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SUMMARY 

The behavior of the surface-active material Gramicidin A at the air-water inter- 
face and in various solvents was examined. 

I. Absorbance at 283 nm as a function of concentration shows that Beer's law 
is obeyed in the range of IO -8 to 5" IO-~ M gramicidin in ethanol. Peak fluorescence 
intensity is linear with gramicidin concentration in ethanol from IO -s to io -6 M. 

2. In heptane-water partition experiments, only a very small amount of grami- 
cidin could be detected in either phase but as much as 8o % of the initial gramicidin 
could be recovered on the experimental vessel's walls. In this regard, the solubility 
of gramicidin in hexane was found to be less than I. IO -e M. Thus, gramicidin does 
not partition as favorably in media of low dielectric constant as do the presumed 
shuttle carriers, valinomycin and monactin. Solubility in aqueous media is also limited 
and leads to the  growth  of aggregates  as ind ica ted  b y  increases in l ight  sca t te r ing  of 
gramic id in  in wa te r  as compared  to e thanol  and  b y  visible t u r b i d i t y  a t  concent ra t ions  
above  5" lO-7 M. 

3. Gramic id in  will form monolayers  a t  the  a i r - w a t e r  interface.  A fo rce -a rea  
curve of gramic id in  shows an ini t ia l  rise a t  350 A 2, a gent le  p l a t eau  at  12-16 dynes / cm 
and  15o-18o A 2 with  an imprecise  collapse at  18-23 dynes /cm and  13o :~ IO A s. The  
l a t t e r  molecular  a rea  is in agreement  wi th  the  cross-sect ional  a rea  of the  helix p roposed  
b y  D. W. URRY (Proc. Nag. Acad. Sci. U.S., 68 (1971) 672) if the  helix is a ssumed  
to be perpendicu la r  to the  interface.  Gramic id in  monolayers  do not  exhibi t  an e leva ted  
surface po ten t ia l  as does va l inomycin  in the  presence of a i M KC1 subphase.  

4. The ra te  of pene t r a t ion  b y  gramic id in  of a leci thin mono laye r  and  the ad-  
sorp t ion  of gramic id in  at  the  a i r - w a t e r  interface approach  p ropo r t i ona l i t y  wi th  sub- 
phase concent ra t ion  at  concent ra t ions  below I .  IO -v M. The ra te  of adsorp t ion  at  the  
a i r - w a t e r  in terface  falls off s t r ik ing ly  wi th  t ime,  while pene t ra t ion  into  leci thin mono-  
layers  is in i t ia l ly  smal ler  bu t  cons tan t  in t ime.  The f i rs t -order  leci thin mono laye r  
pene t r a t i on  kinet ics  are  consis tent  wi th  the  proposed  i n t r a m e m b r a n e  d imer iza t ion  
of gramic id in  to form ion-conduct ing  channels.  

* This work will constitute part of a thesis to be presented by G. Kemp to the Graduate 
School of the State University of New York at Buffalo in partial fulfillment of the requirements 
for the Ph. D. degree. 
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5- In conclusion, the monolayer data  are consistent with the channel mechanism 
proposed by URRY, and the partition experiments are in contrast to the partition 
properties of the presumed shuttle carriers. 

INTRODUCTION 

Gramicidin, isolated from Bacillus brevis, consists of a mixture of four related 
linear pentadecapeptides composed largely of hydrophobic a n d  aromatic residues 
having formyl and ethanolamine end groups 1, 2. I t  is known to promote cation per- 
meabili ty changes in both natural  and artificial membranes 3-7. Recently, URRYS,, 
using the collaborative bilayer t ransport  studies of GOODALL 9, has proposed that  
gramicidin dimerizes to form helical, ion-conducting t ransmembrane channels on the 
basis of peptide conformation studies. 

In the course of investigating gramicidin's effect on both natural and model 
membranes,  we have studied its behavior at the air-water  interface and in various 
solvents. We report here the results of these studies and their relevance to the mecha- 
nism by which gramicidin increases membrane conductance. 

MATERIALS AND METHODS 

Gramicidin was obtained from Nutritional Biochemicals, Cleveland, Ohio, 
and consists of 72 % Gramicidin A, 9 % Gramicidin B, and 19 % Gramicidin C, based 
upon nuclear magnetic resonance analysis of t ryptophan,  phenylalanine, and tyrosine 
content, respectively. (D. W. URRY, personal communication). Valinomycin was 
obtained from California Biochemical Corporation. 

