypeptides to induce conductance in black-fipid 
membranes [15-20[ pointin~ here ~so, among 
other posfibifities, to the posfib~ involvement of 
a-hd~M structures. Although the observations of 
Heim and Spach might perhaps be expl~ned by 
other structures or channd artefacts the question 
of the posfib~ role of a-helices rem~ns open. 
Alam~hidn [21] provides ~nother example of icn 
channel-forming molecules of a - h d ~  structure 
to which can probably be added some of its 
an~ogs as wall as a number of recently syn- 
thet~ed polypepfides of various length formed by 
repeating segmen~ of purdy  hydrophobic se- 
quences of amino~obutyric add  and L-~anine 
amino adds [22]. 

Apart from recent c~culations on the possible 
stable configurations of a p~r  of two a-helices 
made of 10 L-~anine refidues [23], no sys~matic 
study of the packing properties of a-hd~es  seems 
available, p a ~ u l a d y  in ~ew of the formation of 
po~n t i~  channd-making bundles in membranes, 
In flew of the growing amount of e~dence enu- 
merated above pointing to the posfible role of 
such s~uctures in membrane conductanc~ we have 
deemed it interesting to start such a study ufing 
appropriate energy-minimization ~chniques re- 
cently devdoped in our laboratory [2~. In the fi~t 
paper in this series [25] we have examined the 
facto~ gcverning the p~cking of p~rs  of poly-L- 
Manine a-hd~es  of different ~ngths and, in par- 
ficula~ the influence of the length of the helix on 
the structure and energy charac~fistics of the 
most stable arrangement. We repo t ,  in the pre- 
sent pape~ a study of the stabifity and s~ucture of 
packages of N poly(L-~anin~ helices for N = 3-7 
and preliminary results on the energy 'profilC 
compu~d for a sodium ion in one of the po~n t i~  
pore-forming packings obt~ned. F ine ly  the posfi- 
bility of a water molecule to lie in the same 
channel will be confidered. 

S m ~  ~ d  M ~ d  

The length required for an a-helix to span a 
membrane of average s~e of 30 A is about 20 
amino adds. We have show~ howeve~ in our 
pre~ous work [25] that a fa~ constancy in the 
properties of p ~  of poly(L-~anin~ a-hd~es  is 

observed a~er the number of refidues reaches 
n = 13, and have therefore adop~d for this modal 
investigation n = 14 (about 22 ~ ~ngth), a num- 
ber which should be suffident to bring fignificant 
information for studying the prob~ms stated 
above. 

The righ~handed poly(L-Manin~ helices are set 
in the geometry given by Arnott [26]. Since the 
variations in energy obtMned in allowing the side 
c h i n  dihedr~ an~es to vary were found very 
sm~l in couples (L-Ala)10 [23] and (L-Ala)I 4 [25] 
helice~ we have kept them fixed at the v~ues of 
Re~ 26 in the optimization of the packages. Under 
these conditions only the in~raction energy be- 
tween the N helices of the package confidered 
needs to be compu~d. 

As in our pre~ous work [25] we have used for 
the energy cMculations a procedure devdoped in 
our laboratory [24] and appfied successfully in 
studies of n u d d c  add hgands [2~ and n u d ~ c  
add-pro tdn  [27] interactions as wall as in studies 
of the Gramiddin A channd [28]. The method 
b~ng described in d ~  in Ref. 24, we shall only 
rec~l that it rdies on the c~culation of in~a- and 
intermolecular ener~es as a sum of dectrostafi~ 
Lennard4ones,  hydrogen-bondin~ torfion and 
polarization component .  The dectrostafic compo- 
nent is computed using atom~ monopoles ap- 
propfia~ly optimized so as to reproduce with 
good accuracy the more accurately compu~d elec- 
trostatic properties of pro tdn  constituents [29] 
and the dispersion and repulfion ener~es are 
~ea~d  as a Lennardqones type interaction with 
the convention~ 6-12 dependenc~ the case of 
hydrogen bonds b~ng esped~ly ~ea~d  so as to 
account for the angular dependence of these inter- 
actions. Moreover the polarization energy on each 
spedes due to M1 the atoms of ~l  the other spedes 
of the sy~em is included. The energy optimization 
procedure uses an~yt ic~  energy derivatives which 
require the anMyficM c~culation of the forces and 
torques acting on each atom of the comp~x. 

We sh~l c~l, in what foHow~ PN a packing 
formed by N (L-Ala)l  4 a-helices. There is a large 
number of posfibflifies of starting configurations 
for each PN. The greater N ix the more complex is 
the energy optimization procedure and it is ob¼- 
ous that even with a very powerful minimize~ 
starting ~om completely different configurations 



will not y idd  the same fin~ conformation, due to 
the exis~nce of many local energy minima. Thus 
one can obt~n,  for the same N, sever~ packages 
of different energies, a~ corresponding to stable 
structures. The goM of this work, not b~ng the 
search of the most stable arrangement among all 
posfib~ Pu, will be fimited to the examination of 
different stable structures for each N in ~ew of 
an understanding of the packing properties and 
with the ~ m  of investigating the posfibifity of 
such packings to form appropriate bundles. Thus 
we have adopted, for each N invesfiga~d, ~arting 
configurations where the helices are at a mutuM 
distance sho~ enough to give a good ~ability to 
the arrangement ufing lhe resul~ of reference [25] 
and wher~ at the same tim~ the packing may 
Mlow the formation of a pore in its 'interioff. On 
this ba~s the helices are initiMly placed so that 
thor  pivots (the point fituated on the helicM axis 
at the center of its Mngth) are d~tributed at the 
vertices of a regular polygon and the helicM axes 
form the edges of a regular polygonM prism. For 
P3, P4 and Ps, ~regular polygonM prisms have Mso 
been envisaged. In view of the finding [23,25] that 
the most stable configuration of a pMr of poly(L- 
Ala) a-helices is achieved when the two helices are 
nearly antiparallel, we have ba~ed the building of 
the starting PN on an Mternate di~ribulion of 
adjacent a -hd~es  oriented upwards and down- 
wards, ~om thor  N terminM to thor  C terminal. 
Thus when N is an odd numbeL the package 
comprises necessarily two adjacent parMlel helice~ 
We shMl examine b r o w  the consequences of this 
~tuation. 

