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Summary. Different succinyl derivatives of Gramicidin A were synthesized and their 
activity was investigated with different methods on lipid bilayer membranes. The succinyl 
derivatives of Gramicidin A can be classified as three different types, the O-succinyl deriva- 
tive, the N-succinyl derivative and the N-O-succinyl derivative of Gramicid~n A. An O-pyro- 
mellityl-N-succinyl gramicidin was synthesized which can be attributed to the latter class. 
It was found that O-succinyl gramicidin behaves like the unmodified Gramicidin A despite 
a charge effect on single-channel conductance, arising from the negative charge of the 
succinic residue at the mouth of the channel. The activity of N-succinyl and N-O-succinyl 
gramicidin and of O-pyromellityl-N-succinyl-gramicidin depends strongly on the pH of 
the electrolyte solution. It is demonstrated that at low pH (<  5) the N-succinyl derivatives 
show high activity, whereas at high pH (>  7) the activity is sharply reduced or disappears 
totally. From these experiments it can be concluded that, for the formation of a dimeric 
gramicidin channel, the hydrogen of the formyl group can be replaced by a protonated 
carboxylic group of a succinic residue. 

Further results, obtained by measurement of the single-channel conductance and of 
the reaction rate constants for the channe! formation, are discussed in terms of the structural 
basis of the single stranded model for the gramicidin channel. On this basis the double 
stranded helix can be excluded and an interesting head-to-head single stranded /~(TZL,D ) 
helical channel is described which contains carboxyl groups at the head-to-head junction. 

Gramicidin A, a linear hydrophobic pentadecapeptide isolated from 
Baci l lus  brevis,  forms cationic selective channels in lipid bilayer mem- 

branes as well as in natural membranes. This fact was employed in recent 
years in many studies using Gramicidin A as a model compound with 
which to investigate cationic transport by a channel mechanism crossing 
a hydrophobic barrier (Hladky & Haydon, 1972). For a recent survey 
of the literature, see Bamberg et  al. (1977a). There exist so far two 
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distinct proposals  for the s tructure of  the gramicidin  channel .  Ur ry  pro- 

posed a single s t randed  dimeric channel ,  consist ing of  a head- to-head  asso- 

ciated fi(rcL,D)-helix (Urry  et  al., 1971; Urry,  1971, 1972), whereas the 

al ternat ive s tructure consists o f  a double  s t randed/ / -he l ix  (Veatch, Fossel  

& Blout ,  1974). Recent  studies wi th  chemical ly modif ied  analogs of  

Gramic id in  A (Bamberg  & Janko ,  1977; Apell  et  al., 1977 ; Bamberg  et  al., 

1977b; Sauv~ & Bamberg,  1978) gave s t rong evidence for the single 

s t randed  helix proposed  by Urry.  

Bradley et  aL (1978) tested the activity o f  N-succinyl  gramicidin  and  

of  an O-N-succinyl  gramicidin  on lipid membranes .  Wi th  the ob ta ined  

results they  conc luded  an " e n d  to e n d "  associat ion,  they discussed the 

activity of  the N-succinyl  derivatives in terms of  the possibilities o f  tail-to- 

tail, head- to -head  and  ester-acid head- to -head  associat ions and  they 

looked  to fu ture  pH analysis of  channel  f o rma t ion  to determine " w h e t h e r  

only  head  to head  channels  can fo rm or whether  other  combina t ions  

of  end to end channel  fo rma t ion  can occur under  some c i r cums tances . . . " .  

In the present  paper ,  experiments  wi th  several gramicidin analogs and 

with emphasis  on pH are described, which give clear insight into the 

s t ructure  of  the channel .  

Materials and Methods 

For the synthesis of the four different gramicidin derivatives (Fig. l a), commercial 
gramicidin was used. This product contains approximately 72% gramicidin A, 9% gramici- 
din B, and 19% gramicidin C. 

O-succinyl gramicidin was synthesized in the same way as described previously for 
the synthesis of O-pyromellityl gramicidin (Apell et aL, 1977). 

N-succinyl gramicidin was obtained from desformytated gramicidin and the succinic 
anhydride in the following way. 15ml of a solution of 2x 10-4M desformyl gramicidin 
were stirred in dried pyridinium (24 hr at 40 ~ together with 2 x 10- 2 M succinic anhydride. 
The obtained product was dried and redissolved in methanol and precipitated with H20; 
the product was again dissolved in methanol and purified by thin layer chromatography. 
The final product is the O-N-succinyl gramicidin. 

