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Channel and nonchannel forms of gramicidin A (GA) were studied by ESR in various lipid environments
using new mono- and double-spin-labeled compounds. For GA channels, we demonstrate here how pulse
dipolar ESR can be used to determine the orientation of the membrane-traversing molecule relative to the
membrane normal and to study subtle effects of lipid environment on the interspin distance in the spin-
labeled gramicidin channel. To study nonchannel forms of gramicidin, pulse dipolar ESR was used first to
determine interspin distances corresponding to monomers and double-helical dimers of spin-labeled GA
molecules in the organic solvents trifluoroethanol and octanol. The same distances were then observed in
membranes. Since detection of nonchannel forms in the membrane is complicated by aggregation, we suppressed
any dipolar spectra from intermolecular interspin distances arising from the aggregates by using double-
labeled GA in a mixture with excess unlabeled GA. In hydrophobic mismatching lipids (Ls phase of DPPC),
gramicidin channels dissociate into free monomers. The backbone structure of the monomeric formissimilar
to a monomeric unit of the channel dimer. In addition to channels and monomers, the double-helica
conformation of gramicidin is present in some membrane environments. In the gel phase of saturated
phosphatidylcholines, the fraction of double helices increases in the following order: DLPC < DMPC <
DSPC < DPPC. The equilibrium DHD/monomer ratio in DPPC was determined. In membranes, the double-
helical form is present only in aggregates. In addition, we studied the effect of N-terminal substitution in the
GA molecule upon channel formation. This work demonstrates how pulsed dipolar ESR may be utilized to

study complex equilibria of peptides in membranes.

Introduction

Membrane proteins make up approximately one-third of
known proteins. In cells, membrane proteins and peptides are
responsible for avariety of important functions, such as transport
of ions and molecules across the membrane, membrane fusion,
signaling, antibiotic activity, etc. Despite their abundance and
importance, the information on the structure and behavior of
membrane proteins and peptides is limited compared to water-
soluble proteins. Since crystallization of membrane proteins or
membrane protein complexes is still challenging and resolving
the structure even of a relatively small membrane protein by
NMR is often complicated, aternative spectroscopic techniques,
like fluorescence and ESR, are often indispensible for their
study.

Pulse dipolar ESR spectroscopy! in combination with site-
directed spin labeling (SDSL)? has emerged as a powerful
method for studying the structure and conformational dynamics
of proteins.®* The “triangulation” approach to protein mapping>*
is based on obtaining a network of distance constraints from a
set of spin-labeled sites such that they uniquely define the
coordinates of all (or most) of the sites. At the same time,
complementary studies using CW EPR can provide information
on molecular mation and conformational dynamics at conditions
relevant to protein or peptide function.5~*

Gramicidin channels have served as prototypical channelsin
the development of many physical approaches toward under-
standing channel or membrane protein structure and function. 213
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While gramicidin is readily available and this relatively small
molecule can be easily chemically modified, the gramicidin
channels have the structural and functional features expected
for more complex membrane proteins.*® This includes confor-
mational polymorphism.* In our present study, using gramicidin
as an example of such a “mini protein”, we demonstrate the
advantages of simultaneous application of several ESR tech-
niques to assign the multiple conformational states.

Gramicidins are a family of linear hydrophobic pentade-
capeptide antibiotics produced by the soil bacterium Bacillus
brevis during sporulation.’® The primary interest in gramicidin
lies in the ability of the peptide to form ion channels in lipid
membranes in its head-to-head dimer (HHD) conformation.*®
The gramicidin channel specifically conducts monovalent
cations. The gramicidin sequence consists of alternating L- and
D-amino acidst® (Figure 1). This pattern allows gramicidin to
adopt conformations which cannot exist in an all L-peptide. It
folds as a f-helix with the side chains projecting from the
exterior surface of a cylindrical tube formed by the peptide
backbone.®® Since many such folding patterns are possible, this
leads to its conformational polymorphism.** Gramicidin can
adopt anumber of conformations depending on the environment.
In organic solvents, gramicidin can take at least seven double-
helical (DH) structures with different helical pitch, stagger, and
orientation.**'*17 Some of these structures were resolved by
X-ray diffraction or NMR: the 7z77>¢ |eft-handed antiparallel DH
structure crystallized from ethanol, PDB: 1ALZ;*8° the 7772
right-handed antiparallel DH structure crystallized from CsCl/
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Gramicidin A (GA)
HCO -L-Val,- Glys- L-Ala; -D-Lew, -L-Alas- D-Valg- L-Val;- D-Valg- L-Trpe- D-
Leuy- L-Trpy-D-Leuyz-L-Trpja-D-Leuyy-L-Trps-NHCH,CH,OH.

Gramicidin C (GC)
HCO -L-Val;- Glyz- L-Ala; -D-Leuy -L-Alas- D-Valg- L-Valy- D-Valg- L-Trps- D-
Leuy- L-Tyr-D-Leuyz-L-Trpjz-D-Leuys-L-Trps-NHCH:CH20H.

