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The different influences of ether and ester phospholipids on the 
conformation of gramicidin A. A molecular modelling study 

G i j s b e r t  H . W . M .  M e u l e n d i j k s ,  T r u d i  S o n d e r k a m p ,  J o o s t  E. D u b o i s ,  R o m a n  J. N i e l e n ,  
J o h n  A.  K r e m e r s  a n d  H e n k  M. B u c k  

Department of Organic Chemistry, Eindhooen Unioersitv of Technology, Eindhoven (The Net.~erlands) 

(Received 24 October 1988) 
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With AMBER (assisted model building with energy refinement) molecular modelling techniques, the interactions 
between liplds which differ in the type of chain linkage (e.g., ether or ester) and grnmicidin were approximated. It was 
found, theoretically, that replacement of the ester function in dipalmitoylphnsphatidylcholine (DPPC) by an ether 
moiety induces a shift in the rotamerie distribution of the Trp-15 side-chain in gramicidin A. Concomitantly, the channel 
e n ~ m e e  is contracted by approx. 0.4 A. The perturbation can he related to the strong hydrogen,bond formed between 
the lipid cachenyl group and the ira]ole proton of the Trp-15 residue of gramicidin. In the ether lipld.gramicidin 
assembly a weaker H.bond is formed between Trp-15 and the phosphate moiety. To obtain a first indication of the 
influence of the strength of this H-bond on gramicidin A, a preliminary experimental study was set up. The transport 
properties of gramicidin A were studied using efflux measurements through vesicle walls containing ether and ester 
lipids, respectively. A change in the permeability of gramicidin A was found when ether lipids were added to a bilayer 
composed of the ester lipid dioleoylpbusphatidyleheliue (DOPC). 

lntrodnction 

Numerous  studies have been conducted on 
protein-l ipid interactions, but only few are concerned 
with the question of whether lipids are capable of 
modifying the conformation of membrane proteins. 
Phospholipids, in particular, are very well suited to 
transfer information from the easily accessible 
headgroups to the hydrophobic part of the membrane 
[1]. Recently, a mechanism was outlined by which the 
formation of a five-coordinated TBP phosphorus atom 
in the phospholipid headgroup can be transmitted via 
intramolecular electrostatic repulsions in the glyceryl 
backbone to the hydrocarbon chains [2,3]. 

Abbreviations: DMPC, dimyristoylphosphatidylchofine; DHPC, di- 
hexanoylphosphatidylehofine; DPPC, dipalmitoylphosphatidylcho- 
fine; DOPC, dioleoylphosphatidylcholine; NTA, nitrilotriacetate; 
TEA, triethanolamine; LUV, large unilamellar vesicle; FID, free 
induction decay; ks, scaled rate constant; kob ,, observed rate con- 
stant; AMBER, assisted model building with energy refinement; TBP, 
trigonal bipyramidal; MNDO, minor neglect of differential overdays 
program; QCPE, qua~tur, chemical program exchange. 

Because of the enhanced electron density on the 
axially located sn-3 oxygen atom, an increased electro- 
static repulsion between the m-2 and the sn-3 oxygen 
atoms occurs. As a result of this increased repulsion, the 
conformational equilibrium in the glyceryl backbone 
changes [3]. This altered conformational equilibrium 
can induce a more tight chain packing in the solid phase 
(Meulendijks, G.H.W.M., De Haan, J.W., Van 
Genderen, M.H.P. and Buck, H.M., personal communi- 
cation). It can be imagined that by adopting a different 
phospholipid chain packing, the structure of embedded 
proteins may very well be modified. For instance, it has 
been argued, based on theoretical investigations, that 
the channel-forming polypeptide gramicidin A can be 
influenced by the lipid environment via conformational 
changes in the peptide residues, resulting in different 
conductivities through the channel [4]. 

Gramicidin A is an extensively investigated peptide, 
but very little is known about its molecular interactions 
with lipids. The peptide consists of 15 alternating D- 
and L-amino acids [5]: 

i 5 10 
HCO-LVaI-GIy.I~AIa.DLeU-LAla-DVaI-LVal-DVaI-I-Trp-DLCO- 
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Conductance studies on gramicidin analogues with 
various peptide residues have indicated that changes in 
the side-chain conformational flexibility can affect the 
channel conductance [6]. Fu~hermore, the importance 
of the side-chain rotational state on the mean life-time 
of the channel and hence the transporting properties is 
also apparent from a previous theoretical study on 
gramicidin analogues that are not surrounded by other 
molecules [4,7]. When considering lipid-gramicidin in- 
teractions, the eonformational distribution of the Trp-15 
side-chain is particularly of interest. This residue is 
situated in the vicinity of the l ip id /water  interface and, 
moreover, the molecular structure of the channel en- 
trance might easily be influenced by a change in the 
rotameric state of this side-chain [4]. 

In this paper a theoretical and preliminary experi- 
mental study is offered on gramicidin-lipid interactions 
to arrive a; a mechanism by which conformational 
changes can be transferred from the lipid to the poly- 
peptide. It is conceivable that alterations in the 
gramicidin conformation are brought about by a change 
in the relative orientation of the lipid carbonyl group 
and the nearby aromatic Trp-15 side-chain. Support for 
this idea was gathered by comparing gramicidin proper- 
ties for the case in which the peptide is surrounded by 
phospholipids in which the hydrocarbon chains are 
linked via ester bonds to the giyceryl backbone, as 
opposed to lipids with ether-linked chains (i.e. without 
carbonyl groups). Following this approach, information 
is obtained as to what extent ester lipids can influence 
the conformation of gramicidin simply by turning away 

the carbonyl group from the polypeptide. Such reorien- 
tation might be the result of confonmational changes in 
the giyceryl backbone of the lipid, which in turn can 
easily be induced by changes in phospholipid 
headgroups [2,3]. 