Saponification with NaOH of the O-N-succinyl gramicidin yielded N-succinyl gramici- 
din. The infrared spectra showed for the O-N-succinyl gramicidin and the O-succinyl grami- 
cidin the ester band on the ethanolamine end of the molecule, whereas in the case of 
N-succinyl gramicidin the ester band was absent. 

N-succinyl-O-pyromellityl gramicidin was synthesized from N-succinyl gramicidin and 
the anhydride of the pyromellityl acid. The procedure was the same as for the previously 
described synthesis of O-pyromellityl gramicidin (Apell et aL, 1977). 

The UV spectra of all gramicidin derivatives showed that the tryptophanes were not 
damaged by the modification of the molecule. Dioleoyl lecithin and diphytanoyl lecithin 
(PC 16:4CH3) were synthesized by K. Janko (Janko & Benz, 1977). Monoolein was obtained 
from Nucheck Preparation, Elysian, Minnesota, and checked for purity with thin layer 
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Fig. 1. Structure of the several gramicidin A derivatives 

chromatography, n-Decane and n-hexadecane were obtained from Merck, Darmstadt, as 
standards for gas chromatography. All other reagents were analytical grade. Black membra- 
nes were formed in the usual way (LSmger et al., 1967) in a thermostated Teflon cell 
filled with an aqueous electrolyte solution. The lipids were dissolved in n-decane or n-hexade- 
cane (1-3% wt/vol). Different types of teflon cells were used with different holes in the 
septum. The membrane area was varied between 8 x 10 .3 cm 2 and 8 x 10 .2  cm 2 for macro- 
scopic conductance measurements. For single-channel experiments the area of the membrane 
was about 3 x 10 4 cm a. The different gramicidin derivatives were added to the electrolyte 
from methanolic stock solutions. Relaxation experiments and single-channel experiments 
were performed as described previously (Bamberg & Lfiuger, 1973, 1974). 

Results and Discussion 

p H  Effects on the Macroscopic Conductance 
and the Single-Channel Conductance 

a) O - S u c c i n y l  G r a m i c i d i n  

T a b l e  1 s h o w s  t h e  s i n g l e - c h a n n e l  c o n d u c t a n c e  o f  O - s u c c i n y l g r a m i c i d i n  

a t  d i f f e r e n t  p H  a n d  d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  t r a n s p o r t e d  c a t i o n .  

A t  h i g h  p H ,  t h e  s i n g l e - c h a n n e l  c o n d u c t a n c e  d e v i a t e s  a t  l o w  c o n c e n t r a t i o n  

r e m a r k a b l y  f r o m  t h a t  o f  t h e  u n m o d i f i e d  g r a m i c i d i n .  A t  l o w  p H < 4 ,  
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Table 1. Single channel conductance A of the different gramicidin A derivatives at different 
ionic concentration and two different pH a 

N-succinyl gramicidin O-succinyl gramicidin b O-pyromellityl- 
N-succinyl gramicidin 

C/M A/pS A/pS A/pS A/pS A/pS A/pS 
pH=4 pH=8 pH=4 pH=8 pH=5.0 pH=8 

0 .001  . . . .  2.5 2.3 
0 . 0 1  . . . .  5.2 5.2 
0.05 3 3 - - 8.0 8.0 
0.! 6 6 15.5 (17.7) 26 8.2 8.2 
0.2 7.5 7.5 - - 9.0 - 
0.5 10.8 10.8 44 (49) 59 11.0 11.0 
1.0 12.5 12.5 80 (84) 80 13.0 13.0 

a V= 100 mV; Electrolyte, CsC1; T= 25 ~ lipid monooleine/n-hexadecane, 1% wt/vol. 
b The single-channel conductance for unmodified gramicidin A is given in brackets 

and is consistent with the data given by Hladky and Haydon (1972). 

however ,  the s ingle-channel  c o n d u c t a n c e  is very  similar over  the whole  

me a su r e d  range  o f  ion c o n c e n t r a t i o n  to tha t  o f  u n m o d i f i ed  gramic id in  

A. The  conc lus ion  o f  this exper imen t  is tha t  the O-succinyl  g roup  must  

be loca ted  at the m o u t h  o f  the channel ,  where  this g roup  can be t i t ra ted  

by lower ing  the p H  in the external  med ium.  Similar  exper iments  were 

car r ied  out  with O-pyromel l i ty l  gramic id in  (Apell  et al., 1977). But  with 

the O-pyromel l i ty l  der iva t ive  no  de tec tab le  t i t ra t ion  effects could  be obser-  

ved. 

b) N-Succinyl  Gramic id in  

1. Multichannel experiments; p H  dependence o f  the macroscopic mem- 
brane conductance. In a recent  pape r  (Bradley  et al., 1978), it was shown 

tha t  N-succ inyl  g ramic id in  is active in f o rm in g  ionic  channels  in m o n o o -  

leine n-decane  membranes .  The  s ingle-channel  conduc tance ,  however ,  

is smaller  and  the m e a n  l ifet ime is r e m a r k a b l y  reduced  c o m p a r e d  to 

unmodi f i ed  gramic id in  A. 