Reagent grade inorganic salts were used throughout the experiments and were 
roasted at 500 ° for 4 h to remove traces of organic impurities for the monolayer ex- 
periments. 

Absorption spectra were measured with a Cary Model 14 Spectrophotometer. 
Ultraviolet emission spectra were measured with an Aminco-Bowman Spectrophoto- 
fluorimeter. 

Surface pressure and potential measurements were made using a sliding barrier 
Langmuir trough constructed of teflon and measuring 30 cm × 5 cm × 2 cm. The 
measurement of surface pressure and potential have been described previously TM. 
All parameters were measured by  compression rather  than successive addition to a 
fixed area. Surface adsorption studies were carried out by sweeping the surface clean 
with the barrier, injecting an ethanolic solution of gramicidin to the stirred sub- 
phase next to the stirring bar, and then quickly sweeping the surface to remove any 
gramicidin that  might have been deposited on the surface during the addition process. 

The monolayer penetration studies were carried out as follows. The trough was 
stirred by two magnetic stirrers, one at each end. The lecithin monolayer was formed 
on the upper end of the trough. An ethanolic concentrate of the gramicidin solution 
was introduced into the subphase at the lower end of the trough, where the stirring 
was sufficiently rapid to facilitate thorough mixing. 
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RESULTS 

Gramicidin in alcoholic and aliphatic hydrocarbon solutions 
The lower chain alcohols are good solvents  for gramicidin.  In  ethanol ,  SARGES 

AND WITKOP 2 have  shown t h a t  g ramic id in  exis t s  as a monomer .  Ul t rav io le t  absorp-  
t ion and  fluorescence spec t ra  of gramic id in  in this  so lvent  are typ ica l  of t r y p t o p h a n -  
conta in ing  pept ides  as shown in Fig. I a, b. Absorbance  at  283 nm as a funct ion of 
concent ra t ion  show tha t  Beer ' s  Law is obeyed  b y  I .  lO -6 M to 5" lO-5 M Gramic id in  
in e thanol ;  fluorescence spec t ra  show t h a t  the  peak  fluorescence from I - I O  -s  to  
I .  IO -n M Gramic id in  in e thanol  is l inear  wi th  concentra t ion.  Thus,  convenient  con- 
¢ent ra t ion  assays  can be accompl ished  in e thanol .  
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Fig. i. (a) Ultraviolet absorption spectrum of 2.8- lO .51~ gramicidin in ethanol (EtOH). Spectrum 
recorded with a Cary 14 spectrophotometer, (b) Ultraviolet fuorescence spectrum (uncorrected) 
of i .  lO -6 M gramicidin in ethanol. Spectrum recorded wifh an Aminco-]3owman spectrophoto- 
fluorimeter. Excitation wavelength: 280 nm. 

In  a t t e m p t s  to de te rmine  the  pa r t i t ion ing  of gramicidin  be tween  an aqueous  
or hyd roca rbon  phase,  a low solubi l i ty  in e i ther  wa te r  or hep tane  was observed.  
Gramic id in  (20/A of 2.0 mg  g ramic id in / i . o  ml of ethanol) was in t roduced  into 8.0 ml 
of e i ther  wa te r  or an aqueous solut ion conta in ing  5 mM KC1 in separa te  p y r e x  erlen- 
meye r  flasks, and  an equal  volume of hep tane  was added  to each solution. The  flasks 
were shaken overnight  bu t  no gramic id in  could be de t ec t ed  in e i ther  phase  using the  
absorbance  assay  a t  283 nm. The  de tec t ion  l imi t  of gramic id in  was I .  IO -e M. These  
findings sugges ted  t ha t  the  maj  or por t ion  of the  gramic id in  was present  on the  walls 
of the  vessel  or  a t  the  interface.  In  conf i rmat ion of this  suggest ion as much as 80 % 
of the  unaccoun ted  for gramic id in  could be de t ec t ed  upon  dissolut ion of the  wall  
res idue in e thanol  following decan ta t ion  of bo th  organic and  aqueous phases.  

The  so lubi l i ty  of gramic id in  in a l iphat ic  hydroca rbons  was then  t e s t ed  under  
condi t ions  where the  surface a rea /vo lume ra t io  was low, a n d  i t  was confirmed t h a t  
gramic id in  is qui te  insoluble in hexane.  Add i t ions  of sufficient gramicidin  in an e thano-  
lic concent ra te  to make  a final concent ra t ion  of 5" lO-5 M and  subsequen t  f i l t ra t ion 
(0. 7 / , m  pore size) af ter  2 h leaves  no de tec tab le  opt ica l  dens i ty  at  283 nm in the  
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filtrate. Thus, the gramicidin solubility in hexane is less than i .  lO -6 M, the detection 
limit. 