We recall that all geom~ricM ~ansformafion~ 
~an~ocations and rotations of the helices [25], 
during the energy optimization procedure are made 
~om the pivot of each helix. In what follows, helix 
numbered on~ h~, is kept fixed during the compu- 
tafion~ 

The computations including the ion were done 
for sodium. The procedure adopted is the follow- 
ing: one optimized packing was chosen on the 
bails of its energy and of the ~ee space exi~ing in 
its interior; Na ÷ was placed successNdy in planes 
perpendicular to the helic~ axis cf  h~ (which is 
the z a~s of the system), and permitted in each 
plane two degrees of ~eedom (x and y)  during 
the energy minimization. This was done first in 
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maintaining the package rigid. The profile plotted 
thus involves fimply the interaction energy of 
Na + with the whole fixed package. In a second set 
of calculations, the same optimizations were car- 
ried out, but allowing the package to reopfimize 
its structure at the same time. For these opfimiza- 
tions, all helice~ except h~, have fix degrees of 
freedom ~nd energy opfimizations are carried out 
on the interaction energy of all the species includ- 
ing the ion present in the system for eac~ plane 
investigated; the planes were spaced by 1 A from 
the bottom to the top of the channd (to be sure 
not to miss possible extrem~ a number of inter- 
mediate planes were explored in the senfitive re- 
gionO. The interaction energy of Na + with the 
sy~em made of the a -hd~es  is given for each 
plane investigated, as E z -  E~, where E 2 is the 
total interaction energy summed over all the inter- 
acting species (the N helices and the cation) of the 
final complex and E~ is the optimized energy of 
the corresponding ~arting package in the absence 
of the cation, calculated as the sum of the interac- 
tion energies between the N helices. The energy 
profile so obtained takes into account the loss in 
energy occurring upon deformation of the package 
and the concomittant gain in the energy of inter- 
action. It is given as the plot of E2 - E~ in terms 
of the hoght  z in the channd. 

In a fimilar way we have explored essentially 
the posfibihty of a water molecule to fie in the 
pore. The methodology used is analogous to that 
used in the case of Na +. In that case, all helices 
were kept fixed during the minimization proce- 
dure while the pofition and orientation of the 
water molecule was optimized in various regions 
of the channd. 

R e s ~  

~) St~b~ p~ck~e~ ~ N a~elic~ of poly(L-alanM~ 
#r  N= 2-7 

T ~  ~ s ~  of ~ e  ~mpumt ions  ~ e  p ~ n ~ d  
in ~g .  1 and T a ~ e  I. F~.  1 # ~ s  ~ m a t i c a l l y  
• e shape of the opf imi~d packages obtMned 
~om ~ f ~ m  ~pes  of s ~ n g  configurations of 
the various PN ~ # ~ ,  fimited to the ~ e c t i o n  
of the p ~ s  of each h ~ x  of the com#ex  in a 
~ a ~  p e ~ e n ~ c ~  m ~ e  h ~cM a~s ~ h~. T h e ~  
~ p ~ n m t i o n s  are o n ~  an ~ c a t i o n  of the po- 
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P3 

~. .z; h- ~l (a) (b) 

h / ~ ;  1 ~ / / ~  I (o) (b) 

(d) {e) 

(c) 

(o) (b) (c) (d) 

Co) (b) (el (~) 

Fig 1. Schematic representation of the rdative po~fions and 
orientations of the N helices in various optimized PN packages. 

lygonN dispoi t ion  of the packages, i n c e  nother  
the rdafive inclinations of the helices nor thor  
rdafive shi~s a~e indicated. These informations 
are ~ven for typ~N packages in T a b ~  II and 
i l lus~a~d on a few examples in Fig. 2. On each 
schemat~ representation in Fig. 1 we have num- 
bered the helices and indica~d by an arrow thor  
direction ~ o m  the N termin~ to the C terminal, 
so as to ¼sualize easily the paral ld and ant ipar~-  
ld  p ~ .  To each representation is asso~ated a 
~ t ~ r  distinguishing the various types of s~uctures 
ob t~ned  for the same N. In T a b ~  I are given the 
v~ues  of the corresponding respective energies 
and of tho r  most interesting components. As 
shown by the comparison of Et~ and E, the 
polarization terms by which they differ a~e weak 
and, moreover, E varies ~ke Et~. Thus the ind~ 
~ d u ~  in f rac t ion  energy componen~ given in Ta- 
ble I without the polarization terms can be ignif i -  
canfly used as such. 

