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The channel forming properties of synthetic gramicidin A and DLeu2-gramicidin A were compared in black lipid 
membranes. The most probable single channel conductance was identical for both derivatives but in each case a 
distribution of smaller channel sizes was observed. However, the lifetime of the channel formed by DLeu 2- 
gramicidin A was considerably shorter than for gramicidin A. The oLeu 2 substitution is considered to interfere 
with the head to head hydrogen bonding which forms the conducting dimer, thus destabilizing the dimeric struc- 
ture of the channel and reducing the lifetime. This represents the first demonstration of side-chain modulation 
of channel lifetime. 

The primary sequence of gramlcidin A is. HCO- 
LVal 1-Gly 2-LAla 3-DLeu4-LAla s-DVal6.LValv-DVal a. 
LTrpa.DLeu I o LTrpl 1 .oLeu 12 LTrpl 3.DLeu 14 

LTrplS.NHCH2CH20 H [1]. Two gramlcidln A 
molecules associate head to head (formyl end to 
formyl end) by means of six lntermolecular hydrogen 
bonds to form a dlmerlc transmembrane channel 
[2-9] ,  as shown in Fig. 1. Each monomer is com- 
prised of a 36~]-helix of 6.3 residues/turn [10,11], 
and the hydrogen bonding pattern between turns 
is that of the parallel chain 3-pleated sheet and that 
between monomers is that of the antiparallel chain 
3-pleated sheet. 

Naturally occurring gramlcidln is a mixture of 
gramlCldln A, B and C which differ in only one amino 
acid. Gramicidin B has an LPhe at position 11 and 
gramicidin C has an LTyr at position 11 [12]. In 
black lipid membranes the single channel conduc- 
tances of gramicidin A and gramicidln C are similar 
but gramicidln B has a much reduced conductance 
[13]. The channel lifetimes for all three, however, 
are similar [13]. On the other hand synthetic changes 
in the amino terminus of the gramicidin peptide either 

block channel formation as in the case of N-pyromel- 
lityl-desformyl gramlcldin A [5] or dramatically 
alter the channel mean lifetime as in the cases of 
N-succlnyl-desformyl gramicidin A [5] and N-acetyl- 
desformyl gramlcldin A [8] by interfering with the 
hydrogen bonded dlmerization of channel formation. 
These are all changes in the amino blocking group. 
The question of direct concern here is whether an 
appropriate change of amino acid in the sequence 
involved in the head to head hydrogen bonding can 
alter channel mean lifetime. 

It is of interest to note that the amino terminal 
sequence revolved in the head to head hydrogen 
bonding, residues 1 through 5, uniquely contains 
several amino acids with small side chains whereas the 
remainder of the sequence is comprised of amino 
acids with bulky side chains. In this regard it may be 
noted further that oligopeptides with small side 
chains, (e.g. oligomers of LAla) form antlparallel 
chain 3-pleated sheets whereas oligopeptldes with 
bulky side chains (e.g. ohgomers of LVal) form paral- 
lel chain 3-pleated sheet structures [14]. Thus amino 
acids with small side chains are what would be 

0005-2736/81/0000-0000/$02.50 © 1981 Elsevier/North-Holland Biomedical Press 



282 

A 
formyl profons 

t 

V I 

Fig. 1. Side views of the gramlcldm A channel. 
A. Showing formyl N-blocking group and the L V a l  1 ...LAla s side chain pmr (adapted from Urry et al., 1975). 

required at the head to head junction where the 
chains are aligned antlparallel, and bulky side chains 
would stabilize the mtramolecular parallel aligned 
chains. In particular the pairing of  side chains across 
the head to head junction IS. LVal I...LAlas; Gly2... 
DLeu4: and LAla3...LAla 3. These are apparent in Fig. 
1A and B. If  these structural elements are important 
in the stablhty of  the gramlcldm channel, then the 
replacement of  Gly 2 by a D-residue with a bulky side 
chain would destabilize the channel and this destabih- 
zatlon may be apparent in the channel mean lifetime. 
Such a case would be explicit demonstration of  side 
chain modulation of  channel mean hfetime. For the 
above reasons we have synthesized the DLeu 2 analo- 
gue of gramicxdm A and compare here its transport 
properties with those of  synthetic gramlcldm A. 

The synthesis of  granucldln A by the solid phase 
method will be described elsewhere (Prasad, K.U. and 
Urry, D.W., unpublished data) and DLeu2-gramlcIdIn 

A was prepared by a similar method. Purification 
utilized cation exchange resins, preparative thin- 
layer chromatography and high performance reverse 
phase liquid chromatography (HPLC). The product 
was verified by amino acid analysis and 13C-NMR. 
Black hpld membranes were formed as previously 
described on a hole separating two Teflon cham- 
bers [7]. The lipid solution consisted of  2% (w/v) 
dlphytanoylphosphatxdylchohne m n-decane and the 
membrane area was approximately 2 • 1 0  - 4  c m  2.  All 
experiments were carried out at room temperature 
(23-+ I°C). Single channels were measured directly 
and in addition time constants were measured from 
power spectra of  membrane current noise produced 
by the fluctuations of  many channels. 

