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ABSTRACT Gramicidin films at the air/
water interface are shown to exhibit a
phase transition at 225 A2/molecule
which might be caused by either cluster
formation, reorientation of molecules,
conformational changes or multilayer
formation. It is further shown that cou-
pling of a charged group on either NH2-
or COOH-terminus or elongation of the
peptide by two amino acids, only
slightly affects the surface area char-
acteristics whereas modification of the

tryptophans or even replacement of a

single tryptophan by phenylalanine
leads to drastic alterations in the sur-

face-area characteristics and a (par-
tial) loss of the phase transition demon-
strating that the tryptophans play an

important role in the interfacial behavior
of gramicidin. The lack of a solvent
history effect on the interfacial behavior
indicates a rapid conformational inter-
conversion of the peptide at the air!
water interface. Gramicidin in mixtures

with dioleoylphosphatidylcholine and
lysopalmitoylphosphatidylcholine
shows a condensing effect whereas
gramicidin shows ideal mixing with dio-
leoylphosphatidylethanolamine. The
condensing effect most likely is related
to the aggregational state of the pep-

tides which is different in phosphatidyl-
cholines and phosphatidylethanol-
amines.

INTRODUCTION

Linear gramicidins are polypeptide antibiotics produced
by Bacillus brevis (ATCC 8185) (1). These peptides have
been proposed to be involved in bacterial sporulation by
interaction with the transcriptional process during sporo-
genesis (2-5). Despite this intriguing biological function
gramicidins are especially known for their ability to
specifically facilitate passive diffusion of protons and
alkali cations through membranes (6, 7). Furthermore
gramicidins form an excellent model system for confor-
mational studies of membrane proteins (8) and for pro-
tein-lipid interactions (9, 10). In particular the peptide
has been shown to be a very potent modulator of lipid
structure of which bilayer formation with lysophosphati-
dylcholine (LPC)' and HI, phase formation with phos-
pholipids of an acyl chain length exceeding 16 carbon
atoms are the most striking examples (see reference 11 for
an overview).
The primary structure of naturally occurring gramici-

dins is (12, 13):
Formyl-L-X '-gly2-L-ala3-D-leu4-L-ala5-D-val6-L-val7-D-val8-L-

trpe-D-leu'0-L- Y`1-D-leu'2-L-trp3-D-leu14-L-trp"5-ethanolamine

'Abbreviations used in this paper: A, surface area; DOPC, dioleoyl-
phosphatidylcholine; DOPE, dioleoylphosphatidylethanolamine; GR,
gramicidin; GR A', natural mixture of gramicidin; LPC, lysophosphati-
dylcholine; NFGR A', Trp-N-formylated gramicidin A'; ed, surface
dilatational elasticity; IEdi, modulus of surface dilatational elasticity; od,
phase angle; Vd. dilatational viscosity; x, surface pressure; a, surface
tension; w, angular frequency.

X can be either valine or isoleucine and Y is tryptophan,
phenylalanine or tyrosine in gramicidin A, B, and C (GR
A, GR B, and GR C), respectively. All aromatic side
chains are residing near the COOH-terminus of the
molecule. Although gramicidins are relatively simple
peptides they exhibit a complex conformational behavior
and can adopt various folding motifs, depending on

concentration, solvent polarity, and temperature (14-17).
The molecule adopts distinctly different conformations in
membranes and organic solvents (18).
The tryptophans of the peptide appear to be essential

for the inhibition of RNA polymerase (2), for the channel
function (19-21), and also for the lipid structure modu-
lating ability of the peptide (22-24). It has been hypothe-
sized (25) that the tryptophan indol rings are involved in
stacking interactions which may determine the conforma-
tion of the peptide (19, 26) and are important for func-
tional GR-protein interactions. First, replacement of trpl"
by phe" yielding GR B results in very different circular
dichroism characteristics (19, 23), Tl binding properties
(27), and influence on lipid organization (23). It has been
suggested that the ft63 helix conformation, which is
thought to be the conformation which, by N-N dimeriza-
tion, forms the functional channel (8, 28-30), is stabilized
by stacking interactions, involving the tryptophans at
position 9 and 15 (19, 26). Second, tryptophans appar-

ently play an important role in the process of lateral
self-association and are thought to stabilize (ordered)
aggregate structures by intermolecular stacking interac-
tions (31, 32). Interestingly an aggregational model for
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GR was proposed to explain single channel conductance
(33). In this model lateral intermolecular interactions are

involved in formation of a single conducting unit. Third,
the bulky tryptophan residues impose a cone shape to the
molecule. The shape, in combination with the strong
tendency to self associate has been used to explain the
lipid structure modulating ability of the peptide
(10, 31, 32). Brasseur et al. (36) calculated by conforma-
tional analysis procedures that the p63 conformation of
GR, by its shape and intermolecular interactions, is likely
to form aggregate structures with a geometry matching
that of the tubes found in the GR-induced HI, phase. Such
structures are suggested to be intermediates in the grami-
cidin-induced HI, phase formation (34, 35). Aggregate
formation by GR appears to be dependent on the peptide
to lipid ratio and the type of lipid; for instance GR is less
soluble in phosphatidylethanolamine bilayers than in
bilayers of phosphatidylcholines (37, 38).
To get more insight into the relationship between the

chemical structure of GR, its conformational behavior,
and its intermolecular interactions, we have chosen to use

the monolayer technique to study the interfacial proper-
ties of a series of GR analogues in pure form and in
mixtures with those lipids in which the peptide modulates
lipid polymorphism. In view of the conflicting data and
interpretations of previous monolayer studies of GR in
particular with respect to the orientation and molecular
dimensions (39-44), we applied both static and dynamic
monolayer techniques.