We have included in the resul~ the paral ld  and 
antiparal ld P2 comp~xes  because thor  fundamen- 
tM features are at the bails of the packing of 
larger bundles: as indica~d before, the antiparN- 
ld  pNr P2~ is by far the most s tab~ one, due, as 
anNyzed in ReL 25, to the converNng effects of 
the favorab~ ~ecUo~at ic  and Lennardqones  
components of the infract ion.  But it is seen that 
the pNr of paral l~ helices can reach a stable 
opfimN arrangement with a s t ab t~a t ion  of - 4  
k c N / m ~  in the comp~x  P2b where the two helices 
are pracf icN~ as dose  as in the antiparNlel con- 
figuration: i n ~ a x i s  di~ance 0.2 ~ longer than in 
Pza, very i m i h r  vNues of the tilt (about 15 ° with 
respe~ to para~dism and anfiparNlel~m, respe~ 
t ivdy) and tip anNes; in P2b the ~ectro~at ic  en- 
ergy ~ repulsive in conformity to what is expemed 
from the paral l~ orientation of the two macrodi- 
poles [30,31], but this r epu l ion  is overcom- 
pensated by an a~ractive Lennard-Jones compo- 
nent neady as large as that of the ant iparNld 
packing  It is to note that the present cNculations 
are conducted in a medium of die~ctfic constanL 
e, equN to 1. We have repeated them taking a 
fixed di~ectric constant equN to 3, ~n ta t ive~  
representing an upper fimit for a hpid medium: 
for the same starting configuration of the com- 
plex, the two energy optimizations ~ d d  the same 
f inn  configuration of lhe sys~m. But when e = 3 
the ant iparNld pNr is destabilized by about 10 
k c N / m ~  (decrease of favorab~ dec~o~af ic  at- 
~actionL whi~ the parall~ pNr is ~abilized by 
about 6.5 k c N / m ~  (decrease of unfavorable dec- 
trostatic repul ion) .  This imphes that in a medium 
of didectric constant appropriate for fipids, the 
antiparall~ sys~m does remNn the most stable 
one but the difference in energy with respect to 
the parNld  sy~em is q~ te  smaller than when 
e = 1. Note that this dampening is maximized by 
the choice of an upper hmit for e. 

A s imihr  test on the effect of e was carried out 
in the case of a P~ packing where an energy 
optimization conducted from the same starting 
configuration with e = 1 and e = 3 ~ d  lhe same 
f inn  configuration of the sys~m. With e = 3 the 
two p N ~  cf antiparall~ helices are destabilized by 
about 8 k c N / m o l  while the pNr of parNlel h d ~ e s  
is ~abilized by about 7 kcM/mol ,  these variations 
coming ~ o m  lhe ~ e ~ o ~ a t i c  ~rm.  As a result the 
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T A B L E  I 

E N E R G Y  C H A R A C T E R I S T I C S  O F  T H E  P A C K A G E S  F O R  N = 2 - 7  

N, n u m b e r  of  helices in the complex  

Etot, totM i n f r a c t i o n  energy including the p~a f i za f ion  ~ r m s  

E, totM interact ion energy without  the polarizat ion terms 

E ~ , ,  i n f r a c t i o n  energy (without  po la r~af ion)  s u m m e d  over  all the pMrs of an t ipa ra l ld  helices 

~!!ii ' ,  i ~ a ~ r ~ r t ~  ~ v ~ n P ~ f i ~ 2 ~ i ~ n )  s u m m e d  ° v e r  all the P ~  ° f p a r a l l d  helices 

E ~ ,  pure  d e ~ r o s ~ f i c  c o m p o n e n t  of  Ep~  

The  v ~ u e s  in parenthesis  for P~ and  Pae c o r ~ s p o n d  to a v ~ u e  e = 3 for the d i d e ~ r i c  constant .  All others  are for e = 1. All en e r~es  

are  in k c ~ / m ~ .  

N P a c k i n g  E t m  E Eanti Epa  ~ E ~ t  i E ~  r 

2 - 29.9 - 13~9  

3 

P~ - 3 1 A  ( - 2 1 . 4 )  - 2 9 . 9  

P:b - 4.0 ( - 10.5) - 2.9 - 2.9 

P3~ - 54.0 - 50.9 - 47.8 - 3.1 

P3b --58.7 --55.9 --56.8 + 0 . 9  

P3~ - 5 5 . 9  - 5 3 . 7  - 5 9 . 0  +5 .3  

P3a - 56.0 - 53.9 - 58.9 + 5.1 

P3~ - 6 6 ~  ( - 50.7) - 59~  - 56.2 ( - 3~7)  - 3.4 ( - 10.7 

P~ - 9 8 . 1  - 9 4 . 2  - 1 0 5 . 8  + 1 1 ~  

P4b -- 98.7 -- 94.4 -- 105.8 + 11.4 

P4¢ - 108.5 - 104.1 - 106.4 + 2.3 

P,~ - 7 5 . 4  - 7 1 . 6  - 6 5 . 8  - 5 . 8  

Ps, - 113.6 - 10Z9 - 11~6  11.7 

P~b -- 114.3 -- 108~  -- 120~  12.1 

Ps~ - 113.4 - 107.2 - 123~ 16.3 

Psa - 1 1 ~ 9  - 1 1 ~ 5  - 1 2 ~ 0  15.5 

P6 - 163.1 - 156.6 - 185.4 28.8 

P7 - 187.3 - 177.1 - 206.3 29.2 

1 1 . 2 2  

- 26.3 11.0 

- 2 7 . 0  10.7 

- 26.4 6.0 

- 26.2 5.9 

- 24.8 10.9 

- 5 3 . 1  15.0 

- 5 2 . 2  14.9 

- 4 8 . 7  15.5 

- 3 5 . 4  15.1 

- 58.7 24.0 

- 60.0 26.1 

- 66.4 29.2 

- 67.5 30.5 

- 96.4 35.4 

- 109.6 53.1 

packing resulting from the energy optimization 
with e = 3 is less stab~ than for e = 1, rem~ning 
nevertheless qui~ ~ a b ~  (Et~ = - 5034 k c ~ / m o l )  
but it shows a smaller dif~rence b~ween the 
respective in f rac t ion  ener~es of paralld and anti- 
paralld helices than when e = 1 (see Epa~ and Ean fi 
in Table I for lhe P3e packing). It ~ fikdy that this 
fituafion fadfitales the formation of packages in- 
cluding paralld a-hefices in membranes, a config- 
uration sometimes imposed by the necesfity of the 
folding of a long continuous c h i n  into a succes- 
~on of membran~crosfing segments (e.g. in 
bac~fiorhodopfin).  