With AMBER molecular modelling techniques, the 
gramicidin-lipid interactions were theoretically ap- 
proached. The gramicidin conformation in the presence 
of an ether lipid was compared with that in the presence 
of an ester lipid. I t  was found that the earbonyl group 
in acyl lipids can interact via a hydrogen bond with the 
Trp-15 side-chain of the gramicidin channel, thereby 
affecting the rotational state of this residue. The impor- 
tance of this H-bond was underlined by similar calcu- 
lations on systems consisting of ether or ester lipids and 
a gramicidin A analogue, in which the tryptophans are 
substituted by phenylalanines, lacking a hydrogen capa- 
ble of H-bond formation with the lipids (gramicidin M). 

Molecular modelling based on AMBER force-field 
calculations was originally developed for nucleotides 
and proteins [9]. Since no data on phospholipids are yet 
included in the AMBER program, force-field constants 
for specific lipid groups have to be supplemented to 
enable the theoretical study of l ipid-protem interac- 
tions. 

To get an indication of the correctness of the molecu- 
lar modelfing study, a preliminary experimental study 
was carried out by preparing a set of LUVs containing 
ether and ester lipids. The gramicidin-mediated Na  + 
efflux was monitored using ~3Na-NMR spectroscopy. 
The resonances of the external and internal Na + ions 

.0.09"~ -O.~Z4 -O.~3e  0 9B -O.~3S 
o.2B1 ÷ o .~s2  0 ) . . 23~ .~0s  - .o -o.so,~ 

o.~,~ o.~s I ~0~ o.2,21°'27'--~N~o.~3 ~p~-o.~,~l ~0 
-o .~o i  30 .0 .s39  O .o .~s  s 
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: 

Fig. 1. Atom numbering and charge distribution in DPPC and DHPC derived from calculations based on MNDO. 



TABLE ! 

Relevant torsion angles in DPPC, DHPC, DMPC. 2H20 

Notation according to Ref. 14. Torsions in degrees. 
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al  ~2 ~3 ~4 ~5 ~6 01 0 2 0 3 0 4 

DMPC* "~7 -~'74 ----47 ~150 ~ "~'6 ?68 - 82 t66 51 
DPPC b 171 --78 - 63 - 121 66 173 175 - 65 177 56 
DPPC ~ 167 --76 -67  - 123 66 174 ~71 - 68 - 175 64 
DHPC d 179 - 71 -69  - 122 65 173 171 - 67 - 168 70 

fl~ ~ ~3 B4 ~5 y~ v~ Y3 v, v5 
DMPC" 120 179 - 134 67 180 ~ 2  176 - 180 180 ~170 
DPPC b 123 170 - 155 61 - 175 81 - 178 - 175 175 - 179 
DPPC ¢ 94 - 173 - 147 61 - 170 160 - 175 127 - 175 177 
DHPC d 88 - 173 -177 65 -172 66 - 172 - 180 -177 -179 

• Torsions in the custal structure of DMPC.2H20 [14]. 
b Torsions in DPPC minimized without gramicidin A. 
c Torsions in DPPC in the vicinity of gramicidin A. 
d Torsions in DHPC in the vicinity of gramicidin A. 

could  be  separa ted  by  add ing  a shif t  reagent  ( the nitri- 
Iotr iacotate  complex  o f  dyspros ium(I l l ) ;  D y ( N T A ) ~ - )  
to  the  vesicle suspension,  T h e  change  in signal  intensi ty 
for  bo th  k inds  of  N a  + ion is direct ly related to the 
k ine t ics  of  the  t r a n s m e m b r a n e  t ranspor t  [81. 

Procedm'es  for  molecular  modell ing 

Starting conformations 
A m o n o m e r  o f  g ramie id in  A was  buil t  wi th  the 

mode l l ing  p r o g r a m  C H E M - X  [10]. The  c o n f o r m a t i o n  

was  set  to a le f t -handed ~8-hefix wi th  6.3 residues pe r  
tu rn  [11-13] .  Th i s  geome t ry  was  exper imenta l ly  ob-  
se rved  in bi layers  m a d e  up  o f  ester  l ipids and  e ther  
f ipids [13]. T h e  a tomic  charges  of  the pept ide  residues 
were  taken  f r o m  the  Brookhaven  Prote in  Da tabase .  Th i s  
s t ruc ture  was  m i n i m i z e d  wi th  the  A M B E R  p r o g r a m  
(vide  infra) .  T a e  molecular  s t ructure  of  D P P C  wzs  
ob ta ined  by  connec t ing  the  choline moie ty  of  D-glycero- 