The single channel events for gramlcadan A and 
DLeu2-gramlcldln A are shown in Fig. 2. It is clear 
that the dominant channel size for both peptldes IS 
identical. In 2 M KC1 this channel conductance was 
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Fig. 1. B. Showing the LAla3...LAIa ~ and Gly z...DLeu '~ side chain 
a Leu side chain, (A = Ala, G = Gly, L = Leu, V = Val). 
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Fig. 2. Single channel recordings for gramicidin A and DLeu 2- 
gramlcldin A m black lipid membranes. Potential was 
clamped at 100 mV with silver chloride electrodes and mem- 
brane current was amplified by a Kelthley 427 current ampli- 
tier. The bilayer was bathed m 2 M potassium chloride con- 
taming plcomolar concentrations of pepttde. The conduc- 
tance of the most commonly observed event was 28.4 pS for 
both gramicidin A and DLeu2-gramicidm A. 

pairs. Note the stenc effect of replacing the Gly proton with 

28.4 pS. However, both peptides show a distribution 

of smaller channels which are seen less frequently 
(Fig. 3). There was evidence from the distribution 

that some d~screte sizes were more common than 
others. 

From the single channel events, as depicted in Fig. 
2, it is seen that the channel lifetime for DLeu 2 is 

considerably shorter than for gramicldm A. Spectral 

analysis of the current noise for gramicidin A gave an 
average r value of 800ms  whereas for DLeu 2- 
gramicidin A r was 210 ms (Fig. 4). Therefore DLeu 2 

substitution reduces the channel lifetime by 75% 
mdtcating that the barner for dissociation of the 
DLeu2-gramicidin A dimer is lower than for gramlcv 
din A. 

As may be seen in Fig. 1B, replacing the Gly 2 
a-proton by a bulky Leu side chain would result in 
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Fig. 3. Percentage dlStrlbunon of  single channel  conductances  
for gramlcldm A and DLeu2-gram]cldin A. Consecutive 
single channel  events (N = 500) were measured from records 
where no more than two events occurred simultaneously,  as 
m Fig. 2. The membrane  potential  was 100 mV and the 
bathing solution was 2 M KC1. 

sterlc crowding and a decrease In the entropy due to 
freedom of side chain motion. This can be expected 
to raise the free energy of the dlmerlc state making 
the channel state less probable. As the barrier for 
dissociation occurs when the monomers of the dlmer 
are at a greater displacement from each other, the 
free energy barrier for dissociation is not expected to 
be rinsed by as much, and therefore the rate of dis- 
sociation can be expected to be increased. This is 
what has been found. Since the amount of transport 
is directly affected by the channel lifetime, increasing 
the rate of dlssoclatmn is an effectwe means of 
decreasing channel efficacy. This IS, of course, an 
easily quantltated element of the related decreased 
probablhty of channel formation. For the first time, 
therefore, side chain modulation of transport has 
been demonstrated by fine tuning channel mean life- 
time. 

An additional element of side-chain modulation of 
transport relates to the data in Fig. 3. It was noted 
above that gramlcldin B has a lowered most probable 
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Fig. 4. Normahzed power spectra for gramicldin A and 
DLeu2-gramlcidln A computed  from the fast Fourier trans- 
form of  conductance f luctuat ions due to many channel 
events. After  low-pass filtering (3000 Hz) the analog records 
were digitized at a rate of  1024 points  for each 2 s epoch. 
The power spectra were averaged over 128 epochs. The 
recording c o n d m o n s  were as m Fig. 1 but  using a 5-fold 
higher concentrat ion o f  peptlde. Approximate ly  100 chan- 
nels were active in the inlayer during data acquisition. The 
sohd lines show the best fitting Lorentzlan funct ions  for each 
spectra and the arrows depict the  half-power frequencies (fc). 
The relaxation t ime r was calculated from the formula r = 
1/27rfc. From the average o f  15 exper iments  carried out  as 
above r = 800 ~ts for gramicldin A and 210 ms  for DLeu 2- 
gramlcldm A. 

single channel conductance [13] due to mdole side- 
chain replacement by phenyl. This has been proposed 
to arise from the effects of side chain on the energet- 
ics of the peptlde carbonyl motions (libratlons) 
necessary for effectwe lateral coordination of ions in 
the channel [11,15]. Somewhat analogously it has 
been proposed [16] that the occurrence of less prob- 
able states of lower conductance shown in Fig. 3 
and also previously observed for gramlCldln B [13] 
and commercial gramlcldin [17] are due to dlstribu- 
tions of side-chain rotamer states leading to altered 
energetics of peptlde libraUon required for 1on Inter- 
action. 

As the highest barrier for transport of ions 
through the channel is at the entrance and exit [18], 
the most influential side-chain rotamer states m 
altering conductance would be those involving the 
side chains of residues 10 through 15. As previously 
reported [16], the primary restrictions to motions 
of side chains are due to side chain interaction of 
residue i with residue i+ 1 and of residue i with 
residue i + 6. The latter is the side chain interaction 



between turns of helix. In the case of the head to 

head junction,  the side-chain interactions between 

hehcal turns of the channel were noted above. The 

comparison made in this report constitutes a change 

from Gly2...DLeu 4 to DLeu2...DLeu 4 and the experi- 

mental results reported herein provide the first 
experimental evidence of the effect of side chain 
Interactions between turns of the helix on modula- 
tion of channel transport by 3-helices. 
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