N-benzoyl-(desformyl)-GA
RO -L-Val- Glys- L-Alas -D-Leuy -L-Alas- D-Valg- L-Vals- D-Valg- L-Trpo-

D-Leuyg- L-Tyr;-D-Leuz-L-Trpi3-D-Leuys-L-Trps-NHCH:CH:0H
GASL (C-terminally labeled Gramicidin A)

HCO -L-Val;- Glys- L-Alas -D-Leuy -L-Alas- D-Valg- L-Vals- D-Valg- L-Trpg- D-
Leuyo- L-Trpyi-D-Lew;z-L-Trpi3-D-Leuys-L-Trps-NHCH:CH;OR,

GALN (N- terminally labeled Gramicidin A)
R, -L-Val;- Glys- L-Alas -D-Leuy -L-Alas- D-Vals- L-Vals- D-Valg- L-Trps- D-

Leuyo- L-Trpyi-D-Leu;a-L-Trpja-D-Leuyy-L-Trp;s-NHCH,CH,OH
GADL (Double-labeled-GA)

R; -L-Val;- Glyz- L-Alas -D-Leuy -L-Alas- D-Valg- L-Vals- D-Valy- L-Trpe- D-
Leuo- L-Trpii-D-Leu;z-L-Trpi3-D-Leuys-L-Trp;s-NHCH:CH,OR,

TyrLGC (Tyrdabeled-GC)
HCO -L-Valy- Glys- L-Ala; -D-Leuy -L-Alas- D-Valg- L-Vals- D-Valg- L-Trpo-
D-Leuyo- L~ Tyr, -D-Leuy-L-Trps-D-Leuy-L-Trp s-NHCH,CH,OH.

N-benzoyl-(desformyl)-GASL

PhCO -L-Valy- Glyz- L-Alaz -D-Leu, -L-Alas- D-Valg- L-Valr- D-Vals- L-Trps-
D-Leujo- L-Trpyi-D-Leujz-L-Trp3-D-Leuys-L-Trpys-NHCH,CH,0R,

OO~ NH
5 (4]
\[‘?0 —HN
R= RaTyr

Figure 1. Sequences (from N- to C-terminus) of gramicidin A,
gramicidin C, and their chemical modifications used in this work.

=0

methanol or from acetic acid, PDB: 1AV2;% the &> left-
handed parallel DH structure crystallized from CaCl,/methanal,
PDB: 1IMIC;? the 754 |eft-handed antiparallel DH structure
from K SCN/methanol, PDB: 1GMK . The spin-labeled versions
of some of these structures appear in Figure 3.

Despite this remarkable conformational polymorphism of DH
structures in organic solvents, in matching lipid bilayer mem-
branes or in bilayer-like environments, the predominant con-
formation of the GA moleculeis not double-helical but a head-
to-head dimer (HHD). It isan antiparalel formyl-NH-terminal -
to-formyl-NH-terminal dimer®>~2 formed by right-handed, 38°-
helical subunits, which are held together by six intermolecular
hydrogen bonds, PDB: 1IMAG. The exclusion of tryptophan
residues from the lipid bilayer and their propensity to locate at
the membrane interface is seen as an important factor stabilizing
HHD compared to DH in the bilayer.**?6 |t has been shown
that replacement of tryptophan residues by phenylalanines or
their chemical modification causes an increase in the fraction
of nonchannel forms in the membrane. Similar effects were
observed in mismatching lipids, with the lipid bilayer thickness
substantially larger than the HHD length, so that tryptophan
residues on the opposite sides of the dimer cannot be easily
located at the interfaces of each membrane leaflet. 142728

In our earlier study,? we used spin-labeling ESR to detect
the formation and dissociation of the gramicidin channel in
response to changes in the lipid environment, in particular to
hydrophobic mismatch between the bilayer thickness and the
length of the gramicidin channel. Variation of the bilayer
thickness, as in a series of lipids or as a result of a phase
transition in the same lipid, manifests itself in emergence/
disappearance of distinct spin pairs with awell-resolved dipolar
ESR signal as well as some effects in the CW ESR spectra
indicative of channel formation/dissociation; see also ref 30.
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Figure 2. The equilibrium of possible conformation states of grami-
cidin in phospholipid membranes includes HHDs (channels), free
monomers, and a number of double-helical conformations. These
conformational states may exist either as free entities or aggregates.

Pulse dipolar ESR enables us to detect subtle effects of lipid
environment on gramicidin channels and to clearly distinguish
the different GA species. In this work, we continue our study
of the gramicidin channel using spin-labeled gramicidin deriva-
tives. Our objective is to describe the physical chemistry
associated with equilibria among the various GA species that
exist within the membrane.

One of the important issues we address is the nature of
nonchannel forms of gramicidin, which are less well studied in
the membrane environment than the channel form. Evidently,
free GA monomers can exist in a membrane environment.3!
Traditionally, the kinetics of channel formation studied by
single-channel conductance is described in terms of a monomer/
dimer equilibrium.®2-3* On the other hand, most studies of the
equilibrium of gramicidin conformers in the membrane upon
changes in the membrane composition®%¢ do not discuss the
possible presence of monomers. Though the fraction of free
monomers is usually insignificant, as follows from the values
of dimerization constants in most fluid phases,*>%3" it could
increase with the change in the membrane composition or in
the gel phase. Moreover, there are indications that GA mono-
mers participate in the interconversion of different dimer forms
of GA.? Possible conformation/aggregation states of GA in the
membrane environment and the equilibria that could exist
between them are shown in Figure 2.