It might be o ~ e c ~ d  tha t the  energy of interac- 
tion of the hydrophobic m~hyl  groups of the 
a-helices with the fipids ~ not explicitely included. 
Howeve~ this in~oduction is not fikdy to modify 

the preceding conclufions fince this term, s t a b ~ -  
ing whatever be the helix orientation, should not 
be very different according to the orientation to 
the methyl group~ 

Let us examine the packages with more than 
lwo a-helice~ in the fight of the resul~ of Table I 
and Fi~ 1. The P3 comp~xes are those for which 
we have tried the largest number of arrangement.  
They present a particular intere~ due to the pres- 
ence of nece~afily two adjacent paralld helices. 
These are taken as b~ng h 2 and h 3 in all cases. 
The most stable packing we have obt~ned is P3e" 
Paa and P3b a r e  the optimized ~ructures obt~ned 
~om two starting configurations where the three 
helices form an equilater~ triangle but in a diffe~ 
ent way: in the ~arting of P3a the edges are 9 ~ 
long and in the starting of P3b, constructed from 
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P2~, they are 7.9 ~ long In P3a the infract ion 
energy between the paralld helices stabihzes this 
p~r  but this is achieved at the expense of the 
interaction energy of the two other p~rs of anti- 
paralld helices (Ea, ~ much ~ss favorable than in 
Ml the other P3). In Pab the interaction energy of 
the p~r  of paralld helices ~ nearly zero (0.88 and 
-0 .25 kcM/mol without and with the polariza- 
tion term~ respectivdy), Lading thus to an un- 
favorable ~tuafion. 

The P3¢ package is the optimized configuration 
calculated from a starting complex where the pair 
1-2 (antiparaHd helice~ ~ that of Pza and the 
por t ion  of h 3 is deduced ~om that of h E by the 
~multaneous rotation and shi~ co~esponding to 
one helicM step of an a-helix (see ReL 25). Thus 
the starting 312 angle is 100 ° . In the resulting 
optimized configuration Pac, this angle has become 
102°9 and h 3 ~ ~gnificanfly shined in z. Screw- 
ing this helix upwards by one h d ~  step [25] and 
optimi~ng the energy of the resulting s~ucture 
yidds the Pga packing where the 312 angle is 
105 %. In the optimized structures P3¢ and P3d the 
two paralld hehces are farther apa~ than in the 
other P3 explored: the Lennard-Jones attractive 
component of thdr  interaction energy becomes 

6 / 1  

Fig. 2. (continued) (2.3) 

TABLE II 

DISTANCE TO h~ ( R ~  SHIFT ( d ~  TILT (fl) A N D  TIP (~) 
OF THE HELIX AXES WITH RESPECT TO THE h~ ONE 
IN T Y ~ C A L  PACKAGES 

Packing Helix R d fl y 
name (~)  (~)  (degrees) (degrees) 

P2~ h2 7.9 1.0 -165 .7  - 0 . 2  
P2b h2 8.1 - 1 . 0  15.9 - 0 . 3  
P3a h2 8.8 1.1 - 178 .9  7.8 

h~ 8.4 0.5 -178 .9  - 7 . 6  
P3b h2 8.0 1.4 -168 .3  - 3 . 6  

h 3 8.1 1.5 -166 .5  - 1 . 3  
P3d h2 7.9 1.0 - 165.6 - 0 . 2  

h 3 7,9 0.9 - 165.5 0.2 
h 2 8.3 1.2 -177 .3  - 8 . 2  

P~b h 3 11,4 0.0 14.8 13.9 
h ,  8.0 1.3 - 164 .4  - 0 . 1  
h 2 8.1 - 5 . 1  35.8 6.6 

P,~ h~ 11.4 - 1 . 5  - 138 .0  7.0 
h4 8.0 2.7 -168 .2  -2 .1  
h 2 7.9 0.8 -166 .0  - 0 . 3  

Psb h3 8.0 0.0 - 166.6 0.2 
h~ 13.5 - 0 . 3  22.9 - 0 . 4  
h 5 14.3 - 1 . 8  -155 .8  0.8 
h 2 8.6 0.7 170.1 - 1 2 . 8  
h 3 11.7 - 2 . 2  11.2 26.1 

P6 h~ 16.0 0.3 -177 .3  8.4 
h s 15.7 - 0 . 3  - 3 . 4  2.8 
h 6 8.6 2.2 166.1 - 11.0 
h~ 8.6 0.6 173.3 - 1 2 . 9  
h 3 14.7 - 2 . 4  10.5 18.3 

P7 h4 18.9 - 2 . 7  - 153 .0  - 2 2 . 0  
h 5 24.0 - 2 . 8  16.3 3.1 
h 6 16.6 - 0 . 3  -149 .9  4.0 
h 7 8.7 1.6 15.7 -2 .1  

very weak and the co~esponding positive dec~o- 
static component governs the v~ue of thor  inter- 
action. On the other hand the favorab~ interac- 
tion energy of the antiparalld helices is qui~ 
~rong (compare Ean ~ in P3c and P3d with 2Earn i in 
P2a). 

With P3e we have ~med at exploring a config- 
uration where the 312 an~e is in~rmedia~ be- 
tween the starting vMues 60 ° and 100 ° investi- 
ga~d before. Thus in the ~arting configuration, 
the three helices form a isosceles t r a n c e  with an 
angle 312 equM to 80 °. The energy optimization 
yidds a more acute an~e (312 = 66.2 °) with a 
very favorab~ interaction energy of h~ and h:  
(about 0.3 kcM ~ss favorab~ than in P:~). The 
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interaction energy between h~ and h 3 is not as 
favorab~ (3 kca l /mol  ~ss stable) but is com- 
pensated by the interaction energy of the h~-h 3 
p~ r  where the helice~ although p a r c e l ,  display a 
favorable interaction. 