MATERIAL AND METHODS

Gramicidin A' (GR A'), which is the natural mixture, was obtained
from Sigma Chemical Co., St. Louis, MO, and used without further
purification. Tryptophan N-formylated gramicidin was synthesized as
described before (22). Gramicidins A, B, and C were isolated from the

natural mixture according to Killian et al. (23). N-Succinyl-, 0-

succinyl-, and desformylgramicidin were prepared and purified as

described previously (45). [phe9]-, [phe"]-, con [leu-ala]-, con [leu-
trp]-, and con [leu-alaJ2 gramicidin (chemical structures are given in

Table 1) were a kind gift of Dr. D. W. Urry. Bovine serum albumin
(BSA fraction V) was purchased from Sigma Chemical Co. All peptides
were checked by HPTLC (45) and found to be pure.

Concentrations of the peptide solutions were determined by weight
and by quantitative amino acid analysis after hydrolysis in propionic
acid/12 M HCI (1:1 vol/vol) as described previously (47). 1,2-
Dioleoyl-sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and 1-
palmitoyl-sn-glycero-3-phosphocholine (LPC) were synthesized and
purified as described before (48, 49). Lipid concentrations were deter-
mined by phosphorus analysis (50). All solvents used were of analytical
grade.

Measurement offorce-area isotherms
Surface pressure-area experiments were carried out at 200C using a

Teflon Langmuir trough (32.2 x 17.2 x 1.5 cm) equipped with a mov-

able barrier. The rate of compression could be varied between 0.2 and
105 cm2 min-' but was unless otherwise stated 78.9 cm2 min-'. Surface
pressure was measured with an electrochemically roughened platinum
(Wilhelmy) plate (2 cm wide) and an electrobalance (model LM 500,
Beckman Instruments, Inc., Fullerton, CA). Appropriate amounts of
peptide, lipid, or a mixture of both, unless otherwise stated dissolved in
chloroform-ethanol 1:1 (vol/vol) at a concentration of 0.1-1 mM, were

spread on a subphase containing 10 mM Tris HCI (pH 7.4 in triple
distilled water) with an Agla microsyringe. The tip of the syringe was

mechanically lowered to contact the interface, then raised slightly so

that meniscus formation occurred. The glass tip was coated with
dimethyldichlorosilane (5% in chloroform) to prevent gramicidin to
adhere to the tip. It was found that this treatment was essential to
reproducibly spread the desired amount of peptide onto the interface.
The surface pressure-area isotherms were measured at least in triplicate
and were found to be reproducible within ± 5 A2. In between measure-

ments the surface was swept carefully at least four times. The barrier
and the Wilhelmy plate were cleaned with ethanol and rinsed with
doubly distilled water.
The equilibrium surface pressure, which is the pressure at which

spreading of additional amounts of GR does not cause a permanent
surface pressure increase, was determined by spreading small portions
of peptide on a trough of fixed area until a maximal pressure was

reached.

TABLE 1 Chemical structures of gramicidin derivatives

Peptide sequence

Compound 1 2 3 4 5 5a 5b 5c 5d 6 7 8 9 10 11 12 13 14 15

Gramicidin A F- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-trp- leu-trp-leu-trp-E (12)
Gramicidin B F- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-phe- leu-trp-leu-trp-E (12)
Gramicidin C F- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-tyr- leu-trp-leu-trp-E (13)
[phe']-GR A F- X-gly-ala-leu-ala.......................... val-val-val-phe-leu-trp- leu-trp-leu-trp-E (19)
desf. Gr A' + X-gly-ala-leu-ala .......................... val-val-val-trp-leu-Y- leu-trp-leu-trp-E (12)
O-succ-GR A' F- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-Y- leu-trp-leu-trp-E-succ- (45)
N-succ-GR A' succ- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-Y- leu-trp-leu-trp-E (45)
con(leu-ala)-GR A F- val-gly-ala-leu-ala-leu-ala.................. val-val-val-trp-leu-trp- leu-trp-leu-trp-E (46)
con(leu-ala)2GR A F- val-gly-ala-leu-ala-leu-ala-leu-ala-.... val-val-val-trp-leu-trp- leu-trp-leu-trp-E (46)
con[leu-trp]-GR A F- X-gly-ala-leu-ala.......................... val-val-val-trp-leu-trp- leu-trp-leu-trp-leu-trp-E
NFGRA' F- X-gly-ala-leu-ala.......................... val-val-val-FT-leu-FT- leu-FT-leu-FT-E (22)

E, ethanolamine; F, formyl; FT, N-formylated trp; succ-, succinyl; X, val or ile; Y, trp, phe, or tyr.
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Measurements ofthe surface dilatational elasticity and surface dilata-
tional viscosity
The experimental system and procedure are a variant of the Benjamins-
de Feyter method (51, 52) and have been described in detail previously
by Boonman et al. (52, 53). An area at the air/water interface in a