In this study, we demonstrate how ESR spectroscopy can
simultaneously monitor various forms of spin-labeled gramicidin
molecules, monomers and dimers, in the membrane environ-
ment. Pulse dipolar ESR offers a unique opportunity to study
the conformation of spin-labeled peptides and proteins® using
distances between spin labels introduced at chosen positions.
In our previous work,? we detected the pulsed dipolar ESR
spectrum for the channel form (HHD) and measured the
corresponding interspin distance. At that time, we showed that,
in the L phase of DPPC, GASL is not grouped in isolated pairs
with a well-defined interspin distance but shows signs of
aggregation instead. This evidence of aggregation is consistent
with an AFM study on supported saturated phosphatidylcholines
in the gel phase.® This AFM study also detected aggregation
and suggested a basic aggregation unit, most probably a hexamer
of GA, which can be observed even at low GA concentrations.
The assumption that HHDs exist mainly as separate entities,
whereas the nonchannel forms of gramicidin aggregate, could
resolve the controversy between the data of AFM microscopy
in the gel phase and the data of other methods, obtained mainly
for the fluid phase.®®~4
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Figure 3. Example of using interspin distance for assignment of different conformations of spin-labeled gramicidin molecules: (a) Labels at
different termini of double-labeled gramicidin A (GADL): (i) Right-handed, 3%3-helical channel structure PDB: IMAG with Rss = 20.0 A (left);
this distance is observed in lipid membranes and for TFE solution of GADL. (ii) The 7>® |eft-handed antiparallel DH structure, PDB: 1ALZ. Rss
= 31.1 A (center); this distance can be observed in octanol. Interaction with spins on the second GA molecule or in the aggregate is suppressed
by using mixtures of GADL with excess unlabeled GA. A substantial fraction of this conformation can be detected in mismatching lipid environment.
(iii) The same PDB: 1ALZ structure for GADL without dilution with unlabeled GA. The short interspin distance manifests itself in broad features
of CW spectra. (b) Labels on N-termini of different GA molecules (GALN): (i) Right-handed, %3-helical structure PDB: 1IMAG should show short
well-defined interspin distance of Rss = 7.5 A (left); this short distance can be detected by CW EPR in DLPC. (ii) The 7z2°¢ left-handed antiparallel
DH structure, PDB: 1ALZ. Rss = 40.6 A (center), a broad distribution of distances approximately around this number is observed in octanol. (iii)
The 757 left-handed parallel DH structure, PDB: IMIC. Rss = 20.2 A (right). This distance has not been detected for GALN, as well as a distance
of ~13.5 A corresponding to this conformation for GASL.

However, an exact assignment of the aggregating non-
channel form of spin-labeled GA under these conditions could
present a challenge for pulse dipolar ESR. The dipolar
spectrum under conditions of aggregation will be unresolved
and weakened by multiple interactions between electron spins
at various distances existing in the aggregate. In this case, a
different approach should be used. Instead of measuring the
distance between spin labels attached at the same position
on both GA molecules in the dimer, we spin-labeled two
different sites on the same gramicidin molecule. The distance

of the gramicidin molecule itself in the membrane. To exclude
interactions between spin labels on different monomers of
the same dimer or different dimers (in the case of aggrega-
tion), the initial double-spin-labeled gramicidin was mixed
with excess unlabeled gramicidin.

In addition to double-labeled GA, we synthesized and studied
by CW and pulse dipolar ESR a number of monolabeled
gramicidin derivatives. They allowed us to first assign the
gramicidin conformation in octanol, in order to better interpret

between the two intramolecular spin labels is used as a
fingerprint of a particular conformer (Figure 3). A changein
the distance indicates a change in the conformational state

the results obtained with double-labeled GA in membranes, and
to understand the effect of the N-terminal substitution in the
GA molecule on channel formation (cf. Supporting Information).
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TABLE 1. Interspin Distances Measured by Pulse ESR for Various Spin-Labeled Derivatives of Gramicidin in Octanol and

TFE and Their Estimates Based on RCSB Structures?

measured in measured
octanol in TFE 1ALZ estimate 1BDW estimate IMIC estimate HHD estimate
GASL 304 31.2 30.3 135 30.9
GADL 31.6° 20.0 32.0 31.2 33.8 20.0
GALN 36—42 40.6 32.0 20.2 75
TyrLGC 22.0 21.6 ~10 29.6 36.8

aPDB: 1ALZ - 77>® left-handed antiparallel DH dimer.'8° PDB: 1BDW - zzr”? right-handed antiparallel DH dimer.*® PDB: IMIC - 77>’
left-handed parallel DH.? PDB: IMAG - the channel form, 3% - head-to-head dimer.?® ® The distance for GADL in octanol is measured for a

1:19 mixture of GADL and unlabeled GA.

Materials and Methods

Materials. All lipids were obtained from Avanti Polar Lipids,
Inc. (Birmingham, AL); the spin labels 2,2,5,5-tetramethyl-3-
pyrrolin-1-oxyl-3-carboxylic acid and 3-(2-iodoacetamido)-
PROXYL, cesium carbonate, and solvents were purchased from
Sigma (St. Louis, MO); gramicidin, DMAP (4-dimethylamino
pyridine), and DCC (N,N’-dicyclohexylcarbodiimide) were
purchased from Fluka. Gramicidin C and gramicidin C free
gramicidin A were obtained as described by ref 42. C-terminus
spin-labeled gramicidin A (GASL) was synthesized as in ref
29 and additionally purified by preparative TLC.

Synthesis of New Spin-Labeled Gramicidin Derivatives.
All chemical modifications of gramicidins A or C used this work
are shown in Figure 1. The detailed procedures for their
synthesis are given in the Supporting Information.

Sample Preparation. The sample preparation for multila-
mellar vesicles and 1SDU aligned membranes is described in
ref 29.

Preparation of Aligned Membranes by Evaporation. A
10 uL portion of 100 mg/mL chloroform solution of lipid/GALN
mixture (100:1 molar ratio) was uniformly spread over a 4 x
20 mn? glass slide. The glass slide was dried in a horizontal
position in a stream of dry nitrogen to obtain a layer of dry
lipid uniformly distributed over the layer. The lipid mixture was
then hydrated at 100% humidity and 45 °C for an hour and put
into a hermetically sealed standard ESR tube with a piece of
water-soaked tissue paper outside of the sample area.