It may be noted that, in P3~ and P3d, the 312 
an~e  has not fignificantly changed during the 
energy optimization, b~ng unable to reach the 
v~ue of the configuration P3~, ~though this one is 
energetically more favorable. This is due to the 
comple~ty of the sysmm and the number of varia- 
bles to treat by the minimization procedure. 
C~af l~  the P~ and P3d conformations are the 
manife~afion of a very sUong loc~ minimum of 
energy of an assembly of three (L-Ala)~ helices. 
These two packages, which have very fimflar con- 
formations and ener~es, are two qui~ stable 
structures (see Et~ ). 

Overall, the v~ues of lhe respective energies 
obt~ned for all the P~ packings invesfiga~d show 
a great stability, even when the two paralld helices 
are at a short di~ance and even when thdr  i n ~  
action energy is unfavorabl~ This is due to the 
fact that the unfavorable dectro~afic interaction 
energy of two paralld helices is never larger than 
the absolute v~ue of the sum of the two favorab~ 
dectro~atic  in~ractions between the antiparalld 
helices present in the packag~ We shall see that 
this fituation is quire genera. 

Let us turn to the P4 packages. Among them, 
P4a, P4b and P4c cont~n no p ~  of parall~ 
adjacent helices. It is observed here that the pairs 
of antiparalld helices are ~obally ~ss favorab~ 
than in the P2 and P3 packages (compare the 
v~ues of Ean fi for four p~rs  of antiparalld helices 
with Ea. ~ in P2~ (one such P~O and Ea, ti in the P~ 
(two such pairs) bundleO. Th~ is a result of the 
greater con~raint felt by each such pair due to the 
fact that, in a P4 assembly, each helix interacts not 
only with one or two but with three others. 

P4a resul~ from optimization with a ~arting 
structure in which the adjacent helice~ ~ r n a t d y  
oriented, are 9 ~ apart in a square arrangement. 
In the fin~ packin~ one of the four hd~es  is 
rather shi~ed upwards with respect to the other 
ones. Unscrewing it (as in Re~ 25) and reopfimi~ 
ing the structure yidds the structure P4b, very 
fimilar in shape and energy to P4~ but without 
vertic~ shift of h~. In P4a and in Pab the paralld 

p~rs, hl-h 3 and h2-h4, placed at the ends of the 
diagonMs of the square are rdaf ivdy distant (11.4 
,~). As a consequence, thor  Lennard-Jones in~r- 
actions are weak and the unfavorable long-range 
dectrostatic mrm governs thdr  interaction energy. 
In~restingly these two P4 are quite reminiscent of 
arrangemen~ proposed in proteins that incorpo- 
rate a 4-~elicM pat~rn  where the four nearly 
antiparalld helices are packed in an array of ap- 
proximatdy square cross section [32,33]. 

P4c resul~ from the energy optimization of a 
starting arrangement cons~ucted on the ba~s of 
the most stable Pa complex: ht, h 2 and h 4 are 
pofitionned as h 1, h 2 and h 3 in Par and h 3 is set 
so as to keep the regularity of a rhomb as wall as 
the ~ r n a t e  orientation of the adjacent hd~es  
and so as to avoid repulfive contacts with the 
other helice~ It is in , res t ing to observe that after 
energy optimization the tot~ energy is about 10 
k c ~ / m o l  mcre stable than that cf  the two more 
regular q u a d r i l a ~  P4~ and Pab, this stabil~ation 
coming essenfi~ly ~om the p ~  of parMlel 
helices: indeed the large distance between h 1 and 
h a (13.7 ~)  makes thor  Lennard-Jones favorable 
interaction energy weak, but fimultaneou~y it has 
Mso a weakening ef~ct  on the unfavorable dec- 
~o~at ic  component with respect to the vMue of 
this quantity in the other p~rs  of p a r c e l  helices 
seen earlier. In the other paralld p ~  h 2 and h a 
are at a shorter distance and the Lennard-Jones 
component is s~ong enough to be predominant 
over the dectro~at ic  repulfion. As a result, the 
sum of the infract ions  for these two p~rs  is much 
less unfavorable (by about 9 k c ~ / m o l )  than in P4, 
and P4b. 

To investigate in more det~ls the consequences 
of the presence of paralld hdices on the ~abi~ty 
of the packages we have finally built a P4 complex 
fimilar to the starting P4~ but with two pa~s of 
adjacent paralld helices. The optimized structure 
is schematically represented in Fig. 1 by Pad- As 
shown in Table I, its resulting interaction energy 
Et~ is much ~ss favorable than in the other P4 
structures invesfiga~d. Fu~hermore in the opfi- 
m ~  structure the helices are fignificanfly shined 
in z with respect to one another (see Fig. 2(2)). 
The destabilizafion cf P4~ compared lo Paa, P4b 
and P~ comes ~om the antiparalld helices for two 
reasons: fituated at the extremities of the diag- 



onMs, ~ey are not dose ~ o u #  to h ~ e  strong 
f ~ a M e  Lennard-Jones ~ a ~ s ;  the im- 
po~ant rdafive s ~ s  o ~ e ~ e d  for the two hd~es 
m ~  these pMrs (due to the presence for each 
of them of a p a r e d  ~ a c e n t  h ~  ~ d ~ s  the 
ener~ of the pMr. Nev~thd~s  the ~obM struc- 
~ ~ still q ~  steM. AgMn it ~ o b e y e d  ~ m  
~ sp~e of a ~ e m  p a r e d  h ~  the structure 
can be s t e m  ~nce the u ~ l e  de~ro~afic 
interaction of the p a r e d  h~ces E ~  does not 
reack and is even much sm~er  than the ~ s ~ m e  
vMue of the favorable dec~o~atic interactions, 
E ~ ,  of the ~ t ~ d  ones. It must however be 
stressed that ~ t~s package the ~ t  of the h~ces 
is somewh~ Mrger than ~ the others due to the 
presence of two pMrs of a ~ e n t  qua~-paraHd 
helices. 