Teflon trough is enclosed in a rectangle formed by two rigid barriers
connected by elastic ribbons perpendicular to and partially immersed in
the interface. The elastic material was prepared and treated in a Soxlet
containing ethanol, thus removing impurities. One of the barriers is a

standard moving barrier, the other can be harmonically oscillated. This
construction provides a surface with a constant width of 12.5 cm and an

initial length of 22 cm. After spreading of the monolayer the surface
pressure can be adjusted with the movable barrier. Small-amplitude
sinusoidal waves are generated within the rectangle by harmonically
oscillating the second barrier in the plane of the interface. This periodic
compression-expansion at a variable frequency of 50-750 mHz subjects
the monolayer to a periodic deformation (AA/A -0.01). Due to the
elastic side walls which move in phase with the monolayer the imposed
deformation is purely dilatational. The surface pressure was measured
with a Cahn RH automatic balance and a Wilhelmy plate of filter paper
(52) at a fixed position (0.423 x actual length of the film) to circumvent
the need to apply corrections for inhomogeneities. Signals related to
surface tension, barrier displacements, and the position of the Wilhelmy
plate were monitored with a microcomputer (LSI), connected to a

PDP-1 1/23 minicomputer for purposes of data handling. All experi-
ments were performed at 20°C and within one experiment the tempera-
ture was constant within ±0.30C.

Theoretical background
The theoretical basis for the calculation of viscoelastic interfacial
properties by generating interfacial waves has been provided by the
work of Lucassen and co-workers (54, 55). The surface dilatational
elasticity, Ed, can be described by Eq. 1:

Ed = A * (da/dA), (1)
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where A is the surface area and p is the surface tension. Eq. I is valid
provided that no shear forces are present in the interfacial region. In the
case of a clean surface Ed 0, whereas in the presence of a monomolecu-
lar layer Ed * 0.

In case of harmonic area oscillations the dilatational elasticity can be
described by Eq. 2.

Ed dl - ej* - Er + -(is (2)

in which ifdd iS the modulus of the dilatational elasticity, j (- 1 )'I', d is
the phase angle of the dilatational elasticity. E, and ej are respectively the
real and imaginary parts of Ed. 4l'd reflects the difference in phase
between the locally imposed oscillation in the surface area and the
detected oscillation in the surface tension. This time lag may be caused
by processes occurring at the interface like diffusion, adsorption, or the
formation of aggregate structures (56). In the case of purely elastic
behavior d- 0 which means that response to dilatation is immediate.
The viscoelastic behavior in case of harmonic variations in A can be
described as

Ed Er + j&ld, (3)

in which w is the angular frequency and qd the dilatational viscosity.
The value of lEdE can be determined from the amplitudes of the

harmonic oscillations ofA and a, AA and Aa using Eq. 3:

lEdl = AO * (Aa/&AA), (4)

in which AO is the initial area at AA 0. Eq. 3 is valid when satisfying
the condition kL < 1 (54) with k being the wave number of the
longitudinal wave and L the length of the monolayer in the direction of
the wave propagation. The loss-angle, Od, can be calculated from the
difference in phase between Au and AA. The occurrence of relaxation in
or near the surface after distortion of the film gives rise to a viscous
component (i"n1d) which determines the dissipation of energy in the film
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FIGURE i Pressure-area isotherms of gramicidin (1) measured by continuous compression and (2) by stepwise compression and relaxation. Insert
shows the hysteresis effect encountered when the film is expanded after compression and 4 min relaxation.

Interfacial Properties of Gramicidin 559Tournois et al.



(54). For practical reasons we will be dealing with td instead of qd as a

parameter for (visco)-elastic mechanical properties.

RESULTS

Pure peptides
A typical surface pressure-area isotherm obtained for
GR A' at the air-water interface by continuous compres-

sion (78.9 cm2 min-') is shown in Fig. I (curve 1). On
compression a first increase in surface pressure is
observed at a molecular area of 420-430 A2 and the curve
is characterized by a deflection at a molecular area

of 280 A2 (140-12 mN * m-'). At '12-15 mN * m-l
the compressibility of the film is largely increased until an
area of -180 A2/molecule is reached. Continuing com-

pression results in a steep increase in surface pressure.

Here the monolayer becomes highly imcompressible and
visually rigid; it ceases to flow and the Wilhelmy plate is
displaced from its vertical orientation. At continuous

so,
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compression, the sharp increase in surface pressure is
approximately linear up to 50-55 mN * m-' and the
curve deflects above this pressure, indicating a film
collapse (data not shown). The 7r-A characteristics of GR
A' were found to be independent of the compression

rate (0.166-87.2 A2 * molecule-' * min-':0.2-105
cm2- min-') and also independent of the solvent from
which GR A' (0.5 mM) was applied to the surface
(DMSO, trifluoroethanol, ethanol, methanol, chloro-
form-ethanol 1:1 (vol/vol)).
When the compression is stopped at pressures above 20

mN m-', relaxation is observed. Equilibrium is reached
only after several hours at 18-20 mN * m-'. The kinetics
of this relaxation are dependent on the rate at which the
film was compressed (range: 0.1664-7.2 A2. mole-
cule-' * min-'). A high compression rate corresponds
with a fast relaxation (data not shown). It is interesting to
note that expansion of surface area at 30 mN m-' (after
a 4-min relaxation period) reveals a very strong hysteresis
of the surface pressure behavior (Fig. 1, insert) although

400 500
MOLECULAR AREA (A2)