1-phosphorylchol ine  to d imyr i s toy lphospha t ic  acid. 
Both s t ructures  are avai lable f rom the  C a m b r i d g e  Crys-  
tal lographic Database .  The  hydrocarbon  cha ins  were  
extended with two methylene  uni ts  each.  The  torsion 
angles  of  the D P P C  thus  ob ta ined  were  adjus ted  accord-  
ing to values  in the  crystal  s t ructure  of  the d ihydra te  of  
D M P C  [14]. The  electron dens i ty  in the headgroup  and  
glyceryl backbone  was calculated wi th  the Q C P E  ver- 
s ion of  M N D O  [15] and  is depic ted in Fig. 1. T h e  ether 
l ipid D H P C  was  ob ta ined  by replacing the  carbonyls  in 
the ester  moie ty  by  methy lene  f ragments .  T h e  relevant  
torsion angles  of  the l ipids ob ta ined  in this way  are  
listed in Tab le  1. Electron densi t ies  were  aga in  der ived 
f rom a calculat ion based on M N D O  (Fig.  1). The  lipid 
molecule was  posi t ioned near  the  s tacked  s ide-chains of  
Trp-9  and  Trp-15 of  the min imized  g ramic id in  wi th  the 
lipid polar  headgroup  above  the channel  open ing  [16,17]. 
A forced vertical d i sp lacement  in bo th  direct ions  of  the 
phosphol ip id  wi th  respect to the g ramic id in  m o n o m e r  

side view 

T t ~  . )  

Leu 4 

top view 
Fig. 2. AMBER-mniimized gramicidin structure. 
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resulted af ter  minimal iza t ion  in virtually the same  con- 
format ion  as before. Fur thermore ,  we checked the rota-  
tional f reedom of  the Trp-9  and  Trp-15 residues a round 
their  side-chain torsion angles  Xt and  X2 (see Fig. 2 for 
definit ions).  The  f reedom in these angles  was  approx.  
10% with respect  to the min imized  values  wi thout  de- 
v ia t ing  f rom the well-known fl-helix wi th  6.3 residues 
per  turn [12]. A reopt imal iza t ion of  a g ramic id in  geome-  

t ry  wi th  a forced rotat ion a round  Xt and  X2 wi thin  this 
r ange  yielded exact ly the original  min imized  con fo rma-  
tion. 

G r a m i c i d i n  M was s imply ob ta ined  by  replacing the  
T r p  residues by the Phe side-chains f r o m  the  Brookha-  
yen Protein Dat:~base and  min imiz ing  the s t ructure  thus  
obta ined.  

C o m p u t a t i o n a l  me thods  
Energy calculat ions were  pe r fo rmed  with  the A M -  

B E R  Molecular  Mechan ics  sof tware  package  [9], imple-  
men ted  on  a V A X  1 1 / 7 8 0  computer .  The  empir ica l  
energy funct ion is composed  of  te rms  that  represent  
bond  s t re tching (1), bend ing  (II) ,  tors ions ( I I I ) ,  non-  
bonded  Van der  Waa l s  and  electrostat ic in teract ion 
te rms  ( IV)  as  well as hydrogen  bond  interact ions  (V): 

Eta,= ~ K,(r-req) 2+ ~ Ko(O-Oeq) 2 
bonds a.g~ 

(1) (ll) 

V. A,j B,j q, qj 

dihedrals i < j ~  l ( i j  lg~j £ lit 
(III) (IV) 

Addi t ional  force-field pa rame te r s  for the  lipid bad  to 
be included in the A M B E R  pa rame te r  set. The  values  of  
the lacking cons tan ts  were  based  on molecular  mecha-  
nics calculat ions on  l ipids and  analogous  compounds .  
In  the pa ramete r  set thus  obta ined,  smal l  ad jus tmen t s  
were  m a d e  until the  A M B E R - r e f i n e d  tors ion angles  of  
the central  D P P C  molecule in an  assembly  of  in total 
seven D P P C  lipids, a r ranged  accord ing  to a hexagonal  
lattice, agreed with the erys*allographie d a t a  on D M P C  

(Table  l)  [14]. The  opt imized,  supplemented  p a r a m e t e r s  
are compi led  in Tab le  II .  A d is tance-dependent  dielec- 
tric constant ,  e = R i j  , was  used for all calculations,  
which means  that  the  solvent  effect  is implici t ly taken  
into account  [9,18,19]. The  energy is ref ined by  app ly ing  
a min imiza t ion  funct ion  with analyt ical  g rad ien ts  until  
the root  m e a n  square  of  the energy is less than 0.1 
kcal/ ,g, .  To  m a k e  the calculat ion p rob lem m a n a g e a b l e  
for the computer ,  the uni ted a tom model  is used. In this 
model ,  the hydrogen  a toms  in C H ,  C H  2 and  C H 3  
groups  are omi t ted  and  their  mass  and  charge  are added  

TABLE Ii 

Supplemented force-field parameters to the AMBER parameter set a 

Notation according to Ref. 9. 

Bond r~ (,~) K, (kcal. real - t..~ - 2 ) 

C-HC 1.09 " 331.0 bl 
CH-OS 1.32 c 300 • 
C2-OS 1.32 c 400 c 
c - a s  1.33 d 527 d 

Angle O~q (deg) K e (kcal. real - I rad - 2 ) 

HC-C-N 120 b2 35.0 1,2 
HC-C-O 120 b2 35.0 bz 
C2-C2-OH 109.5 b3 80.0 b3 
C2-C-OS 109.0 d 98 d 
C-OS-CH 114.0 a 64 d 
C-OS-C2 114.0 d 64 d 
C3-N3-C2 108.0 d 90 d 
OS-C-O 124.0 a 190 d 
C2-OS-CH 111.8 ~ 100 
C3-N3-C3 168.0 d 90 d$ 
C2-CH-C2 112.4 b~ 63 b5 
C3-C2-C2 112.4 b5 63 