With the ~ p ~ k ~  we h ~ e  agMn at least 
two a ~ e m  p ~ d  hefi~s. ~ e  ~ ~ r ~ m ~ t  
was obtMned by ~ t i ~ n  from a ~ t ~ g  con- 
f i ~ r ~  wh~e ~e  five h d ~  ~rm a ~ g ~  
pentagonN p f i ~  ~ t h  a ~ e n t  h~ces as dose as 
in ~ and where the a~acent p a r e d  h~ces are 
h 2 ~ d  h 3. ~b ~ S  ~ m  ~ ~ t i m i ~ n  of 
~ ~ a ~ m ~  ~ w ~  of h 3 whi~  is ~ 
shi~ed ~ t h  respect to the ~ur  other h~ces ~ ~ .  
~ N ~ t i ~  ~ m  a ~ a ~ n g  ~ g ~  pentagonM 
prism ~ t h  equN edges 9 ~ long, the p a r e d  
h~ces  bong h a and hs. 

In these t~ee comNex~ the presence of a pNr 
of a ~ e m  p a r e d  ~ h ~ s  affects the ~ r a ~  
fion energy of the ~ ~ d  h~ces &omp~e 
~ for ~x s u ~  interactions w~h ~ in the 
three first ~ comp~x~ for four such interactions) 
but the resulting packag~ are s~l q ~ e  staNe 
structures. The ~ t i ~ d  ~a, ~b and ~ co~g-  
urations co~da~  ~ r ~ f i n ~ y  ~ t h  the arrange- 
ment suggested for the five ~ b u N ~  of the 
a c e t ~ c h ~ e  receptor, each of them contN~ng 
a-heficN ~gmen~ ~ c h  m ~  be arranged regu- 
larly so as to ~ rm an ~ w o ~ m ~ e  pentagonN 
~ m m e ~  ~ t  ~e  ~n~M a~s ~ ~e  ~ p ~ r  
[1~. 

~ n ~ y  the ~ package for which the Ma~ng 
~ n ~ ~  is based on the most staMe squ~e 
~ d  ~ a n # e  we have ~ is more s t e m  by 
about 6 kcM/mM than the other ~ e ~ M ~ &  

In M1 the ~ ~u~ed the interaction ener~ 
summed over M1 the pMrs of p a r e d  hehces is 
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positive but there ag~n the totM interaction en- 
ergy of the a~acent paralld p ~  is ~ways ~ss 
unfavorable than that of the other couples of 
paralld helices. Ag~n the v~ue of the unfavorable 
dectro~atic in~raction energy summed over all 
the p~rs of paralld helices ( E ~ )  does never 
reach, and in fact is much smaller than the ab- 
solute v~ue of the favorab~ de~ro~afic infrac- 
tion energy summed over all the p ~  of antiparal- 
lel helices (E~,) .  

Due to the large computing time required, we 
have investigated only one P6 and one P7 packin~ 
For these two inve~at ions  we have chosen a 
~arting configuration where the helices are dis- 
tributed on the vertices of a regular hexagon~ 
prism and a regular heptagon~ prism, respe~ 
tivd~ ~arting with a~acent hd~es at a di~ance 
of 9 ~. One ~fiking result seen in Fig. 1 is that the 
optimized configmations P6 and P7 are both qui~ 
di~o~ed with respect to the regular ~arting 
prism~ In P6 the orientation of the helices is 
regularly ~ r n a ~ d ,  so that there are nine p ~  of 
antipar~ld helices. The v~ue of Ea," shows th~ 
the large number of helices affects the interaction 
energy of each p~r ~nce each helix in~racts now 
with five others. Neverthdess this deformed 
hexagon~ ~ructure is very ~able and could per- 
haps be rda~d to a m~dd proposed for a fipcpto- 
t~n in the ou~r membrane of Escherichm coli 
based on a c~indric~ arrangement of ~x a-helices 
inse~ed hexagonally into the membrane [3~. 

As concerns P7, its di~ortion with respect to 
the regular ~arting heptagon~ prism, is still mere 
impo~ant than that in the case of P6. It cont~ns 
twdve p~rs of antiparalld helices and thor inter- 
action energy is still more af~cted than in P6 
because of the presence of one p~r of a~acent 
paralld hefice~ Neverthdess this complex is very 
stable as seen by Et~. It ~ qui~ interesting th~ 
optimization ~f a package of seven helices ~arting 
from a regular heptagon~ arrangement ~ads to 
the finn very di~o~ed shape obt~ned which ~ 
reminiscent of that proposed for the seven a-heli- 
c~ segments of lhe bac~riorhodopsin ~ansmem- 
brahe protein [11]. 

Overall, lhe energy optimization computations 
conducted on different kinds of packages of poly- 
~anine a-helices have ~d to the obtention of 
various ~able ~ru~ures. In flew of the possibility 