CW ESR Measurements. ESR spectra were recorded on a
Bruker EMX spectrometer at a frequency of 9.55 GHz under
standard conditions. The field sweeps were calibrated with a
Bruker ER 035 gaussmeter. The microwave frequency was
monitored with afrequency counter. Dry nitrogen gas flow under
the control of a Varian temperature controller was used to
stabilize the temperature.

Pulse Dipolar ESR. Four-pulse DEER experiments were
conducted at 60 K as described in ref 43 using a home-built
Ku-band (17.35 GHZz) pulse ESR spectrometer set to operate
in a dual-amplifier DEER configuration or a single-amplifier
mode. The data analysis was based on the L-curve Tikhonov
regularization method to reconstruct distances.* In general, our
results showed narrow distributions (except in organic solvents)
enabling accurate assessments of most probable distances (i.e.,
the maximum of each distance distribution). Typical uncertain-
ties in these distances are 0.5 A.

Theoretical Estimates of Interspin Distances. Theoretical
estimates of interspin distances for different conformations of
spin-labeled gramicidin molecules were made by the HY PER-
CHEM 7.5 program based on the corresponding PDB structures.
After the addition of the nitroxide fragment, the geometry
optimization was carried out using the molecular mechanics
method (MM+).

Results and Discussion

Spin-Labeled Derivatives of Gramicidin in Octanol and
Trifluoroethanol. We first obtained resolved pulse dipolar
spectra from one of the DH structures in an organic glass. A
variety of double-helical (pore) structures are known for
gramicidin in different organic solvents.* Individual (and
different) X-ray*82+2245 and NMR*~“ structures were obtained
for GA from ethanol, methanol, propanoal, acetic acid, etc. In a
wide range of organic solvents and concentrations, under ion-
free conditions, four double-helical conformations exist in
equilibrium with each other, as noted in the Introduction. The
transition between the conformations is relatively slow. In
dioxane, for example, the four species can be separated
chromatographically, but on standing will convert back to the
equilibrium mixture.r” O’ Boyle and Wallace™ showed that in
octanol gramicidin A exists predominantly in the form of the
left-handed antiparallel double-helix (PDB: 1ALZ; cf. Figure
3).

Conveniently for low temperature ESR, octanol forms a good
glass, and it has been traditionally used as a model for a
membrane environment.> Pulse dipolar ESR shows, for GASL
in octanol, aresolved dipolar spectrum with an interspin distance
of ~30.4 A (Table 1). Molecular mechanics (MM) calculations
based on the 7z75¢ left-handed antiparallel structure (ref 18, also
referred to as 1AL Z), which is assumed predominant (~90%)
in octanol,* are in good accord with this distance. That is, for
the 1ALZ structure, one predicts 31.2 A between nitroxide
nitrogens and 33.4 A between corresponding oxygens (see the
Supporting Information, Supplement Figure 1). Unfortunately,
this interspin distance is very close to the value obtained for
the HHD channel form of GASL in DMPC.? This similarity
of the distances indicates that spin-labeled gramicidin com-
pounds other than GASL are necessary to distinguish the DH
form from the HHD form based on their interspin distances.

Interspin distances measured in octanol for a number of
gramicidin derivatives are shown in Table 1. Although for some
spin-labeled gramicidin derivatives the measured distance may
match several possible conformers, only the 7>® antiparallel
structure (1ALZ) is generdly consistent with all distances
determined for al spin labeling positions. For double-labeled
gramicidin, the distance corresponds to two spin labels on the
same gramicidin molecule and was measured for a 1:20 mixture
of labeled compound and unlabeled gramicidin. For single-
labeled gramicidin derivatives, the distance given in the table
was measured between spin labels on different gramicidin
molecules in the dimeric structure. For double-labeled GADL,
Table 1 also shows the interspin distance in trifluoroethanol
(TFE), a solvent in which gramicidin was assumed to be
exclusively in monomeric form.5:~53

GADL in TFE shows a single interspin distance of 20 A.
This distance is exactly the same as the estimates for a GADL
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Figure 4. Pulse dipolar spectra of GASL in DMPC vesicles (a) and
aigned DMPC membrane at different orientations of the magnetic field
B, relative to the membrane normal n : (b) y = 0°; (c) y = 30°; (d)
Y = 60°% (€) y = 90°.

inaHHD (Figure 3A), and the predominant distance observed
for GADL in a variety of lipid phases (see below). A single
folded conformation, most likely the 852 |eft-handed monomer,
was previously suggested for GA in solutions of TFE and
DMSO® or for the trace GA amounts present in water.>* (For
DM SO, however, this coiled conformation is reported in rapid
equilibrium with the disordered state having local random-coil
character.®®) Thus, we conclude that the observed interspin
distance of 20 A in TFE is consistent with a single 3°3 left-
handed monomeric backbone conformation similar to half of a
HHD.