Torsion V,/2 (kcal/mol) "1' n 

C2-C-OS-CH 3.50 d 0 d I d 
CH-C-OS-C2 3.50 a 0 d 1 d 
C2-C-OS-C2 3.50 d 0 d I d 
CH-OS-C-O 6.00 • 180 • 2 ¢ 
C2-OS-C-O 6.00 e 180 • 2 • 
CH-C2-OS-C 1.00 d 0 a 1 a 
C2-CH-OS-C 0.35 d 0 a 1 d 
OS-C-C2-C2 0.80 d 0 d 3 d 

a Analogously to values taken from ReL 41. 
b Analogously to values taken from Ref. 19:1. CT-HC; 2. HC-CT-OH 

HC-C-C HC-CA-C; 3. CH-C2-OH CH-CH-OH C2-CH-OH; 4. 
C2.OS-C2 C2-OS-C3; 5. CH-C2-C2 CH-C2-C3 C2-C2-C2 CH-C2- 
CH. 

c For C-OH, roq was taken as an average value from the data in Refs. 
19 and 42. 

d Optimized values starting from data in Ref. 44. 
c Value taken from Ref. 43. 

to the  ca rbon  a toms  to which  they were  or ig inal ly  
b o n d e d  [9]. 

Ma te r i a l s  and M e t h o d s  

M a t e r i a l s  

Phosphol ip ids  used in these  exper iments ,  g r a m i c i d i n  
D (con ta in ing  80% g r a m i c i d i n  A),  T r i z m a  base  and  the  
s o d i u m  salt  o f  deoxychol ic  acid  were  pu rchased  f r o m  
Sigma.  T h e y  were  used wi thou t  fur ther  pur i f icat ion.  
Sephadex  resins used for  gel f i l t ra t ions  were  ob ta ined  
f r o m  Pharmac ia .  All o the r  chemica l s  used were  o f  ana -  
lytical reagent  grade.  D y ( N T A )  3 - ,  the  Na+-sh i f t  re- 
agent ,  was  synthes ized accord ing  to the  double  he tero-  
geneous  react ion [20,21]: 

Dy2O 3 + 4H3NTA + 6TEA e; 6HTEA + + 2Dy(NTA)23 - + 3H 20 



To a suspension of 0.75 g Dy203 and 1.53 g nitri- 
Iotriacetate (H~NTA) in 25 ml water was added drop- 
wise 1.0 ml TEA. In the beginning, the pH should never 
be allowed to rise above 6 - 7  to avoid the precipitation 
of hydroxy salts of dysprosium. Heating the solution up 
to 7 0 ° C  resulted in a clear solution. The pH was 3.5 at 
that  moment. Finally, TEA was added very carefully 
t,;~til a p H  of 4.5 was reached. The clear stock solution 
was diluted 1 : 1 with 2H20  and the pH was adjusted to 
7 with LiOH, jus:  before addition of the probe to the 
vesicle suspension. 

Methods 
LUVs of 100 nm diameter were prepared from a 

thoroughly dried phospholipid film of typically 18 mg, 
according to the method described by Enoch and  Stritt- 
matter  with slight modifications [22]. The lipid film was 
suspended in a NaC1/Tris-aeetat~ buffer (100 mM 
N a C I / 2 0  mM Tris-acetate (pH 8.1)) containing 10 mM 
deoxycholate in a l ip id /deoxychola te  molar  ratio of 2. 
The suspension was sonieated in a Bransonic 12 ultra- 
sonic bath for 3 rain, after which the opaque colour had 
changed to opalescent. After the formation of LUVs, 
deoxycholate was removed by passing the sample over 
two subsequent gel-filtration columns (60 and  30 ml, 
respectively, of  Sephadex G-25M per ml of vesicle sus- 
pension; flow rate 100 m l / h )  and  the collected LUV 
samples were concentrated to 1 ml by means of an  
ultrafiltration step (Millipore, lmmersible CX-30). In 
order  to prepare a sample for the 23Na-NMR transport  
studies, external N a  ÷ was replaced by  Li + in a third 
gel-filtration step (20 ml of  Sephadex G-50M per ml of 
vesicle suspension). Care  should be taken to avoid any 
N a  + contaminat ion at  this point,  since even small 
amounts  can  result in a dramatic  decrease in the in- 
travesicular N a  + fraction (defined as the rat io between 
the N a  + amount  inside the vesicles and  the total Na  + 
amount) .  This would result in a considerably shorter 
time-interval during which the sodium efflux can be 
monitored using 23Na-NMR. Elution was performed 
with 20 mM Tris-acetate buffer (pH 8.1) containing 50 
m M  LiCl [23] with a flow rate of 10 m l / h .  The aqueous 
solution t rapped in the LUVs thus obtained was 100 
m M  in NaCl,  whereas the surrounding aqueous solution 
was 50 mM in LiCI. After the ion exchange, the col- 
lected samples were again concentrated to 1 ml by 
means  of an  ultrafiltration step. 