600
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FIGURE 2 Pressure-area curves (A) ofGR A' (I), GR A (3), GR C (4), and GR B (5), and (B), ofN-succ-GR A' (6), O-succ-GR A' (7), desfGR A'
(8), [phe9J-GR A (9), and NFGR A' (10).
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no appreciable amount of material is lost from the inter-
face as judged by recompression. The extent of this
hysteresis (defined as the area between the compression
and expansion curves) increases with a decreased rate of
compression and prolonged relaxation (keeping the
expansion rate constant 87.2 A2 molecule-' * min-').
A curve comparable with that obtained by continuous

compression (curve 1) is observed by stepwise compres-
sion (compression rate 78.9 cm2* min-' and applying
steps of 21 cm2) (data not shown). On ceasing compres-
sion at pressures exceeding 10 mN * m-l, the film
pressure relaxes somewhat (2-3 mN * m-' over a period
of minutes) however at pressures beyond the equilibrium
surface pressure (20 mN * m-') a relaxation to this
pressure is seen which can take 5-20 h. When allowing
relaxation after each compression step to reach a stable
surface pressure (the change in pressure being <0.05
mN * m-' min-'), 7r-A curve 2 (Fig. 1) is obtained. The
pressure at equilibrium reached in this way, -19 mN -

m-' is comparable with the equilibrium surface pressure.
The molecular area obtained from GR ir-A curves at
equilibrium surface pressure was found to be 172 ± 10
A2.

Fig. 2 A shows 7r-A isotherms obtained for gramicidins,
A, B, and C compared with that of GR A' and Fig. 2 B
obtained for various chemically modified or (semi) syn-
thetic gramicidins. The chemical structures of these com-
pounds are given in Table 1. It is remarkable that despite
the extended range of chemical modifications the ur-A
curves of all peptides at higher pressures converge. The
main differences are expressed in the low-pressure regions
of the curves. Whereas GR A (curve 3) and GR C (curve
4) exhibit comparable ur-A curves as GR A' (curve I) and
have similar surface areas at both low and high pressures,
GR B (curve 5) and the synthetic [phe"]-GR (not shown)

TABLE 2 Molecular areas of natural occurring
gramicidins and various gramicidin derivatives
measured arbitrarily at 10 and 20 mN.m-'

Analogue Mol area (A2)

10 mN.m-' 20 mN.m-'
Gramicidin A' 305 172
Gramicidin A 314 180
Gramicidin B 252 170
Gramicidin C 295 180
Synt. GR A 330 200
[phe9]-GR A 230 162
O-succ-GR A' 295 162
N-succ-GR A' 325 180
desf-GR A' 280 152
con[leu ala]-GR A 320 220
con[leu ala]2-GR A 475 360
con[leu trp]-GR A 325 210
NFGR A' 230 152

have -r-A curves with only a shallow shoulder and with
much smaller molecular areas at low surface pressures

(Table 2). Synthetic GR A has surface characteristics
similar but shifted to slightly larger area as compared
with GR A which has been isolated from the commercial
compound (Table 2).
The GR analogues with ionizable groups (Fig. 2 B):

N-succ-GR A' (curve 6), O-succ-GR A' (curve 7), and
desf-GR A' (curve 8), also show ur-A characteristics
comparable with GR A' with only slight variations in the
area/molecule at lower pressures (Table 2). The nega-
tively charged O-succ-GR A' and N-succ-GR A' show
slightly larger areas at low surface pressures than GR A'
whereas the positively charged desf-GR A' exhibits a

more condensed curve at low pressures. However despite
the presence of the ionizable groups, the ur-A curves

converge at higher pressures. An interesting difference in
the force-area curves is observed for the derivative with a

phe residue at position 9 (curve 9) and with formylated
trp residues (curve 10). The lower pressure part of the
curves (<20 mN * m-') is shifted to a smaller molecular
area and the shoulder at a molecular area of 280 A2 iS
absent. Interestingly the expansion curves of NFGR A'
also show the characteristic 'dip' (data not shown).
The data so far suggest differences in molecular con-

formation or intermolecular interactions upon changes in
the aromatic residues. The curve for [phe"]-GR (GR B,
curve 5) shows a small shoulder (at 15-17 mM * m-l),
whereas the curve for [phe9]-GR (curve 9) does not. This
difference indicates that the position of the substitution is
of influence on the interfacial properties of the peptide.

In Fig. 3 force-area isotherms are shown, obtained for
gramicidin analogues in which the central region is

so
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FIGURE 3 Pressure-area curve of GR A' (1), con[leu-ala]-GR A (11),
con[leu-trp]-GR A (12), and con[leu-ala]2-GR A (13).
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extended by two or four amino acids. The molecular area
seems slightly dependent on the length of the molecule;
con[leu-ala]- and con[leu-trp]-GR have slightly larger
areas as compared with GR A' at both low and high
surface pressures (Table 2) but are comparable with that
of synthetic GR A. The ir-A isotherms of these elongated
gramicidins also exhibit an overall shape similar to that
measured for GR A': a smooth increase in surface pres-
sure up to 12 mN m-' followed by a plateau between 12
and 17 mN * m-' and a steep increase at still higher
pressures. In contrast con[leu-ala]2-GR clearly has a

different wr-A curve with larger areas than those of
synthetic and natural GR A.
To study the rheological properties of the peptide we