While presumed shuttle carriers as nonactin or valinomycin partition favorably 
in media of low dielectric constant 11-13, gramicidin does not, which suggests that  it 
may  act by  a different mechanism. In addition, the step conductance experiments of 
HLADKY AND HAYDON 14, show that  gramicidin but not nonactin causes discrete 
increases in conductance which last longer and are larger than would be expected for a 
shuttle carrier mechanism in which one or a few ions are transferred in a single trip. 

Gramicidin in aqueous solution 
The solubility of gramicidin A in aqueous media is also limited 15, presumably 

due to the abundance of hydrophobic residues. This insolubility leads to a variety 
of rapid interfacial interactions and self association. We have noted wall residues of 
gramicidin appearing within minutes in the ethanol washes of quartz, polycarbonate, 
polyallomer and teflon vessels which had been exposed to aqueous gramicidin solu- 
tions for definite times and then aspirated to dryness. A summary  of these results 
appears in Table I. In addition, the growth of aggregates is indicated by changes in 
the ultraviolet emission spectrum of gramicidin in water as compared to ethanol 

TABLE I 

A D S O R P T I O N  O F  G R A M 1 C I D I N  T O  V A R I O U S  A Q U E O U S - - S O L I D  I N T E R F A C E S  

At t ime o, concentra ted  gramicidin in e thanol  was  added to o.I  M NaC1 in the vessel and mixed 
to give an initial concentra t ion of 1.8. io  -6 M. After the desired time, the suspension was  quickly 
aspirated from the vessel unti l  dryness  was achieved and an equal volume of e thanol  was added 
back to vessel. After 15 rain the e thanol  was  assayed for gramicidin by fluorimetry. For  a control, 
the same procedure was followed except t ha t  the original solution was ethanolic. Control residues 
averaged o.6 % of the initial gramicidin added. The residue located at  the po lymer -wa te r  interface 
was assumed to be the difference of the experimental  and control  values. Apparen t  surface area 
to volume rat ios were arranged to be approximate ly  equal for each material  tested. 

Time after Residue of gramieidin left in vessel in % of initial concentration 
gramicidin addition 
(rain) Quartz Polycarbonate * Polyalloraer* Teflon * 

I 0.26 3.5 5.4 Io.3 
5 o.61 4.6 5.7 12-3 

60 1.o8 6.1 8. 3 6.8 

* Nominal  polymeric composi t ion  of the centrifuge tubes  used as vessels. Polymer  tubes  
were soaked in e thanol  for 36 h prior  to exper iment  to remove any con taminan ts  which would 
interfere wi th  fluorescence assay. 

(Table II) and by visible turbidity at concentrations above about 5" lO-7 M. Upon 
the addition of a few microliters of concentrated gramicidin in ethanol to o.I M KC1 
solution to give a final concentration of 6.2. lO -7 M, the scattered intensity at 280 nm 
(excitation at 280 nm) undergoes an increase of about a factor of 2 relative to the 
ethanolic value essentially within the time of mixing ( <  IO sec). This 2-fold increase 
in scattered intensity suggests that  the initial aggregates formed are dimers assuming 
they scatter according to Rayleigh's law. In addition, the fluorescent emission at 35o 
nm is diminished by a factor of about 4- This decrease can presumably be accounted 
for by increased quenching of the t ryptophan residue emission in switching from 
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T A B L E  I I  

C H A N G E S  I N  G R A M I C I D I N  E M I S S I O N  S P E C T R U M  U P O N  T H E  A D D I T I O N  O F  G R A M I C I D I N  I N  A N  E T H A N O L I C  

C O N C E N T R A T E  T O  O . I  M KC1 

Uncorrected spectra  recorded wi th  the Aminco B ow m an  spectrophotof luorimeter  at desired t imes 
af ter  addi t ion of concentra ted  gramicidin in io pl of absolute e thanol  to 2.0 ml of o.i  M KCI 
solut ion to make a final concent ra t ion  of 6.2" IO -7 M gramicidin. The addit ion was followed by 
vigorous mechanical  st irring.  