Ion efflux measurements 
23Na-NMR transport  studies were performed accord- 

ing to the method of Pike et al. [81. After the LUV 
sample had been transferred to a 10 mm diameter N M R  
tube, 1 ml of  50 m M  LiCI in 2 H 2 0  was added, as well 
as 90 ial of  a 0.16 M solution of the Dy(NTA)~-  
complex (pH 7.0) as 23Na shift reagent, resulting in a 
final concentrat ion of 3 raM. In this concentrat ion the 

325 

shift reagent induces an upfield shift of 0.75 ppm of the 
external Na + signal (Na,~,) with respect to the internal 
resonance (Na ,~, ). The 23 Na-NMR spectra were recorded 
on a Bruker CXP-300 N M R  spectrometer at 79.4 MHz. 
256 FIDs (free induction decays) were accumulated in 
102.4 s. The relaxation time of the nuclei was about 0.1 
s. The temperature of the measurements was 298 K. By 
recording five spectra in approx. 30 rain, vesicles were 
checked for leakiness The ion transport  was induced by 
the addition of 6/~1 of a 61.3 mM solution of gramicidin 
in methanol, resulting in a final concentrat ion in the 
N M R  tube of 0.18 p.M in gramicidin. This amounts  to 
approx, eight gramicidin molecules per vesicle (vide 
in/ra). Methanol has no influence on the Na  + transport  
from vesicles, as was checked in a control experiment in 
which only methanol was added to a vesicle prepara-  
tion. After the addition of gramicidin the Na  + efflux 
started immediately. This process was followed by re- 
cording a series of spectra automatically. A typical 
kinetics experiment consisted of 20 spectra recorded 
with 10 s intervals, followed by 10 spectra with 60 s 
intervals and ultimately 20 spectra with 120 s intervals. 
The N M R  data  were plotted as In(R) vs. time ( t )  with 
R the ratio of fractional area inside at  t = t '  and the 
fractional area inside at t = 0. The fractional area was 
defined as the ratio of integrals for Na~- n and Nao*ol. The 
results represent the average of at least two different 
vesicle preparations. 

Determination of the number of gramicidin channels per 
vesicle 

The number of gramicidin channels per vesicle can 
be calculated from the actual concentrat ion of phos- 
pholipids and the number of phospholipid molecules in 
a 100 nm vesicle [23]. The diameter of the pure DOPC 
LUVs was checked by inclusion measurements with 
cytochrome c [241. It is assumed that 10-20  tool% 
additions of phospholipids do not alter the mean diame- 
ter of the vesicles substantially [25]. Phospholipid con- 
centrations were determined as inorganic phosphate by 
a modification of the procedure of Bartlet as reported 
by Litman [26]. The extinction was recorded at 830 nm 
on a Hitachi 150-20 UV/VIS  photospectrometer.  Since 
the phospholipid concentrat ion in the sample varies per 
vesicle preparat ion and a fixed quant i ty  of gramicidin is 
added every time, the number  of channels per vesicle is 
not constant  for different preparations.  Nonetheless. 
comparisons can be made when the rate constants are 
scaled to a fixed number  of gramicidin molecules Fer 
vesicle (i.e., 12), making use of the quadrat ic  relation 
between the actual number  of gramicidin molecules per 
vesicle and the observed rate constant  [27,28]: 

kobs/n 2 = k j l 2 2  

with n, the determined number  of gramicidin molecules 
per vesic!e and  k S, the scaled rate constant.  
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Results  

lv lo lecular  mode l l ing  

The  helical torsion angles of  the g ramic id in  back-  
bone  ~A, ~'L and  4,%, ~bD, initially set respectively at  
- 1 4 0  ° , 133 ° and  100 ° , - 1 2 0  ° [12], show af ter  the 
A M B E R  energy ref inement  the presence of  a quite large 
systematical  var ia t ion wi th  respect  to the s tar t ing  values  
(Table  I l l) .  Whereas  e A and ~ decrease  f rom the 
formyl  end towards  the channel  opening,  ~L and  '1'o 
show a s teady increase in this direction,  s ta r t ing  f rom 
r,-Val-6. The  calculated d iamete r  o f  the cavi ty  is 3.9 .~ 
and  is obta ined by  subt rac t ing  the  Van der  Waa l s  
d iamete r  for the carbonyl  oxygen  (i.e., 1.6 A)  f rom the  
d i s tance  between the  innermos t  carbonyl  oxygens  in the  
helix core. The  calculaIed length for  a m o n o m e r  is 12 ,~. 
Both features are in close ag reemen t  wi th  repor ted 
values  [16,29]. The  A M B E R - m l n i m l z e d  geomet ry  shows,  
r egard ing  the s tack ing  of  the T r p  s ide-chains 9 and  15, a 
s t rong  resemblance  wi th  o ther  calculated g ramic id in  
s t ructures  as well (Fig.  2) [7]. 

The  min imized  D P P C - g r a m i c i d i n  A assembly  (Fig.  
3) shows  some  in teres t ing features  wi th  respect  to the  
l i p id -pep t ide  interact ion.  The  indole  hydrogen  of  Trp-15 
proves  a well-suited in teract ion site for the phosphol i -  
pid.  T w o  hydrogen  bonds  are formed;  a s t rong  one  wi th  
the lipid carbonyl  of  the sn -2  chain  wi th  an  energy  
comparab le  to the in t ramolecular  H-bonds ,  and  a very  
weak  H-bond  with the phospha te  moie!y  (Table  IV). 

F r o m  the s ide-chain torsional  angles  X1 and  X2 (for  
defini t ions,  see Fig. 2) in Tab le  V, it  is concluded that  
the hydrogen-bond  induces  a change  of  3 ° in Xt and  
18 ° in X2 of  the Trp-15 side-chain,  wi th  respect  to the  

TABLE II1 

Helical torsion angles of ttl~ gramicidin backbone after energy refine- 
ment with AMBER 

Torsions in degrees, notation according to ReL 44. 