applied dynamic monolayer techniques which can provide
additional information on the molecular interactions (56-
59). The moduli of surface dilatational elasticity ofGR A'
and several derivatives as a function of the surface
pressure, measured at a compression-expansion fre-
quency of 500 mHz, are shown in Fig. 4. As a reference
bovine serum albumin (BSA) was measured because the
surface rheological behavior of this protein has been
studied extensively (57-59). BSA shows an elasticity
increase with surface pressure reaching a plateau at -10

mN m-'. The lEdl values obtained for BSA are compara-
ble with those reported earlier (57-59). At low surface
pressure the Cedl of the GR A' film increases with the
surface pressure reaching a first maximum at 10 mN d
m- '. Increasing the surface pressure further, there is first
a decrease in lfdl followed by a steep increase at pressures
above 15 mN * m-', which coincides with the increase in
the force area isotherm near the limiting area. At a

i/400

E~~

200

.200

surface pressure (mN.m'1) surface pressure (mN.m'l)

surface pressure of 25 mN * m-l and frequency of 500
mHz, kEdl reaches a value of 200 mN * m-'. A similar
behavior is observed for GR A and GR C (Fig. 4 B). GR
B however does not show the marked increase in ICdl at
high surface pressures and reaches an elasticity of only 60
mN * m-' at a surface pressure of 20 mN * m-' (Fig.
4 B). NFGR A' shows a remarkably different elastic
behavior. At surface pressures exceeding 10 mN * m- 'an
increase in ICdl up to 300 mN * m-' is observed which is
nearly twice the maximal value obtained for GR A'
indicating much stronger interactions in the plane of the
NFGR A' monolayer. This, and the higher compressibil-
ity are most likely the result of a more extensive lateral
aggregation of this compound which is in agreement with
earlier observations (23). Although the ir-A curves of
NFGR A' and GR B suggest that both compounds show a

comparable deviation from GR A', the surface rheologi-
cal data clearly reveal that both show in fact a very
different behavior. The GR B film is a very weak one in
which the molecules are unable to form a coherent film.
This difference is also reflected in the aggregational
behavior ofGR B (23).

Fig. 5 shows the viscous phase angle 4d obtained from
GR A' and several derivatives as a function of the surface
pressure, measured at a barrier frequency of 500 mHz.
Upon increasing surface pressure, the 4d of the GR A'
film increases considerably up to 200 (r = 17.5 mN X
m ') to decrease again at still higher pressures. A similar
behavior is observed for NFGR A', however in this case a
maximal 4d of 220 is reached at 10-12 mN * m-1. For
both GR A' and NFGR A' this point of deflection
corresponds to a molecular area of -225 A2 (Fig 2 B).
GR B films show a less pronounced surface pressure

dependence of kd as compared with GR A'. A maximal 4d

30-

e 20

IxAOV

0 10 20 30
surface pressure (mN.m'l)

FIGURE 5 Surface dilatational loss angles measured at various surface
pressures at a compression-expansion cycle frequency of 500 mHz for
GR A'(0), NFGR A'(U), and GR B (-).
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FIGURE 4 Surface dilatational modulus led1 measured at 500 mHz as a
function of the applied surface pressure (A) of GR A' (0), NFGR A'
(0), and BSA (0), and (B) of GR A (A), GR C (V), and GR B (U).
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of .90 is observed at 15 mN * m-1, again corresponding
to a molecular area of 225 A2.

Because in principle the asymmetric Benjamins-De
Feyter method, in which the deformation enforced on the
monolayer is not purely dilatational, provides only an

estimate of the real dilatational elasticity, measurements
of surface viscoelastic parameters of GR A' and its
formylated analog were performed as a control using the
symmetric variant of the Benjamins-De Feyter method
(51). These measurements gave essentially the same

results as the asymmetrical method (data not shown).

Peptide-lipid systems
In view of the differences in GR A'-lipid interactions
reported for phosphatidylcholines, phosphatidylethanol-
amines, and lysophosphatidylcholines, it is of interest to
compare the interactions between GR and different lipids
by recording w-A curves of various mixtures. Fig. 6 shows,
as an example, a series obtained for GR-DOPC mixtures
in which the film composition is varied. It is noteworthy
that the characteristic shoulder of GR is detectable above
50 mol% peptide/DOPC, indicating comparable surface
behavior ofGR with respect to conformation and orienta-
tion as in the absence of lipid. At lower GR fractions the
r-A curves are dominated by the lipid. Above 50 mol%
GR/DOPC, the mixed film at high pressures visually
show a very rigid behavior comparable with the pure GR
film.
The mean molecular areas of DOPC/GR films at 5,

15, and 30 mN * m- are given in Fig. 7 A as a function of
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the film composition. An ideal mixing is observed up to
20-30 mol% gramicidin. Above this a slight condensing
effect is visible which increases with pressure and dimin-
ishes at higher GR mole fractions (maximal at 50-70
mol%). Essentially the same results were obtained with
Egg-PC instead of DOPC (data not shown).

Despite the large differences in xr-A curves of GR and
NFGR A' both peptides showed a similar mixing behav-
ior (Fig. 7 B). In contrast, mixtures ofGR A' with DOPE,
in which GR is known to aggregate much more readily
(37), showed no deviation from ideal behavior in that no

significant condensing effect was detectable (Fig 7 C).
Also NFGR A' does not show a condensing effect in this
lipid system (data not shown). 16:0 Lyso-PC forms stable
films at the air-water interface. GR A' induces a reduc-
tion in mean molecular area. The maximal effect is
however shifted to lower mol% (-10-20) as compared
with DOPC (Fig. 7 D).