Time after Fluorescent intensity Scattered intensity 
adding concentrated at emission maximum** at exciting wavelength, 
gramieidin (arbitrary units) 280 nm 

(arbitrary units) 

o* 78.0 7 
IO sec 19.o 13.o 

I min  15. 4 12.5 
2 5 m i n  14. 5 12.o 

* The control  value at  t ime zero is given by  the addi t ion of gramicidin to absolute ethanol.  
** Pure  solvent  sca t ter ing  and emission has been subtracted.  

ethanolic to aqueous solvents 16 and possibly, by additional changes in extinction and 
quantum yield due to aqueous aggregation. When similar ethanolic additions are 
made to give final gramicidin concentrations above IO -6 M, visible aggregation occurs 
immediately. We have observed aggregation in twice distilled water, o.I  M salt 
solutions, or I M ammonium hydroxide. After extended times the aggregates grow 
and settle out of the suspension. I t  should be noted tha t  most permeability experi- 
ments reported are carried out with a concentration of IO -~ M gramicidin or less. 

Surface properties of gramicidin 
Gramicidin is a surface active material and will form monolayers at the air- 

water interface. A force area plot of gramicidin is shown in Fig. 2. An initial rise in 
pressure occurs at an area per molecule of 35 ° A S, and collapse probably occurs at 
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Fig. 2. Surface pressure -a rea  and surface potent ia l -~rea curves of gramicidin monolayers  in the 
presence and absence of i .o M KC1, obtained by  compression of gramicidin on a Langmui r  t rough.  
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I 5 - - I 8  dynes/cm. The compression is reversible. Unlike most surface active materials, 
the collapse pressure of the gramicidin film is not easily evaluated. This is due to a 
slow rate of collapse, and the shape of the force area curve at pressures greater than 
20 dynes/cm is therefore dependent upon the rate of compression. A close packed 
gramicidin film near its collapse pressure has a molecular area of 145 z~ Io A2. 
This is quite consistent with the cross-sectional area of a hybrid between the 4.31, 
and 4.4as helices proposed as the secondary structure for gramicidin by URRY 8 if the 
helices are assumed to be perpendicular to the interface. This orientation will allow 
the molecule to anchor itself to the interface by  dipole interactions between the ex- 
posed terminal acyl oxygens and the aqueous subphase. I t  is interesting to note that  
gramicidin in the presence of high concentrations of KC1 does not show the elevated 
surface potential reported by  COLACICCO et al. 1~ for the shuttle-carrier valinomycin, 
and as seen in Fig. 3 where I.O M KC1 was observed to increase the potential to I . i  V 
in compressed valinomycin films. 
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Fig. 3- Surface p r e s s u r e - a r e a  a n d  sur face  p o t e n t i a l - a r e a  cu rve s  of v a l i n o m y c i n  mono laye r s  in 
the  presence  a n d  absence  of i .o  M KC1, ob t a i ned  b y  add i t i on  of consecu t ive  a m o u n t s  of va l ino-  
m y c i n  on a L a n g m u i r  t rough .  

In order to bet ter  understand the adsorption of gramicidin to membranes,  
the kinetics of the adsorption at the air-water  interface and the penetration into 
phospholipid monolayers in which it is misciblO* has been studied. The kinetics of 
gramicidin adsorption at the Mr-water interface have been measured in the range 
of 5" Io-7 M to 5" Io-s  M, as is shown in Fig. 4. The uptake rate is not linear with time; 
however, the amount taken up in a given period is nearly directly proportional to 
the subphase concentration at the lower concentrations used. 
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Fig. 4. R a t e  of g ramic id in  a b s o r p t i o n  a t  t he  a i r - w a t e r  in ter face .  Gramic id in  a t  the  des igna ted  
c o n c e n t r a t i o n  was  i n t roduced  in to  t he  a q u e o u s  s u b p h a s e  a n d  t h e  a m o u n t  of g ramic id in  appea r ing  
on  t he  sur face  w i th  t i me  was  e s t i m a t e d  f rom a m e a s u r e m e n t  of  t he  area  following compress ion  
to  a de s igna t ed  p ressure  (2 dynes]cm) .  