GA GA/  GA/  GA GA/  G A /  
DPPC DHPC DPPC DHPC 

L-VaI-I -- 137 
Gly-2 157 
L-Ala-3 -108 
D-Leu..4 145 
L-AIa-5 -- 133 
D-Vat-6 138 
L-Val-7 -- 1oo 
D-Val-8 131 
L-Trp-9 -114 
D-Leu-10 107 
L-Trp-11 --132 
D-Leu-12 98 
L-Trp-13 --161 
D-Leu-14 77 
L=Trp-15 --163 

- 135  - 1 4 3  76 76 70 
150 153 -151 -156 -155 

- 87 -85 85 75 68 
149 149 - 139 - 135 - 139 

- 130  - 125 97 107 110 
124 120 -176 166 165 

- 8 8  - 8 7  103 102 99 
136 136 - 146 - 133 - 125 

- 126  - 1 1 7  124 120 126 
108 98 -124 -114 -109 

--140 - 142 141 143 141 
95 97 -101 -92  - 95 

- 1 6 8  - 1 6 6  152 152 152 
75 73 --96 - 89 - 88 

- - 1 5 9  - - 1 6 7  129 129 128 

Fig. 3. AMBER-minimized gramicidin A-DPPC assembly. The H-bond 
between Trp-15 and C-~(21) is denoted by . . .  

TABLE IV 

Calculated energies of  some inter- and intra-molecular H,bonds in the 
studied gramicidin A-pbospbolipid assemblies 

HNE and HN denote the indole hydrogen of the tryptophan residue 
and the amide hydrogen, respectively. The nomenclature of the lipid 
atoms is indicated in Fig. 1. Energies in kcal/mol. These values are 
only for mutual comparisons and have no absolute meaning. 

Origin of bonds Energy 

HNE(Trp- 15)-O2) (DPPC) -0.466 
HNE(Trp-lS)-O4(DPPC) - 0.002 
HNE(TrF-15)-O4(DHPC) -0.005 
HNE(Trp-t5)-Os(DHPC) - 0.227 
HN(Val-8)-(~.(VaI=I) -0.500 
HN(Trp-15)-O=C(Trp-I 3) -0.122 
HN(Trp-15)-O=C(Trp-I3) with DPPC - 0.094 
HNlTrp-15)-O=C(Trp-13) with DHPC - 0.333 

s i tuat ion wi th  no  su r round ing  molecules.  T h e  specif ic  
ro ta t ion  results  in a less s tacked  a r r a n g e m e n t  o f  Trp-15  
and  Trp-9 .  The  c o n f o r m a t i o n a i  d i s t r ibu t ions  in o the r  
s ide-chains  are vir tual ly  unaf fec ted  in  the  presence  o f  a 
l ipid molecule  (da ta  no t  shown).  W h e n  D P P C  is replaced 
by the  e ther  l ipid D H P C ,  s o m e  p ronounced  changes  

TABLE V 

Side-chain torsion angles sn gramicidin A after energy refinement 

Tors.;ons in degrees, 

Xi X2 

G=A GA/  G A /  G=A G A /  G A /  
DPPC DHPC DPPC DHPC 

L-TIp-9 66 71 73 -- 71 -- 75 -- 72 
L-Trp-15 68 65 58 --54 --72 --67 
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Fig. 4. Stereo view of the AMBER-minimized gramicidin A-DPPC ( - - )  and gramicidin A-DHPC (- - -) asstmblies. For clarity, both lipids 
have been cemoved. 

occur, in particular in the channel entrance area (Fig. 
4). The ether lipid interacts with gramicidin A via an 
H-bond as well, but  in this case, a H-bond is formed 
between Trp-15 and the negatively charged oxygen 
atoms in the phosphate moiety of DHPC. However, this 
interaction is weaker than the one between DPPC 
carbonyl and Trp-15 (Table IV). As a consequence, in 
the DHPC-gramicidin system the torsion angles Xl and 
X2 of the Trp-15 side-chain are changed by approx. 7 
and 5 °, respectively, with respect to the DPPC- 
gramicidin assembly (Table V). 

An interesting effect of substituting DPPC by DHPC 
is the small contraction of approx. 0.4 A of the channel 
entrance. Such a conformational change in this part of 
the gramicidin backbone originates from an approx. 
10 ° change in the helix torsion angle qb of Trp-9, Trp-15 
and Leu-10 (Table III). Furthermore, the contraction 
seems related to the lowering of the intramolecular 
H-bond energy between the amide proton of Trp-15 
and the carbonyl group of Trp-13 (Table IV). 

In order to verify that the fipid-induced conforma- 
tional changes in the channel entrance are not the result 
of different dipole-dipole interactions between the lipids 
and gramicidin, exactly the same procedure was fol- 
lowed for gramicidin M as outlined for the A modifica- 
tion. The phenylalanines in gramicidin M are aromatic, 
like the tryptophans, but lack a hydrogen capable of 
forming H-bonds with the lipids. The relative starting 
positions of the fipids and gramicidin M before AM- 
BER minimization were identical to those in the lipid- 
gramicidin A assembfies. It appeared that the torsion 
angles in gramicidin M are virtually unaffected upon 
the lipid substitution (data not shown). This outcome 
underlines the conclusion that the H-bond formation in 
DPPC is essential in affecting the conformational state 
of gramicidin A. 

In order to check whether the conclusions drawn 
from molecular modelling on gramicidin-lipid systems 

are subject to the force-field parameter set used. all 
calculations were also performed with the non-opti- 
mized set (vide supra). Despite small variations in the 
torsion angles of the gramicidin channel and H-bond 
energies, all conclusions remain valid. 