174 

that some bundles cf a-helices form membrane 
channds for cations we went fu~her in our study 
by a more d ~ d  examination of the packages 
obt~ned. Visualisation in three dimenfion~ with 
the ~d  of an in~racfive graphics terminal, of the 
s~uctures surrounded by thor  van der Wa~s en- 
vdope has shown that there is no space for a 
cation in the P3 packages except for loc~ ca~ties 
in P3~ and P3o. Among the P4 arrangements only 
P~ shows the possibifity of a channd but rda- 
t ivdy na~ow: P,b presents some loc~ ca~ties, of 
sm~l fiz~ at different hogh~  and there is practi- 
c~ly no flee space at all infide the two other P4. 
With the P5 sVucture~ an appredab~ ~ee inner 
space is present in Psa, Psb and Psi. (See in Fig. 4 
the rdative fize of an a-hdix interior hole and this 
flee space). Since the inner w~l of the 'channd '  
does not appear as a cylinder, it is not quite 
appropriate to talk about a 'diameter': an idea of 
the lumen s~e is given by the fact that the shortest 
di~anc~ in a ~ven plane, b~ween two atoms of 
two non-adjacent helices is about 6 ~. As seen 
abov~ the complex Pso is the most favorable in 
terms of energy among the ~ explored, but there 
is no space suffident for an ion in this structure. 
The optimized configuration obt~ned for fix 
packed poly~anine hd~es  does not display a re~ 
channd but only some loc~ cafities. Finally there 
appears to be no space infide the P7 package. For 
a given number N of helices per package, the most 
stab~ structures are not those which could act as 
channds ~nce, in general, the larger stabihty of a 
package results from a figh~r packing together of 
the helices. In flew of the large stabifization en- 
ergies found it appea~ very posfib~, howeve~ 
that the arrangemen~ we have obt~ned can be 
expanded somewhat so as to create a pore, while 
keeping a reasonably stabili~ng energy. 

(B) The P~b package as a poss~& Na  + ~hannd 
We have seen that among all the packings 

investiga~& the first three ~ arrangements pre- 
sent a rdat ivdy large por~ P~b bong the most 
stable of the three structure~ We have therefore 
chosen ~b to explore the pos~bility of a sodium 
cation to 1~ and pos~bly to pass through such a 
'channd '  formed by a sy~em of enfirdy hydro- 
phob~ a -hd~e~  It is d e a l  of coupe,  that such 
an investigation is a modal study ~ming essen- 

fially at ~ e  exp i ra t ion  of a ~ a s i b ~ .  As such, it 
must be confidered as a fi~t step ~wards more 
realistic s m ~ .  As ~ a d y  mentioned because of 
the rdative shortness of ~ e  a-helic~ ~gmen~  
confidered, ~ e  package spans o n ~  a ~ n ~ h  of 
about 22 ~ and t~s  must be kept ~ mind in the 
~ r p ~ t i o n  of ~ e  ' p r o ~ ' .  

The upper curve of Fig. 3 ~ves the p ~ t  of the 
~ m ~ c f i o n  en~gy cf Na ÷ wi~  ~ e  ~ o b ~  comp~x 
at each z inv~t iga~d from ~ e  b m ~ m  0eft-hand 
f id~ to ~ e  ~ p  (right-hand fidO of ~ e  channd 
m ~ n t ~ n e d  rind. The ~wer  curve is ~ e  energy 
profile obt~ned ~ allowing, for each z v~ue, the 
~ n  ~ optimize f imihfly i~ pofition ~ ~ e  plan~ 
w~le, at ~ e  same tim~ letting ~ e  wh~e structure 
of ~ e  package ~ee to moptimize its structure 
under the influence of the ion. Three e~ent i~  
observations can be made upon exam~afion of 
Fi~ 3: 

(1) The ~markab~  fact that the energy profile 
of Na ÷ ~f ide  ~ e  bund~ of five (L-AI~a is 
favorab~ all Mong the channd leng~ and ~is  in 

I 
~ -2o 

I I 1 
-~5 -~0 -5 O~ 

~ ~-~0 

-6C 

-80 

E 

k c o l / m o l  

Fig 3, Energy 'pro~ff of Na* in the ~b package; (a) in ~e 
Dozen ~ru~ure of the package; (b) ~tting ~e package reopfi- 
m~e i~ con~rmafiom 
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spite of the protruding methyl groups on the inte~ 
nal surface. 

(2) The ~milarity in the overall shape of the 
two 'profiles' with a more favorable energy for 
that obtained in the labifized channd. 

(3) A clearcut distinction between the end re- 
gions with deep interaction energies and a more 
internal region with less favorable (although sti~ 
largely negative energie~ 

These three characteristic features are due to 
the nature of the interaction between Na + and the 
atoms forming the pore and in particular with the 
oxygens of the peptide carbonyl groups fining up 
the inner wall of the packag~ When the sodium 
ion is placed at the bottom of the packing (planes 
z = - 2 2 ,  - 2 1 ,  - 2 0  ~), ds interaction energy 
with the five helices is s~ongly negative due to 2 
or even 3 stabifizing dec~o~at ic  interactions with 

carbon~ oxygens and a r d a t N d y  small '  hindrancC 
by m ~ h ~  group~ A fimilar beha~our  is found at 
the top of the packing (z = - 3 ,  - 2  ~ )  due to two 
favorab~ carbon~ ~ a c t i o n ~  When Na + is r e ~  
'infidC the channd, the carbon~ oxygens are ~ss 
accesfible because of the accumulation of meth~ 
groups and the inf rac t ion  energy is less s~on~y  
negative. Neverthdess at ~ast  cne N a C O  fa~or~ 
ble inf rac t ion  is found all ~ong the channd and, 
when the flefibifity of ~ is allowed, the helices 
move slightly to favor such an infract ion;  in 
some cases even (for example at z = - 1 0  ~)  two 
such i n , r a t i o n s  pa r t idpa~  but at longer dis- 
tances. In each case the energy loss due to the 
deformation of the package is overcompensa~d 
by the g~n in N a ~  interaction, so that the 
profile is deeper in energy than with a f i~d chan- 
nd.  The fact that, in the upper pa~ of the channd 