In Fig. 5, the uptake of gramicidin at the air-water interface is compared with 
the penetration of an egg lecithin monolayer at a pressure of 2 dynes/cm. Again, 
the penetration rate is approximately proportional to bulk phase concentration. 
However, in striking contrast to the rate at which gramicidin is adsorbed at the air- 
water interface, which decreases with time, the rate of penetration of lecithin mono- 
layers is constant with time*. Indeed, if sufficient time is allowed to pass, adsorption 
at the air-water interface occurs at a rate lower than penetration of the lecithin 
monolayer at 2 dynes/cm. This result will be discussed later. It  is considered that the 
initial rate of gramicidin adsorption at the air-water interface provides an upper limit 
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Fig. 5. R a t e  of g ramic id in  p e n e t r a t i o n  of lec i th in ,  2 dynes / cm.  The  a m o u n t  of g ramic id in  appea r ing  
a t  t he  sur face  was  d e t e r m i n e d  by  m a i n t a i n i n g  c o n s t a n t  p ressure  a n d  m e a s u r i n g  t he  expans ion  of 
film area.  Mixed g r a m i c i d i n - l e c i t h i n  'films yie ld  add i t i ve  a reas  a t  2 dynes / cm.  

* I n  p r e l im ina ry  s tud ie s  of different  phospho l ip id  m o n o l a y e r  compos i t ions  a t  v a r y i n g  film 
pressures ,  the  ra te  of p e n e t r a t i o n  ha s  been  f o u n d  to  be c o n s t a n t  wi th  t ime ,  d e p e n d e n t  upon  
phospho l ip id  c o m p o s i t i o n s  and  to  decrease  w i t h  inc reas ing  film pressure .  
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to the rate at which graJnicidin can penetrate a membrane. The presence of a phos- 
pholipid film at the interface further hinders the rate of penetration. 

In the penetration experiments, it is interesting to note that  the rate ofgramici- 
din penetration is very low, indeed much lower than the rate at which cytochrome C TM 

and other proteins 2° (also D. PAPAHADJOPOULOS AND H .  KIMELBERG, personal com- 
munication) penetrate the air-water interface. In these experiments it was observed 
that less than 3 % of the added gramicidin appeared at the interface after 2 h. 
Although this value depends upon the surface/volume ratio of the vessel used/it  
is apparent that  removal of gramicidin from the subphase by film formation would 
not substantially decrease the bulk gramicidin concentration during bilayer conduc- 
tance studies. If these rates are comparable with the rates at which gramicidin pene- 
trates bilayer membranes during conductance measurements, it is apparent that only 
a very small fraction of gramicidin added to the aqueous phase actually penetrates 
the membrane to cause the observed conductance changes*. 

The presumed shuttle carriers, valinomycin or monactin, establish an equilib- 
rium distribution between the membrane-torus and the bathing solution within 
15 min or less when added to the aqueous phase 13. In contrast to this, the gramicidin- 
induced conductance of bilayer membranes is still increasing with time one hour after 
addition 9 (and J. CAPELLA and C. WENNER unpublished results) as would be expected 
from the time course of gramicidin penetration of phospholipid monolayers. 

DISCUSSION 

The picture which emerges from the aqueous solubility data is that  when an 
ethanolic gramicidin solution is diluted by an aqueous medium, the ethanolic solvation 
is lost during the mixing time. This leaves monomeric gramicidin in aqueous solution : 
a highly unstable species. As a consequence, gramicidin will adsorb to interfaces in 
the system, and self-associate. The adsorptive processes and probably the formation 
of small polymers are rapid, being substantially completed on the order of minutes 
or less, while the large aggregate growth occurs on a longer time scale. 

Since penetration proceeds at a constant rate for at least an hour, even at 
5" lO-7 M initial phase gramicidin concentration, it appears that dimers and perhaps 
larger aggregates can penetrate these films. On the other hand, there is a decreasing 
rate of adsorption with time at the air-water interface. To explain these data, it is 
suggested that only gramicidin monomers and low polymers can be adsorbed to the 
air-water interface. Since gramicidin is miscible in phospholipid monolayers, it is 
proposed that  phospholipid monolayers are good interfacial solvents for gramicidin 
in any aggregation state while the dissolution of larger aggregates at the air-water 
interface is less favorable. 

It  has been proposedS, TM that the second-order membrane conductance 
kinetics observed by TOSTESON 7 and GOODALL 9 arise from formation and dissociation 
of gramicidin dimers within the bilayer membrane. Such a model requires that the 
penetration of the membrane be first-order with respect to bulk phase gramicidin 
concentration as we have observed in phospholipid monolayers. 

* This may  be in marked cont ras t  to val inomycin.  If  the volume of the membrane-forming 
solut ion present  is i /ul and the volume of the cell io  ml, then approx.  7 ° % of the added valino- 
mycin would be adsorbed as calculated from the par t i t ion  coefficient reported by  STARK AND 
BENZ la. 
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