Fig. 8 A shows the surface dilatational elasticity mod-
ulus ledI of GR A'-DOPC mixtures at 500 mHz as a

function of the surface pressure. For pure lipids this
dependence is linear up to 20 mN * m-'. Introduction of
GR A' (<50 mol%) causes a significant decrease in lEdI to
values lower than both the pure components, implying an

interaction between GR and lipids. At higher mol% ofGR
A' the lEdl approaches that of the pure GR A' film. The
phase angle for pure DOPC is small (-8°) and reduces
somewhat at higher surface pressures (to 30). Addition of
GR A' leads to a considerable increase in 4d reaching a

maximal value (220) at 17-20 mN * m-' (Fig. 9 A).
Comparable data were obtained for NFGR A'-DOPC

mixtures (Fig. 8 B), however the latter data show an

increase in ledl and a maximal 'kd at lower surface pressures

and peptide fractions as compared with GR A'-DOPC
mixtures (Fig. 9 B) in agreement with a more extensive
lateral aggregation.

Pure DOPE films have an ICdl comparable with that of
DOPC films and addition of GR leads to a comparable
decrease in ledl of the DOPE/GR monolayer to a value
smaller than that of both pure DOPE and GR A' films
(data not shown). Despite the observed differences in
condensing effect induced by the peptide in both lipids,
the ir-ledl as well as the 7r-4 relations in these mixtures do
not reveal any significant difference.

DISCUSSION

Interfacial properties of gramicidin have been studied
earlier (39-44). However, although the reported force-
area curves show the same features, to date no clear
consensus interpretation of the monolayer behavior ofGR
has evolved. The reported area per molecule before col-
lapse varies from 130-150 (39-43) to 250 A2/molecule

Interfacial Properties of Gramicidin 563

FIGURE 6 Pressure-area curves of DOPC, GR A', and various DOPC/
GR A' mixtures. For clarity only part of the curves that are recorded is
shown symbols indicate: 0 (1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60
(7), 70 (8), 90 (9), 100 (10) mol% GR in DOPC.
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FIGURE 7 The mean molecular areas of (A) DOPC/GR A, (B) DOPC/NFGR A', (C) DOPE/GR A' and (D) LPC/GR A' mixtures at 5 (A), 15
(0), and 30 (e) mN * m-'. Dashed lines indicate the expected relation on ideal mixing.

(44). Closely related to this ambiguity, reported data for
collapse of the film vary from 10 mN * m-' (41) to as

high as 55-60 mN * m-' (43). This is to a large extent
due to the different definition of the collapse pressure but
might in addition be related to the strong hysteresis in the
-r-A behavior as documented in this study. An additional
potential cause of the variation in the reported wr-A curves
of GR we noted is the evaporation of solvent and the
adherence of peptide to the syringe tip used to apply the
material to the interface. This can cause large variations
in the 7r-A curves and will result in an underestimation of
the molecular area. Coating the tip was instrumental in
obtaining reproducible r-A curves.

The GR ir-A curve shows a characteristic shoulder at
12-15 mN * m-' indicating a transition in the molecular
packing. It has been implied that this deflection of the

ir-A curve corresponds to the collapse of the film (41, 44).
However the equilibrium surface pressure (18-20 mN -

m-') as well as the pressure (20 mN m-') obtained by
relaxation of the film after compression to 30 mN * m-l
are higher than that at which the deflection occurs, which
strongly suggests that no collapse of the film occurs at this
point. Furthermore in the case of NFGR A', where there
is no shoulder in the ir-A curve, the equilibrium surface
pressure and the pressure after relaxation are comparable
with that obtained for GR A' (21 mN * m- '). The present
data indicate the occurrence of a transition from a loosely
packed phase (280 A2/molecule) to one with a more

condensed state (172 A2/molecule). A deflection in the
elasticity increase with surface pressure, coinciding with a

maximum loss angle, has been shown to correspond with
the known phase transition in the case of phospholipids
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(A), 75 (v),90 (0), and 100 (U).

(52). The phase transition in the GR film, as accurately
inferred from the maximum in ir-4, occurs at 17.5 mN -

m-1 corresponding to a molecular area of -225 A2. The
decrease in phase angle at pressures above 17.5 mN m-'
indicates the presence of a tightly packed state (52). In
this state the molecular area is -172 A2/molecule which
is in reasonable agreement with earlier data (39-43). The
onset of the transition occurs at much lower pressures. At
10 mN * m-', well below the actual transition, surface
potential measurements of the GR film have been shown
to exhibit a small nick (39, 44). The occurrence of this
nick coincides with the first maximum in the lEdI (Fig. 4).
Interestingly, when this change takes place, the loss-angle
and thereby the viscosity of the film increase strongly.
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The course of events can be the result of several
mechanisms, e.g., the formation of closely packed clus-
ters, the transition from a (single-stranded) monomeric to
a (double-stranded) dimeric molecular conformation or

other conformational changes, the reorientation of the
molecules from parallel to perpendicular with respect to
the interface, or the formation of multilayered structures
as suggested by Malcolm (60) for hydrophobic synthetic
peptides. The very long relaxation times at high pressures
might indicate long-lived conformational states, slowly
changing towards equilibrium. It is known that GR
adopts a conformational equilibrium depending on the
polarity of the solvent (15-17). Recently it was shown
that the solvent history of the molecule determines the
conformation which it adopts upon incorporation in a

membrane (61, 62). Surprisingly, addition to the inter-
face of GR from various solvents did not show any effect
on the r-A behavior. This indicates that there is a rapid
conformational interconversion at the interface at low
pressures.