Figure  2 shows the change  o f  the co n d u c t an ce  o f  a lipid bi layer  

af ter  add i t ion  o f  a cer ta in  a m o u n t  o f  N-succ inyl  gramic id in  to the ba th  

so lu t ion  o f  the m e m b r a n e .  
At  high pH,  where  the carboxyl ic  g roup  is d ep ro to n a t ed ,  the conduc-  

tance  stays low. Lower ing  the p H  to values o f  the range  o f  4, where  
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Fig. 2. Dependence of the membrane current on the pH in presence of N-succinyl gramicidin. 
1 M CsC1; T=25~ applied voltage, 15 mV; lipid PC 16:4 CH3 1% in n-decane (wt/vol). 
N-succinyl gramicidin was added at approximately 10-9 M, and pH began at 8 and oscillated 

approximately between 4 and 6 

the carboxylic group is protonated, an increase of several orders of 
magnitude of the membrane conductance can be observed. Increasing 
the pH leads again to a dramatic reduction of the membrane conductance. 

It should be noted that the experiment was carried out with the 
same membrane by changing the pH of the electrolyte solution. 
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2. Single-channel experiments.  For different reasons, it was of interest 
to analyze the single-channel conductance of N-succinyl gramicidin. Such 
an investigation should clear up how the macroscopic conductance de- 
pends so strongly on the pH. 

Table 1 contains the values of the single-channel conductance of 
N-succinyl gramicidin measured between pH 4 and 8 at different electro- 
lyte concentrations. On increasing the pH no change of the single-channel 
behavior occurs, but the concentration of the peptide must be increased 
dramatically to get single channels. This result provides an explanation 
of the strong dependence of the macroscopic conductance on the pH 
of the electrolyte. The intrinsic parameters of the channels are invariant 
with changes in the pH, whereas the number of channels incorporated 
in the membrane is strongly decreased by increasing the pH. It is also 
important for the discussion of the structure of the gramicidin channel 
that the N-succinyl derivative does not show any charge effects on single- 
channel conductance at low concentration of the electrolyte in the depro- 
tonated state of the molecule, as was found with O-succinyl gramicidin. 

c) O-pyromellityl-N-succinyl Gramicidin 

Bradley et al. (1978) described in their recent publication the activity 
of N-succinyl gramicidin and of N-O-succinylgramicidin. They reported 
N-succinyl gramicidin to be active with a significantly different channel 
mean lifetime than unmodified gramicidin and N-O-succinyl gramicidin 
to be inactive presumably as the dianion. From this it was concluded 
that the dimerization of gramicidin occurs under these conditions by 
an " e n d - t o - e n d "  association. One of several end-to-end possibilities enu- 
merated by the authors would place the N-terminal succinyl group at 
the interface. 

In this work, however, a high activity of N-O-succinyl gramicidin 
(Fig. lc) at low pH was found. At the lowered pH of the electrolyte 
solution we also were able to detect a charge effect on the single-channel 
conductance arising from a deprotonated group at the mouth of the 
pore. To clarify the results of Bradley et al. (1978) and those of our 
experiments, an O-pyromellityl-N-succinyl gramicidin (Fig. 1 d) was syn- 
thesized. In a previous paper by Apell et al. (1977), it was shown that 
the threefold negatively charged group of the pyromellitic residue on 
the ethanolamine end of the molecule cannot be titrated between pH 3-8 
as is possible for the succinic groups, as shown above. 
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Fig. 3. Membrane current I after asymmetric and symmetric addition of N-succinyl-O- 
pyromellityl gramicidin. The membrane was formed from PC 16:4 CH3 in n-decane. Both 
aqueous solutions obtained 1 g CsCl, 2 • 10 4 ~ citric acid, pH 5, T=25 ~ The applied 
voltage was 10 inV. (a) : At time t = 0, 20 gl of a 10- 6-M methanolic solution of N-succinyl-O- 
pyromellityl-gramicidin were added to one aqueous compartment to give a concentration 
of 2 x 10- 9 M. (b) : At time t = 20 rain, the same amount was added to the other compartment. 
(c) : At t = 42 rain, the concentration of the N-succinyl-O-pyromellityl gramicidin was dou- 
bled. (d): At t=  75 rain, l0 ~tl of a 10-5 ~ solution of N-succinyl-O-pyromellityl-gramicidin 
was added to both compartments. (e): At t=95 min, 10 gl of a 0.2 ~ NaOH was added 