GASL in the Channel Form: Orientation of the Interspin
Vector Relativeto the Membrane Normal. The channel form
of gramicidin has been previously detected and studied by ESR
in lipid model membranes using GASL.?° GASL in the gel phase
of DMPC (but not DPPC) showed a well resolved dipolar
spectrum from spin pairs. In vesicles, it trandates into a Pake
doublet, which represents a sum of the dipolar splitting 2D =
2Dy(3 cos? O — 1), where D = (3/4)g48/r3, over al orientations,
0, of the interspin distance relative to B, with appropriate
weighting factors. In aligned membranes with the membrane
normal parallel to By (corresponding to v = 0°, cf. Figure 4),
one expects a dipolar spectrum from a single orientation of the
interspin vector relative to By with splitting D = Dy(1 — 3 cos?
@), where ¢ is the angle between the interspin vector and the
membrane normal. For other orientations 1 of the membrane
normal relative to the magnetic field, there are a number of
orientations contributing to the spectrum whose extent depends
on ¢. However, for ¢ = 0°, one will again observe just asingle
orientation which is 6 = . In the case of 1y = 90°, the dipolar
splitting will be exactly half of the splitting in the y = 0°
orientation. For the other values of ¢, the dipolar spectrum will
be a superposition of orientations lying in the range between
+ @ and v — @ (Figure 4), so that the spectrum for orientations

Dzikovski et al.

TABLE 2. Interspin Distances Measured for the GASL
Channel Determined by Pulse ESR in Various Lipids

interspin
lipid environment distance, A
GASL in DMPC membrane 30.9
GASL in DLPC membrane 28.8
GASL in didecanoyl PC membrane 28.6
GASL in DPPC membrane quenched 314

after an exposure at 40 °C
GASL in DPPC membrane
GASL in DSPC membrane

no pairs detected
no pairs detected

GASL in DOPC membrane 28.7
GASL in POPC membrane 31.0
GASL in egg yolk lecithin 30.2

other than v = 0° will be broadened and its peak-to-peak
splitting for ¢ = 0° will be less than the double the splitting
for 1 = 90°.% Since for GASL in the aligned DMPC (Figure
4) membrane the 1 = 0° orientation shows a dipolar splitting
which is exactly double of that observed for y = 90°, the
direction of the interspin vector in this case should be very close
to the membrane normal. We aso point out the absence of
noticeable line broadening for the v = 90° orientation compared
to ¢ = 0°, consistent with the conclusion that ¢ = 0°.

Effect of Lipid Environment on the Interspin Distancein
the GASL Channel. Previously, we found some variation in
interspin distance observed for the channel form of GASL
depending on the lipid phase.?® In the present work, we carried
out a more systematic study of this matter. Table 2 shows the
interspin distances for several hydrophobic matching and
mismatching lipids (i.e., length or “thickness’ relative to GA
channel). One can see that this distance varies by nearly 3 A
with longer distances observed in thicker bilayers. Given the
high accuracy of pulse dipolar ESR in these cases (i.e., £0.5 A
uncertainty; cf. the methods section;?® compare, for example,
with ref 57), this difference is significant. It is very likely that
this variation reflects the response of the channel itself to the
stress imposed by the rigid environment in the gel phase of
mismatching lipids, but we cannot completely rule out that it is
due to a different tilt of the nitroxide tethers toward the
membrane surface.

GASL in DMPC, DLPC, and didecanoyl-PC show within
measurement error the same local polarity (2A, a 77 K is67.6,
67.4, and 67.6 G), which corresponds to a nonpolar environment.
If nitroxides of the spin-labeled channel form had a tendency
to locate at the membrane interface, they would report higher
polarity in the bilayer of short-chain didecanoyl-PC. Moreover,
the same value of the local polarity for these three lipids points
to the same position of the nitroxide relative to the neighboring
lipid molecules. It is known that anchoring tryptophans which
have a specific affinity for a well-defined site near the lipid
carbonyl region*3%% is an important factor for gramicidin
channel stability. While channels can adjust to positive or
negative hydrophobic mismatch, they cause thinning or thicken-
ing of the bilayer in their vicinity>®% by applying pressure on
thelipid bilayer through these anchoring points. The spin label
of GASL is attached above the pressure point. It should have
the same depth position between tryptophan-anchoring carbonyls
and phosphate groups in the boundary lipid and should directly
report, viathe interspin distance, the distance between anchoring
tryptophans on the different ends of the HHD.

Although the helical pitch of the channel form of GA has
been shown to be the same in different lipids™ (4.7 + 0.2
Alturn), our precision in distance measurements may alow us
to observe subtle effects of lipid-induced deformation. Intu-
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itively, it seemslogical that the gramicidin-induced force, which
causes deformation of the lipid bilayer, implies lipid—peptide
counterforce which induces some deformation of the channel.
It has been widely accepted that transmembrane peptides are
rigid and lipids are more flexible so that the effect of this
counterforce is negligible.? However, recent 2H NMR results
revisit this topic. Long WALP and KALP peptides are shown
to adapt themselves to mismatching thin lipid bilayers by
introducing akink into the membrane-spanning helix.®® Whereas
the protein backbone appears to be insensitive to the lipid bilayer
in the fluid phase, which is 10°—10° times softer than the
embedded proteins,® in the gel phase the situation can be
different. In our case, GASL responds to the deformation caused
by hydrophobic mismatch in the gel phase of DPPC by gradual
dissociation of existing channels.® Also, compared to many
other spectroscopic studies of lipid/gramicidin interactions, %6596
our pulse dipolar ESR experiments correspond to very high
ratios of lipid/peptide, so channels exist as distinct entities
surrounded by the lipid bilayer at its usual thickness. Therefore,
the counterforce imposed by the lipids on the peptide is not
mitigated by effects of the network of channels, which tend to
cause thinning of the bilayer.