~ & ~ f i ~ n  ~ me wa le r  m ~ e  ~ ~ 6 o u s  h e i ~  ~ H e  ~ b ' ~ n ~  (He  z c ~ r d i ~  is ~ ~ He  ~ a ~ m  ~ me w a ~  
m ~ e  and  H e  ~ s ~  E is the in terac t ion  energy of the w ~ e r  m d ~ e  ~ t h  ~b) -  ( ~  z ~ - - 1 5 ~ 9  ~ ,  E = --6.7 k c M / m C ;  (b) 

z = - ~ 1 0  ~ ,  E = - ~ 9  ~ / m ~ ;  ~ z = - 6 . ~  ~ ,  E =  - 4 . 4  ~ / m ~ ;  ~ )  z = - 3 . 6 9  ~ ,  E = - 7 . 5  ~ c a l / m ~ .  
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the interaction energy of the cation with the helices 
is globally less stabilizing than in the lower part is 
due to a greater hindrance of the methyl groups 
~ading Io a greater number of unfavorable inte~ 
action~ 

The energy profiles obtained show an appreda- 
ble barrier at the channel mouths essentially be- 
cause of the s~ong negative value of the interac- 
tion energy of Na ÷ with the helices at the ends of 
the packin~ Although present in both profiles 
these barriers appear higher in curve b rOafively 
to the external minima. In fact this is due to a 
s~ong lowering of the external minima because, 
when the ion is in these region~ the structure of 
the package changes very ~gnificanfly to insure a 
better a~raction by the end carbonyl~ The signifi- 
cance of this conformational change, howeve~ 
cannot be assessed until a study of the ~tuation is 
performed taking into account the hydration of 
the ion and the presence of the ~pid medium. It 
may be expected that the inten~ty of the favora- 
ble Na÷-O interactions would be reduced by both 
effects. 

(C) In~racaon of P~b wi~ water 
1he computations ~f t~e optimized in f rac t ion  

energy of a water m~ecule with the Psb bund~  
show that this in f rac t ion  ~ favorable all ~ong the 
pore. In the lower pa~ of the channd the water 
molecu~ is hydrogen-bonded to a carbon~ oxygen 
of one of the a -hOles  with an intera~ion energy 
va r~n~  according to the binding ~ ,  between 
- 6 . 7  and - 7 . 6  k c ~ / m o l .  In the upper pa~ of 
the channO, the carbon~ oxygens of the helices 
are ~ss acces~b~, but neve~hOess, attractive, so 
th~  favorable ~tes (with no re~ hydrogen bond~ 
howeveO are found with an interaction energy 
varying between - 4 . 3  and - 4 . 9  k c ~ / m o l .  At the 
very top of the channO, hydrogen bonds can ag~n 
be made. F~.  4 ~ves an illustration of the po r -  
tions found for the water molecule at various 
h~ghts in the channO. The ~tuation observed 
here is in , res t ing to compare with the ~tuafion 
found (unpublished resul~ and ReL 28) in the 
Gramiddin A channO: ~though the order of mag- 
nitude of the binding ener~es of water to the 
channO is ~mi~r  in the two cases, the v~ues are 
over~l more uniform in Gramiddin A due to a 
regular formation of hydrogen bonds to the 

carbonyl oxygens. Here, although the space availa- 
ble is always suffioent for a water molecu~ to ~e 
in the pore, the formation of hydrogen bonds with 
the carbonyls is, at some spo t ,  hindered by the 
pro~uding methyl groups. 

Conchi~on 

The present set of optimum-energy compu- 
tations carried out on sy~ems formed by N equiv- 
~ent  a-helices (L-Ala)~ 4 with N increasing ~om 2 
to 7, has brought into e~dence the facto~ in- 
volved in the stability of the bund~s. One of the 
m ~n  striking features resulting ~om these c~cu- 
lations is the fact that the exi~ence of a p ~ r  of 
adjacent parMlel poly~anine helices is not det- 
r iment~ to the stability of a bundle: the packages 
in which the helices are not oriented ~ r n a t e l y  
upwards and downwards are all qui~ stable struc- 
tures. As shown in det~ls on the example of the 
sy~ems formed by lhree a-hd~es,  the dec~o-  
static interaction between the two paralld hO~es 
is unfavorable but i~ absolute v~ue is never 
greater than that of the sum of the two other 
favorable electrostatic interactions. The stabihty 
of the packages formed by an odd number of 
a-hO~es is not due to the predominance of the 
Lennard4ones infract ions  but ~ intrinfic~ly due 
to the favorable to t~  dec~ostatic component of 
the energy of the packing This could thus be 
ex~apolated to hd~es  other than poly~anines. 
This finding concurs with the fact that apparently 
stab~ structures involfing the folding of a con- 
tinuous polypeptide c h i n  into a package with an 
odd number of a-helices do exist, as shown in 
particular by the structure of the bacteriorhodop- 
sin ~ansmembrane proton.  

Concerning the possibility of pore-forming 
bundles, it was found that some of the structures 
obtained by energy optimization could behave as 
a channd to ~anspo~ ions through membranes in 
terms of the width of the pore existing infide the 
package. Others present only some loc~ cavities 
and in others the helices are so tightly packed that 
there is no pore infide the opt im~ package. But 
the hrge number of posfib~ structures formed 
and the interplay of the energy componen~ ob- 
served indicate a very wide labihty so that the 
structures formed could be expanded to form a 



p c r ~  while ~ m ~ n g  ~ a ~  

In  the case of one of the optimized b u n ~  

made  of five (Loml~l 4 ~-helices which ~splayed 
• e ex~tence of an ~ r n ~  h ~ e  it was found that 
the ~ c t i o n  energy of Na  ÷ with the ' c h a n n d '  is 

favorable all the way th roug~  in s p i ~  of the 
presence of the ~ t e r n ~  m e ~  group~ and ~ a t  

the small ~ m ~  barriers ~ o n g  the profile are 
a p p ~ d a b ~  ~ w ~ e d  when ~ e  pore is allowed to 
d ~ o r m  upon  passage of the ion. It was equally 

shown that lhe same ~ b u n ~ e  can eas i~  accom- 
m o d ~ e  one ~a te r  m ~ e c ~ e  ~ its ~ r n ~  pcre 

with a favorable ~ r a c t i o n  e n ~ g y  at every h~ght .  
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