Ion efflux measurements 
Fig. 5 shows a typical example of a series of Z3Na- 

NMR spectra, obtained after the addition of gramicidin 
A to a homogeneous preparation of LUVs with a sodium 
gradient over the vesicle walls. The vesicles consist of a 
matr,x of DOPC with 10 tool% additions of DPPC or 
DHPC. This specific composition is chosen to keep the 
lipid mixture above the phase transition temperature 

t 

i i i '  ' 

4 1 - 2  
~. p p m [ 6 )  

Fig. 5. A series of 23Na-NMR spectra during the time-course of a 
sodium ¢mux experiment. The downfield signal originates from Na + 

ions in the vesicles. 
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Fig. 6. The evaluated kinetics of an experiment. R is the ratio of integrals for ([Na + ]in/[Na + ]~t)t-*" and ([Na + ]in/[Na + ]out)t-0. The kinetics 
for vesicles with 10 tool% DHPC is denoted by A and those for 10 tool% DPPC by +. 

(approx. 0 ° C  for 10 mol~ DPPC [30]), a prerequisite in 
the vesicle preparation technique used [22]. Moreover, it 
is to be expected that vesicle size and fluidity are not 
much affected on substituting DPPC by DHPC at this 
concentration [27,31]. 

It was observed that immediately after the addition 
of gramicidin to the vesicles, Na + efflux is very fast 
until, after approx. 10 min, a stabilization is reached 
and the transport decreases exponentially. The cause of 
the fast transport is unclear at the moment, but it may 
be related to a disturbance of the lipid bilayer as a 
consequence of the formation of an ion-conducting 
gramicidin dimer [32]. When stabilization is reached, 

TABLE VI 

Scaled Na + efflux rate (k s) through DOPC vesicle walls with 9:1 tool 
additions of DPPC and DHPC  

The actual number of gramicidin channels ranged from three to four 
per vesicle. (Calculated from the amount of lipids in the sample and 
the known quantity of added gramicidin, thereby assuming 100 nm 
vesicles with 85000 phospholipids in a vesicle.) Fupld is the average 
fraction of initial quantity of lipid found in the vesicles as determined 
after phosphate analysis. Measurements were carried out at 298 K. 

Flipl d ks( X 104 ) ($- 1 ) 

DPPC 0.4.4 3.7 
DHPC 0.49 2.7 

See Materials and Methods for definition of efflux rate. The estimated 
error in the rate constants was less than 10%. 

the lithium gradient is dissipated by an Na+-L i  + ex- 
change, as has been argued previously [8]. After this 
stage, there is still an Na + gradient, which causes N a  + 
efflux at the expense of creating a new Li + gradient 
until the diffusion potential of both ions has become 
equal. However, the latter process starts only after a few 
hours and is very slow for the vesicles used in this 
study. Therefore, only the transport rate between ap- 
prox. 10 and 100 min is considered. 

In Fig. 6 the time-course of the Na  + efflux is plotted 
for vesicles with DHPC or DPPC. The efflux (R)  is 
given as the ratio of the integrals for the internal and 
external Na + resonances relative to the situation just 
before the addition of the gramicidin solution. This 
figure demonstrates that DHPC alters the efflux rate 
with respect to DPPC. The outcome of this plot is 
quantified in Table VI from which it can be seen that 
me Na  + transport rate decreases by approx. 25~ on 
going from DPPC to DHPC. 

Discussion 

The AMBER-refined gramicidin A channel (either in 
the absence or presence of surrounding lipids) reveals in 
its basic features as pore diameter and channel length a 
great similarity with the structure computed by Urry et 
al. [12]. However, the torsion angles of the helical 
backbone show a considerable, systematic variation 
along the channel direction. From Fig. 4 and the data in 



Table Ill ,  in combination with the computed relation 
between the helical backbone torsion angles and chan- 
nel diameter [12], it can be concluded that the carbonyls 
near the channel entrance are turned more inwards to 
the channel core than those at the formyl end. This 
result suggests that the ion binding site which is located 
near the channel opening [16] is already present in the 
gramicidin molecule and is not formed on the entry of 
an ion. Indeed, circular dichroism studies have indi- 
cated that virtually no changes in the helical pore 
diameter occur upon ion binding [33]. 

The most striking result of the present calculations is 
the formation of a strong hydrogen-bond between the 
carbonyl group of DPPC and the hydrogen of the 
indole ring of Trp-15 in the AMBER-minimized 
gramicidin-lipid assembly. This H-bond brings about a 
change in the conformational distribution of the Trp-15 
size-chain in particular. Such an altered side-chain con- 
formation is accommodated by changes in specific tor- 
sion angles in the helical backbone at the entrance of 
the helix, resulting :n a small widening of the channel 
opening with respect to the conformation in the 
DHPC-gramicidin assembly. This effect was not found 
with gramicidin M upon replacing DPPC by DHPC, 
which strongly indicates that the conformational changes 
are due to H-bond formation. 

The influence of water molecules on the gramicidin 
conformation should be considered especially in the 
area of the channel entrance, where, in principle, water 
molecules might compete with the indole hydrogen in 
forming an H-bond with the lipid carbonyl oxygen. 
However, i t  has been shown using Raman spectroscopy 
that water molecules do not form H-bonds with the 
lipid carbonyls [34]. This observation could indicate the 
absence of water molecules in the direct vicinity of the 
lipid carbonyl group. Support for this view is found in 
the crystal structure of diacylglycerol. In this crystal 
structure, a hydrogen capable of forming H-bonds is 
properly located with respect to the lipid carbonyl and, 
as a consequence, a H-bond is observed [25]. 