Detection of Channel and Nonchannel Forms of Grami-
cidin in Membranes for Other Spin-Labeled Gramicidin
Derivatives. The new gramicidin derivatives (i.e., those except
for GASL) are expected to vary in their channel-forming potency
(see below), but, as shown below, are still able to form HHDs
under some conditions in matching membrane environments.
In general, C-terminal spin-labeled derivatives of gramicidin
(GASL and N-benzoyl GASL) in matching lipids give well-
resolved dipolar spectra and show awell-resolved Pake doubl et
pattern in the frequency domain. The interspin distance deter-
mined from the splitting of this pattern varies in different lipid
phases within an interval of 29—31 A.

As in GASL, the spin-label of TyrLGC does not directly
affect the N-terminus of the gramicidin molecule and allows
HHD formation. Furthermore, the spin-labeling position should
leave the whole channel function intact, as for dansyl-gramicidin
C, which was labeled with a fluorescent label at the same
position and used for a simultaneous conductivity and fluores-
cence study.*® The behavior of TyrLGC in membranes is very
similar to that of GASL,?° athough due to the longer nitroxide
tethers the distance distribution is broader. Similar to GASL,
for matching lipids (DLPC, DMPC), the reporter nitroxide group
for the channel form shows lower polarity of the local
environment, with higher polarity for mismatching DPPC and
DSPC (see the Supporting Information, Supplement Figure 2).
Also, in DPPC, with TyrLGC in the nonchannel form, the Z
axis of the magnetic tensors preferentially aligns parallel to the
membrane normal, whereas for DMPC this Z-ordering is
somehow distorted (Supporting Information, Supplement Figure 3,
compare to refs 29 and 30).

An important advantage of TyrLGC compared to GASL is
that the expected interspin distance in the DH conformation is
substantialy different from that of the HHD. As seen from Table
1, there is dmost no difference between the interspin distances
in the two conformations for GASL. Hence, one cannot
completely rule out the possibility that the dipolar signa of
GASL HHDs contains a fraction from double helices, which
complicates the exact determination of the interspin distance
for the HHD form. The dipolar spectrum from TyrLGC,
however, also shows only one detectable signal in channel-
forming lipids and no distinct spin pairs in DPPC and DSPC.
The interspin distance for the signal is 35 A in DMPC and 36.5
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Figure5. CW spectraof GALN in different lipids, 77 K. For DLPC,
the thick line shows 0.1% mol. GALN, dots 0.1% mol. GALN+1.9%
mol. GD, thin solid line 0.1% mol. GALN + 1.9% mol. N,C-dibenzoy!
GA.

A in DPPC quenched after a 10 min exposure at 40 °C,
consistent with the channel form (see Table 1). Pulse ESR
detects no interspin distance in the range expected for DHD.

For two other studied spin-labeled derivatives of gramicidin,
GALN and GADL, the spin label is attached to the N-terminal
end of the peptide molecule. The N-terminus of the GA
molecule is directly involved in HHD formation (cf. Figures 1
and 2). Replacing the N-terminal formyl group of GA by aBOC
group (di-tert-butyl dicarbonate) has been shown®! to destabilize
the dimeric channel compared with GA by 5 orders of
magnitude. Even a simple formyl/acetyl substitution at the
N-terminal end of the gramicidin molecule decreases the mean
channel lifetime by afactor of 56.% Double-labeled GADL and
monolabeled GALN have a bulky spin label at the N-terminal
end. One can expect (and, indeed, observe) a substantial
reduction in Kp for GADL and GALN with a shift of the
equilibrium to favor monomers. For a detailed discussion on
the effects of replacing the N-termina formyl in GA by a
nitroxide (GALN) or a benzoy! group (N-benzoyl-(desformyl)-
gramicidin and N-benzoyl-(desformyl)-GASL), see the Sup-
porting Information. Nevertheless, if the channel formation
occurs, it should bring the N-terminal spin labels close together
(see GALN in Table 1), and this could be easily detected by
dipolar broadening in the CW ESR spectrum. Figure 5 shows
CW gpectra of GALN in DLPC, DMPC, and DPPC at 77 K.
Indeed, in DLPC, GALN shows a broad feature which can be
assigned to the HHD form. This means that blocking the
N-terminus with the spin label does not completely impair HHD
formation.

Rigid biradicals in disordered systems yield a broad ESR
signal, which is a superposition of signals from al the
orientations of the interspin vector relative to the external
magnetic field By. However, aligned samples afford greater
resolution. Figure 6 shows angular-dependent CW spectra of
GALN in DLPC membrane aligned by the evaporation method
at room temperature. Although an exact assignment of spectral
lines is complicated, a simple inspection of the spectrum
indicates a splitting picture typical for an ordered rigid biradical
(compare for example with the TEMPAD biradical® which has
an interspin distance of ~8.5 A). If By is directed parallel to
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Figure6. Spectraof GALN in two orientationsin aligned membranes

of (a) DMPC (ISDU aligned, 4 °C), (b) DLPC, and (c) EYL (aligned

by evaporation, 14 °C). Corresponding spectral features are marked
with arrows.
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Figure 7. Spectraof GASL, GALN, and GADL in the ISDU aligned
DPPC, 20 °C, 0° orientation. The dotted curve shows a 1:1 superposition
of GASL and GALN spectra.

the aligned membrane normal, one sees a single orientation of
the interspin vector relative to By and therefore a well-resolved
spectrum. If the interspin vector is not perpendicular to the
membrane, other orientations of the membrane relative to By
would show less resolved spectra (cf. Figure 6). They will be
a superposition of different dipolar orientations vs By, since
gramicidin molecules can freely rotate in the membrane plane.
The number of orientations participating in the superposition
and their weight factors will depend on the angular orientation
of the membrane relative to By and the angle between the
membrane normal and the interspin vector (cf. Figure 4).
GADL has two spin labels in the molecule at both the N-
and C-termini (cf. Figure 1). Figure 7 shows spectra of GASL,
GALN, and GADL in the aligned DPPC membrane. Spin labels
at the C-terminus of GASL and N-terminus of GALN both show
good Z-ordering. One can also see that the spectrum of GADL
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Figure 8. Dipolar DEER spectrum of 0.1% GADL —+ 1.9% unlabeled

GD in DLPC and DPPC. The interspin distance can be estimated from
the Pake doublet splitting as Av = 2y2h/r3.©

can, in general, be approximately described as a superposition
of spectrafor GALN and GASL.