Space-filling models of double-stranded (ds) helices
like ds ft6 and ds f37 predict molecular areas of 100 and 150
A2 in a perpendicular orientation (15). Analogously,
models of single-stranded (ss) helices like ss 644 and ss -3
predict 150 and 215 A2/molecule, respectively (7, 14).
However upon close packing the molecular areas can

overlap and thereby reduce drastically. For GR in a

closely packed pentameric array of ss i3, from the data
of Brasseur et al. (36), we calculated an area of 162 A
molecule. On the mere basis of these theoretical surface
areas we cannot conclude which mechanism for the phase
transition is correct.

In the present study we show substantial differences in
wr-A characteristics between the various GR derivatives
upon tryptophan modification or replacement. Most sur-

prising however, is the approximately equal limiting area

of the various analogues. Even derivatives of GR with a

charge on either NH2- or COOH-terminus of the mole-
cule exhibit similar r-A isotherms as GR, meaning that
this charge does not lead to a different orientation or that
the orientations, e.g., NH2, or COOH-terminus immersed
in the subphase occupy a same molecular area. In this
context it is interesting to note that the elongated GR
derivatives con[leu-ala]-GR A and con [leu-trp]-GR A
have molecular areas that are only slightly (-20 A2 at 20
mN * m-') larger than that ofGR A'. They were however
found to be comparable with that of synthetic GR A. In
fact, in general the synthetic compounds were found to
have slighly larger molecular areas than their natural
analogues. The reason for this is not known. The lack of
large differences in molecular area of the length ana-

logues implies a perpendicular orientation with respect to
the interface for all derivatives. For gramicidin A, Bras-
seur calculated that if a j366 helix were the conformation
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FIGURE 9 Surface dilatational loss angles 4d measured at various
surface pressures and for various DOPC/GRA' (A), and DOPC/
NFGR A' (B) mixtures at 500 mHz. Used mol% peptides were: 0 (0),
50 (A), 75 (v), 90 (0), and 100 (-).
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of gramicidin at the air-water interface, the peptide
would adopt a perpendicular orientation with respect to
the interface (36, 63). It is of interest in this context to
note that Kemp et al. (39) reported an interfacial area for
the malonylbisdesformyl gramicidin dimer that equals
that of GR, also suggesting a vertical orientation for both
dimer and monomer of GR. It is however important to
realize that con [leu-ala]2-GR as an exception has much
larger molecular areas as compared with GR, which is
also found to be true for the retro-GR dimer as reported
recently (44). These derivatives do not readily fit in the
idea of a vertical orientation. We have to keep in mind
that in addition to the larger molecular areas these
derivatives have distinctly different ir-A curves as com-

pared with GR A. The con [leu ala]2-GR analogue which
is 19 amino acids long and the retro GR dimer, which is
twice as long as GR, might adopt different conformations
or orientations than GR analogues in general. A perpen-
dicular orientation is contradictory to the parallel orienta-
tion of helices proposed by Davion-Van Mau (44) on basis
of the collapse at 200-250 A/molecule found for GR A,
GR T [tyr911315]-GR and GR M-[phe9' 1'3"15]-GR. As

discussed above, in our opinion the reported deflection in
the GR curve is not a collapse but a transition encoun-

tered in most GR derivatives at -250 A2/molecule.
Although on the basis of the present data no final

conclusion can be drawn concerning the orientation of
GR at the air-water interface, our data are consistent
with a perpendicular orientation at all pressures.
From the present data it is clear that the tryptophan

residues play an important role in the interfacial behavior
of GR: replacement of trp by phe at position 9 (yielding
[ 9Phe]-GR A) or formylation of all four trp's (NFGR A')
leads to a drastic reduction of the molecular area at low
pressures and a disappearance of the phase transition,
whereas substitution of trp" by phe results in a partial
loss of the deflection in the r-A curve. The fact that
[phe9]-GR A lacks the typical shoulder found in GR B
and synthetic [phe" ]-GR could mean that the trp stack-
ing interactions between trp9 and trp'5 are involved in the
phase transition. Trp-trp stacking interactions have been
suggested to stabilize molecular (19) as well as supramo-
lecular structures (31, 32). Our data are consistent with
this idea in that modifications that are expected to alter
the aromatic-aromatic interaction forces directly or via a

difference in the resulting conformation, influence the
interfacial behavior. The rheological data show clear
differences between GR A' and NFGR A' in that NFGR
A' forms stronger films with higher elasticity, suggesting
stronger intermolecular forces in the latter case which
may be attributed to an increase in the dipolar moment of
the tryptophan groups upon formylation. In this context it
is also interesting to note that it was shown recently (44)
that the 7r-A curves obtained for GRT and a derivative

GRT' in which all tyr residues are blocked with an

O-benzyl group, show comparable differences as observed
between GR A' and NFGR A' in the present study, the
GRT' having a smaller molecular area at low surface
pressures than GRT despite the coupled O-benzyl
groups.