to both compartments to increase the pH to approx. 6 

E x p e r i m e n t s  in  t h e  p r e s e n c e  o f  O - p y r o m e l l i t y l - N - s u c c i n y l  g r a m i c i d i n  

s h o w  a s t r o n g  p H  d e p e n d e n c e  o f  t h e  m a c r o s c o p i c  c o n d u c t a n c e  as  s h o w n  

a b o v e  f o r  N - s u c c i n y l  g r a m i c i d i n  ( F i g .  3). T h e  c o n d u c t a n c e  i n c r e a s e d  

a t  l o w  p H  i f  t h e  s u b s t a n c e  is a p p l i e d  to  b o t h  s ides  o f  t h e  m e m b r a n e .  

T h e  a p p l i c a t i o n  to  o n e  s ide  d o e s  n o t  c a u s e  a r e m a r k a b l e  c o n d u c t a n c e  
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change of the membrane. Increasing the pH leads to a strong reduction 
of the membrane conductance (Fig. 3). 

This experiment leads to the following conclusion: Because of the 
three negative charges, the molecule cannot penetrate the membrane 
and form conducting channels. Only when it applied to both sides of 
the membrane are active channels formed. Increasing the pH leads to 
an inactivation; i.e., when the N-succinyl group is deprotonated, the 
dimerization process becomes less probable. With single-channel experi- 
ments in the presence of O-pyromellityl-N-succinyl gramicidin, it can 
be checked whether the interpretation of the results of the macroscopic 
conductance is reasonable or not. Apell et  al. (1977) were able to show 
that strong charge effects at the mouth of the pore for O-pyromellityl 
gramicidin increase the single channel conductance compared to unmodi- 
fied gramicidin A. A very similar behavior can be observed for O-pyro- 
mellityl-N-succinyl gramicidin (Fig. 4). This figure shows clearly that 
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Fig. 4. Dependence of the single-channel conductance on the concentration of the trans- 
ported ion in the presence of N-succinyl gramicidin and of O-pyromellityt-N-succinyl gramici- 
din. Electrolyte CsC1; lipid monooleine/n-hexadecane ; 2% wt/vol; pH-4.5. Applied voltage, 

100 inV. 
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at low ionic strength a pronounced charge effect at the mouth  of the 
pore occurs. At 50 mM the single-channel conductance is increased by 
a factor of 3 compared to N-succinyl gramicidin. For N-succinyl gramici- 
din no charge effects can be observed over the measured ionic concentra- 
tion range (Table 1). 

Summarizing the results obtained with the different succinyl-gramici- 
din derivatives allows the following conclusion with respect to the structu- 
ral nature of the gramicidin channel. The pH dependence of the N-succi- 
nyl-gramicidin derivatives shows clearly that an association of two mono- 
mers can only occur when the carboxylic group at the N-terminal of 
the molecule is protonated. This gives further evidence that the single 
stranded fi(nL,a)-helix is the active channel in the membrane. The different 
types of the double stranded helix, however, should be present indepen- 
dent of the protonated or deprotonated state of the succinic group. 
The absence of these structures can also be concluded from the pH 
dependence at the single-channel level where it is found that the single 
channel conductance of N-succinyl gramicidin is invariant to changing 
the pH of the electrolyte. No charge effect on the single-channel conduc- 
tance can be observed when the N-succinyl group is deprotonated. But 
in this state the molecule seems to be inactive (Fig. 2). From these 
data it can be said definitely that the N-succinyl residue must be located 
in its protonated form in the middle of  the membrane. 

The experiments with O-pyromellityl-N-succinyl gramicidin reduce 
the possibilities for the structure of the channel to one possible structure. 
Upon adding the O-pyromellityl-N-succinyl gramicidin to both sides of 
the membrane at tow pH, a high channel formation rate can be found 
(Fig. 3). On increasing the pH, the activity is reduced dramatically. 
Furthermore, a large charge effect of the single-channel conductance 
over the whole measured pH-range can be observed. This indicates the 
same behavior of the pyromellityl residue as shown previously (Apell 
et al., 1977); namely, the three negative charges at the mouth  of the 
pore cannot be removed by lowering the pH to values of pH>4.0 .  
Therefore, it is evident that the pyromellityl residue must be located 
in the membrane interface and that the critical part of the molecule 
is the titrable COOH group of the succinic residue of the gramicidin 
derivatives. Also, an active channel can be formed when the succinic 
group is protonated and therefore can be located in the interior of the 
membrane. 