In DLPC, GADL forms HHDs similar to GALN; their
formation also manifests itself in vesicles at 77 K in a broad
signal (not shown). As expected, since spin labels at the
C-termini do not form close couples and should contribute a
resolved rigid limit component to the spectrum, the fraction of
the broad signal for GADL is approximately half the fraction
for GALN. In contrast to DLPC, in DMPC vesicles, GALN
and GADL show an insignificant, if any, fraction of a broad
signal as discussed above. This difference can be explained by
hydrophobic mismatch between the DMPC bilayer and the
channel length, which is sufficient to prevent formation of
sterically hindered GALN channels. However, with further
increase of the bilayer thickness, in DPPC and DSPC, GADL
but not GALN shows again a substantial fraction of a broad
singlet-like signal. This broad signal aso disappears upon
dilution with unlabeled GD. Since the signal does not appear
for GALN, it cannot be explained by the proximity of N-terminal
spin labels of different monomers in the channel form. We
attribute this signal to a fraction of double helices.

Figure 8 shows pulse dipolar spectra of 0.1% GADL + 1.9%
unlabeled GD in DPPC and DLPC. One can clearly see two
components, which correspond to two different conformations
of GADL. The interspin distance for the main fraction (20.0
A) is the same in both lipid phases. It also exactly coincides
with the distance observed for the monomeric state in TFE.
However, as discussed above, GADL in DLPC readily forms
channel dimers, while the hydrophobic mismatch in DPPC
destabilizes channels not only for sterically hindered GADL but
also for GASL having unblocked N-termini.?®*% The same
interspin distance for these different lipid phases likely indicates
similarity in the backbone structure of halves of HHD (DLPC)
and free monomers (DPPC). This similarity between the
monomeric closed state of GA and a half of HHD was
previously suggested from circular dichroism and X-ray in-plane
scattering studies for Boc-GA (tert-butoxycarbonyl-GA).3!

Double helices (31.6 A, as observed in octanol) are a minor
component with the fraction changing in the saturated lipid series
in the following order: DLPC < DMPC < DSPC < DPPC. The
distance distributions P(r) for GADL obtained for different lipid
environments, saturated and unsaturated, are shown in Figure
9. Condistent with previous observations,* a measurable fraction
of double helices is detectable by pulse dipolar ESR in
unsaturated lipid phases, such as DOPC and egg yolk lecithin.

HHD/DH/Monomer Equilibrium. Now that we have shown
how pulse dipolar ESR in combination with the several spin-
labeled gramicidin derivatives enables us to distinguish the
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Figure 9. Distance distribution P(r) for 0.1% GADL + 1.9% GD
obtained by the Tikhonov regularization with the regularization
parameter determined by the L-curve criterion™ in different lipid
environments: (&) DLPC; (b) DPPC; (c) DMPC; (d) DOPC; (e)
EY Llecithin.

different conformers, we address the issue of equilibria among
them. It has been shown in the literature®-57%8 that a substantial
fraction of DHsin some lipid environments (e.g., DMPC) may
not be in equilibrium due to slow conversion of DHs introduced
from some organic solventsinto HHDs. It aso has been shown
that using trifluoroethanol as a cosolubilization solvent yields
the B%3-helical conformation (HHD or monomers), while
incorporation from CHClz/methanol mixtures gives a nonegui-
librium mixture of HHD and DH conformations. Upon long
incubation at 60 °C or sonication, the system reaches equilib-
rium, which favors HHDs.5”% On the other hand, in some lipid
environments, afraction of DHs is assumed to be in equilibrium
with the channels. 3%

To assign the fraction of double helices observed by pulse
ESR to either conformers in equilibrium in the membrane or to
a metastable state, we incubated for 2 h at ~70 °C and also
compared samples prepared from TFE and CHClay/methanol
solutions. Since we found that the ratio of spectral components
corresponding to monomers and DH dimers did not depend on
the method of sample preparation, we infer that we obtained
DHs in equilibrium with monomers.

This conclusion is in good accord with our CW data. Figure
10 shows the dependence of the CW spectrum of GADL in
DPPC on the GADL/DPPC ratio. One can see a substantial
increase in the broad signal intensity. The fraction of the signal
is substantially increasing (from <10% to ~66%) with an
increase in the GADL/DPPC ratio from 0.1 to 2%. To determine
its fraction, the broad signal was approximated with a Gaussian
singlet. As seen in Figure 10c, subtracting the broad signal from
the initiadl GADL/DPPC signa gives a reasonably good ap-
proximation for the signal for the 1:19 GADL/GD mixture in
DPPC and a flat baseline. The broad signal fraction was
estimated from the double integrals for the broad Gaussian and
the initial spectrum. Note that the fraction of the broad signal
does not change upon sonication, which is a proven approach
to obtain GA/membrane samples in athermodynamically stable
form.”