The absence of a strong hydrogen-bond with Trp-15 
can destabilize the gramicidin dimer conformation in 
the phospholipid bilayer. Since only the dimer enables 
the translocation of ions, a decreased lifetime will thus 
result in a less effective transport. In fact, such an 
interpretation was previously suggested for the observed 
decrease in stability of the gramicidin conformation in 
an ether lipid environment compared with an ester lipid 
surrounding [36]. Stability was discussed in terms of a 
specific interaction between the lipid carbonyl and the 
carboxyl terminus of the channel. Unfortunately, these 
findings were only very briefly reported, so the precise 
arguments are unclear. Examination of the gramicidin 
top-view, however (Fig. 2), reveals that steric inter- 
fercnce from the leucine side-groups makes it highly 
improbable that lipids are situated near the channel- 
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opening and form an H-bond with the hydroxyl group 
of the carboxyl terminus. Our results indicate a n~ore 
likely interaction si~.e with gramicidin, based on the 
vicinity of the lipid carbonyl and the easily accessible 
hydrogen of Trp-15. 

Further, our results on molecular modelling indicate 
that H-bond formation can lower the energy of the 
hydrophobic tryptophan residues when directed to- 
wards the hydrophilic medium. The presence of an 
H-bond could very well have been of importance in the 
semi-empirical conformational analysis of Brassenr et 
al. [37] on gramicidin A surrounded by lipids. They 
calculated a slight energetic preference for a gramicidin 
conformation in which its C-terminus is located in the 
hydrophobic lipid core relative to the well-known ,86.3 
helix in the N - N  head-to-head dimer form [11]. To our 
way of reasoning, their rather surprising outcome might 
be the result of neglecting the energetic contribution of 
H-bond formation. 

To the best of our knowledge, the theoretically found 
H-bond has not yet been experimentally observed. Nev- 
ertheless, various studies indicate the importance of the 
indole moiety (with the hydrogen involved) for a proper 
functioning of the polypeptide. Recently, it was found 
that on photo-o,,ddation of the T_rp residues, the indole 
moiety loses the proton and within milliseconds oxida- 
tion products are formed. The resulting irreversible loss 
in conductivity was ascribed to conformational changes 
near the Trp-containing channel entrance [28,38]. Fi- 
nally, it was firmly established that a gramicidin ana- 
logue in which the hydrogen bonding feature is blocked 
by the substitution of the indole hydrogens by formyl 
groups, has lost its ability to induce a non-bilayer 
arrangement (Hit phase) [39,40]. 

The present findings can be interpreted by proposing 
a mechanism by which the Na + transport can be in- 
fluenced. The first step in this mechanism is the forma- 
tion of a five-coordinated TBP phosphorus morn, which 
changes the conformational equilibrium in the glyceryl 
backbone of the lipid [2,3]. In the solid phase, this 
change can lead to an altered chain packing of the lipid 
hydrocarbon chains (Meulendijks, G.H.W.M., De Haan, 
J.W., Van Genderen, M.H.P. and Buck, H.M., personal 
communication), resulting in a shift of the sn-2 carbonyl 
group towards the hydrophobic core. To form an H- 
bond with maximum energy stabilization, the Trp-15 
side-chain orientates to the most basic site available in 
the lipid. This H-bond is dominated by the orientation 
of the sn-2 lipid-carbonyl group. In order to optimize 
the H-bond interaction, the Trp-15 side-chain has to 
adopt a new conformation. Such a change might result 
in a widening of the channel opening in gramicidin, as 
is concluded from preliminary calculations in which an 
assembly with lipids containing five-coordinated TBP 
phosphorus atoms is compared with lipids containing 
four-coordinated phosphorus atoms. It could very well 
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be that  the change in the channel  ent rance  a rea  results 
in an altered ion transport .  Hence,  the present  f indings  
have  resulted in a mechan i sm by  which a phosphol ipid  
headgroup  change  can  be t ransmi t ted  via a cascade  of  
conformat iona l  changes  f rom the lipid to the protein.  
Ult imately,  this process can result  in a change  in the 

efflux rate. 
The  f indings of  our  theoretical  calculat ions have  

been checked by a pre l iminary  exper imenta l  s tudy  in 
which an  increase in N a  ÷ ion eff lux through g ramic id in  
could be observed go ing  f rom vesicles con ta in ing  ether  
l ipids to those con ta in ing  ester  fipids. However ,  a more  
extensive s tudy  of  the N a  + t ranspor t  ra te  through 
gramic id in  is needed to get  a clear p ic ture  of  the un-  
der ly ing  mechan i sm of  t ransport .  

Concluding r emarks  

The  present  molecular  model f ing  s tudy reveals a 
dif ference be tween the two types of  l ipid in their  capaci -  
ties to form an H - b o n d  with  gramicidin .  The  ester  l ipid 
forms  a s t rong  H - b o n d  with  Trp-15 of  the  polypept ide ,  
and  consequent ly  the channel  en t rance  is larger  than  in 
the ether l ip id-gramicid in  system.  T h e  p re l iminary  ex- 
per iments  give  a first  indicat ion of  the inf luence of  the  
H - b o n d  on the  g ramic id in -media ted  t ranspor t  th rough 
vesicle walls. However ,  fur ther  e x p e d m a n t s  are  neces- 
sary  to conf i rm the  presence of  this specif ic  H - b o n d  
interact ion be tween  ester  l ipids and  gramic id in .  I f  so, an  
effect ive m e c h a n i s m  exists v ia  which conformat iona l  
changes  in the su r romtd ing  lipid env i ronmen t  can  
ul t imately be  car i red over  in a l tera t ions  in the ion eff lux 
rate.  
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