Two consequences for the structure of the gramicidin channel follow 
from these considerations. 
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a) The formyl group on the head of the molecule can be replaced 
by a succinic group. 

b) The proposed "end- to-end"  association of the N-succinyl gramici- 
din can be reduced to a head-to-head association by the experiments 
with the O-pyromellityl-N-succinyl gramicidin. As mentioned above, the 
threefold negatively charged group must be located in the interface, 
so that this part of the molecule cannot give a contribution to the dimeri- 
zation process. 

Relaxation Experiments 

The single-channel and steady-state experiments, described in the first 
part of the paper showed that it is possible to replace the formyl group 
by a titrable succinic residue. Besides a changed single-channel conduc- 
tance compared with gramicidin A, a different mean life time of the 
N-succinyl derivatives was also observed. This observation is also re- 
flected in the results of the relaxation experiments, which are presented 
in the following. As shown previously (Bamberg & Lfiuger, 1973), the 
dimerization of gramicidin in a membrane can be expressed by 

kR 
G + G ~ - - ~ _ G  2 (1) 

k~ 

kR and kD are the association and dissociation rate constants of the 
reaction. The equilibrium between monomers (G) and dimers (G2) in 
the membrane can be changed by a voltage jump. The analysis of the 
current relaxation into a new equilibrium after a voltage jump allows 
determination of the rate constants, using the equation (Bamberg & 
Lfiuger, 1973) 

1 ~ k/-~Rk D. 2~ 
-=4kD+,c V ' " A .  L 

where ~ is the relaxation time, 2 ,  the new stationary current after volt- 
age jump, A the single channel conductance, and L the Avogadro's  
number. 

The experiments showed that N-succinyl gramicidin behaves in the 
same manner as does normal gramicidin and that rate constants can be 
determined. 

Figure 5 shows a typical current relaxation of a N-succinyl gramicidin 
doped membrane which can be described by a single exponential func- 
tion. As published with normal gramicidin (Bamberg & L/iuger, 1973), 
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there is a qualitative agreement of the mean life time of the single channels 
and the inverse of the dissociation rate constant ko for N-succinyl 
gramicidin channels also. This is a further fact which allows the conclu- 
sion that the basic properties of the gramicidin channel are not changed 
by the modification of the molecule. 

Table 2 contains the results obtained by relaxation experiments with 
N-succinyl gramicidin. For comparison, the data for normal gramicidin 
A are also listed. 

A surprising result is that the activation energies of the dimerization 
process are more or less the same for the N-succinyl gramicidin as they 
were obtained for the unmodified gramicidin A. The accuracy determina- 
tion of the activation energies is + 2 kcal/mol. 

The head-to-head association of the gramicidin A is effected by 
6 hydrogen bonds between the two monomers,  according to Urry et al. 
(1977). With a determined activation energy of the dissociation rate 
constant kD of 17-18 kcal/mol the dissociation energy of one hydrogen 
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Fig. 6. Corey-Pauling-Koltun molecular models of the head-to-head hydrogen bond dimer- 
ization fl(~LD)-helix of N-succinyl desformyl gramicidin (a) and of the unmodified gramicidin 
(b). Both structures have six hydrogen bonds effecting dimerization. Note how compactly 
the protonated succinyl moiety hydrogen bonds; it effectively occupies the role of an 
additional residue. Some destabilization can be expected due to the juxtaposition of the 

OH oxygens of the carboxyl group 

bond is in the range of  3 kcal/mol, a quite reasonable value for a hydrogen 
bond in the apolar interior of  a membrane. 

The dissociation energy of  16 17 kcal/mol for N-succinyl gramicidin 
again underlines a dimerization process comparable to that of  grami- 
cidin A. With the limitations inherent in the determination of  the activa- 
tion energy for dissociation, it is not  possible to determine how the six- 
fold reduction in mean life time, reported by Bradley et al. (1978), 

separates into energies and entropies of  activation for dissociation, as the 
factor of  six, if reflected solely by activation energy, would constitute a 
difference of  only 1 kcal/mol. As shown in Fig. 6a  with CPK models, 
two N-succinyl gramicidin molecules can associate head to head in a 
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compact manner with the formation of six hydrogen bonds as can occur 
with unmodified gramicidin (see Fig. 6b). As the OH oxygens are neces- 
sarily juxtaposed in the N-succinyl gramicidin association, some desta- 
bilization of the dimer is expected. 
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