In our opinion, there are roughly two groups of GR
derivatives. One group (I) shows large molecular areas at
(arbitrarily) 10 mN m-l (>280 A2) and a characteristic
phase transition, whereas the other group (II) has smaller
molecular areas (<230 A2) and lack the transition. The
surface area at transition (225 A/molecule) corresponds
well with the dimensions of the #63 helix. At higher
pressures all r-A curves converge to equal surface areas,

suggesting a common state of conformation and orienta-
tion. In group I a transition to this state takes place
whereas in the case of group II the conformation or

orientation is preexisting or the transition occurs at much
lower pressures. A possibility is that the transition occurs

from a ss f3 to an as yet unknown (possibly ds ,3)
conformation at higher pressures. Such a transition, if
occurring, seems to depend on the stability of the ss ,B
helix and thus on the stacking interactions. The two
categories proposed here might represent the same groups
as recently reported by Davion-Van Mau et al. (44),
which were shown to have distinctly different surface
potentials and single-channel characteristics. We cannot
exclude the other possibilities that the transition is caused
by either cluster formation of tightly packed immobilized
ss # helices resulting in a two-dimensional lattice or the
formation of multilayers of gramicidin molecules which
has been shown to cause comparable deflections in the
ir-A isotherms of a number of synthetic polypeptides
(60).
To further understand GR-lipid interactions, we stud-

ied monolayers of lipid-GR mixtures. It has been estab-
lished that GR induces bilayer structures in LPC, which
forms micelles on its own upon hydration. The GR/LPC
complexes are known to have a stoichiometry of 1/4 (24,
64) or, probably depending on the conformation of the
peptide, of 1/8-10 (31). 2H NMR studies on 2H-labeled
LPCs (66) and on 2H-labeled GR (65), suggested a strong
aggregation of GR in LPC resulting in a rigid two-
dimensional GR lattice in which the interstitial spaces are

filled with fluidlike lipids (65). Our present data are

consistent with the formation of such aggregates with a

1:4 GR/LPC stoichiometry. At low concentrations GR
dissolves well in LPC and causes a considerable condens-
ing effect which is maximal at 10-20 mol%. At higher
mol% gramicidin aggregates and becomes less efficient in
its condensing effect.
GR also causes a considerable condensing effect in PC

(DOPC, Egg-PC) mixtures which is maximal at -60
mol%, in agreement with earlier data (42). However, in
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contrast to these earlier data, condensing was never
observed at GR A' fractions <20 mol%, which makes this
effect in DOPC less well understood. At low ratios (< 1:15
mol/mol) GR is known to be well soluble in DOPC
liposomes (34). However, at higher ratios sucrose gra-
dient centrifugation of GR/DOPC mixed liposomes
revealed massive aggregation of gramicidin (23) and in
agreement, differential scanning calorimetric measure-
ments of GR/dipalmitoylphosphatidylcholine (DPPC)
and GR/dielaidylphosphatidylcholine (DEPC) mixtures
indicated an extensive self association of the peptide at
ratio's exceeding 1:15 mol/mol (37). NFGR A' causes a
comparable condensing effect in DOPC monolayers.
Interestingly NFGR A' has also been shown to exhibit a
comparable or even stronger self-association behavior as
GR as was inferred from the comparable (loss of)
influence of the peptides on the enthalpy of the main
transition of DPPC (24) and the observed aggregational
behavior in DOPC multilayers with sucrose density gra-
dient centrifugation (23). Possibly also in GR/ and
NFGR A'/DOPC monolayers peptide molecules are
aggregated in an extended two dimensional lattice in
which the lipids can fill interstitial spaces.

In contrast GR A'-DOPE and NFGR A'-DOPE mix-
tures indicate ideal mixing at all fractions, which suggests
different characteristics of GR A'-DOPC and -DOPE
mixtures. This corresponds well with the observed differ-
ences in aggregational behavior of GR in PCs as com-
pared with PEs (37, 38). The aggregation ofGR in DEPE
was proposed to be more extended due to a lesser solubil-
ity of the peptide in this lipid (37). In DOPC, due to the
less extensive aggregated state of the peptide molecules,
the lipid is more likely to move between the peptides than
in the case of DOPE and consequently will result in a
condensing effect. Remarkably the viscoelastic properties
of the GR-DOPC and -DOPE mixtures are comparable
and do not detect this difference in interaction. It should
however be noted that also for the pure lipids, where large
differences in intermolecular interactions exist between
PE and PC, the elasticity measurements did not reveal
any differences (data not shown).

It has been shown that the HI, phase inducing ability of
natural gramicidins in DOPC is in the order GR A >
GR A'> GR C >> GR B (23,24). A comparable sequence
was found for the channel function (19). O-Succ-GR,
N-succ-GR, and desf GR are approximately equally
potent modulators of lipid structure as GR A' (45).
[phe9]-GR is in this respect comparable with GR B (23).
The formylated GR derivative does not induce HI, phase
formation (22). The present data show a very good
correlation between the HI, phase promoting ability (and
also channel activity) and the mean molecular area at low
pressures, e.g., at 10 mN * m-'. The compounds with the
largest molecular area (ir = 10 mN * m-1) per monomer

being the most effective. As is discussed above that the
molecular area at low pressures is mainly determined by
the possibility of trp-trp interactions, we emphasize in
line with several other findings (22-25) the importance of
such interactions for the lipid structure modulating
effect.
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