Since there are no HHDs in DPPC (they cannot be detected
for GASL, so GADL with impaired channel forming capacity
certainly does not form them), the signal can be attributed either
to aggregation of monomers or to double helices. However, both
single-labeled analogues of GADL, GASL, and GALN do not
show any conspicuous broadening effects under the same
conditions. This indicates distances between N-termini—N-
termini or C-termini—C-termini of at least 20 A, and therefore,
the broad signal cannot be explained by parallel DHDs. To
assign the broad signal to aggregation, one might suggest some
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Figure 10. (a) Concentration dependence of the GADL spectrum in
DPPC at 77 K, % moal: 2% (red), 0.5% (green) 0.1% (blue) 0.1% GADL
+1.9% GD (black). (b) Analysis of the spectrum with 0.5% GADL by
separating the broad signal. The solid line is 0.5% GADL in DPPC,
and the dashed line is a Gaussian approximation for the broad signal.
(c) The solid lineis the subtraction of the Gaussian approximation from
the experimental spectrum. Both dotted lines (b, ¢) are 0.1% GADL +
1.9% unlabeled GD in DPPC.

kind of head-to-taill pattern in the aggregates of GADL
monomers with a close N-terminus—C-terminus proximity.
However, this possibility can aso be ruled out. Our polarity
data indicate that the N-terminal spin label (GALN) is located
in the hydrophobic part of the membrane, whereas the C-
terminus (GASL) is more exposed to the water phase (the
corresponding 2A, values at 77 K are 66.9 and 70.6 G for the
0.1% peptide/lipid ratio). Besides, gramicidin in DPPC at low
concentrations (<0.1% GA/DPPC ratio) already exists in
aggregates®®® and any further increase in concentration should
not substantially affect the spectra. On the other hand, for DHDs
(PDB: 1ALZ), MMD simulations show close proximity (~9
A) between the N- and C-terminal spin labels of different GADL
monomers (Figure 3A). On the basis of this evidence, we assign
the broad signal to the same antiparallel double-helical structures
that were detected by pulse dipolar ESR for GADL/unlabeled
GA mixtures.

When double helices exist in equilibrium with monomers DH
< 2M, then [DH] = K[M]? where K is the corresponding
equilibrium constant.

If [G] isthetotal concentration of GADL, then [G] = 2[DH]
+ [M] and 2K[M]2 + [M] — [G] = 0, which gives 2[M] =
{(U4K?) + (2[G]/K)}¥2 — (1/2K). Thus,

Al = J2[GIK +

NI

1
4

—
Z|o
=L

At 0.1% GADL in the membrane of the broad signal is 19% of
the total spectrum which gives 2[DH]/[M] = 0.23 and 2[G]K
= 0.28. For a surface area per molecule of 0.59 nm? in fluid
DPPC,% it givesK = 5 x 10" cm?mol (compare to the values
of dimerization constants for HHD formation; see the Supporting
Information). For 0.5% GADL (2[G]K = 1.42) in equilibrium,
we can expect 44% of the spins to be contributing to the broad
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signal and ~66% for 2% molar ratio GADL/DPPC, in good
agreement with our experimental estimates (45 and 68%).

Comparing fractions of double-helical dimers for 1.9% GD
=+ 0.1%GADL determined by pulse ESR and for 2% GADL in
DPPC by CW ESR, one finds that K is about twice as great for
the latter. The discrepancy might be due to effects of the labels
at the N-terminus which in the monomeric conformation could
perturb the bilayer (compare to the effect of tryptophan residues
discussed below) and thus cause some energy cost shifting the
equilibrium toward DHSs.

A fraction of double-helical dimers also qualitatively well
explains the change in CW spectra for the system GALN/GD/
DPPC or GASL/GD/DPPC with an increase in total gramicidin
concentration (see the Supporting Information).

Tryptophans and Aggregation of DHDs. As follows from
our results, the double-helical form is aways present in a
mismatching lipid environment. Its presence can be directly
detected for GADL by pulse dipolar ESR through the interspin
distance fingerprint or inferred from CW spectra. However,
unlike HHD, single-labeled gramicidin derivatives (GASL,
GALN, TyrLGC) in the lipid membrane do not show distinct
spin pairs with the interspin distance expected for the corre-
sponding DH structure. It indicates a propensity of DHDs to
aggregate. This aggregation could be caused by the tendency
of tryptophan residues to get excluded from the hydrophobic
part of the lipid bilayer and their specific affinity for a well-
defined site near the lipid carbonyl region at the membrane
interface.®® While for HHD all tryptophans can be located at
the membrane surface, in DH conformations of GA, they are
distributed more evenly along the length of the dimer with Trpg
and Trpy; near the membrane center.® The energy cost of
submerging the tryptophans in the middle of the membrane
could be mitigated by aggregation, with stacking the tryptophan
residues or locating them at the disordered vicinity of another
GA molecule.

The aggregation behavior of free GA monomers may be
different in different lipid environments. However, for GALN
in DMPC experiments, which are similar to experiments
described in the appendix of ref 29, showed little signs of
aggregation. This data implies that at least in some lipid
environments monomers can exist as separate entities with a
uniform distribution in the membrane plane.

Conclusions

Pulse dipolar ESR spectroscopy and CW ESR were used to

study the equilibrium of gramicidin conformations.

(1) Several new spin-labeled derivatives of gramicidin were
synthesized.

(2) Theinterspin distances of their monomeric and double-
helical (PDB: 1ALZ) forms were initially determined
in octanol and TFE in order to recognize the forms in
membranes.

(3) All spin-labeled variants of gramicidin studied are able
to form HHDs in matching membrane environments.
However, for N-termina substituted derivatives, the
propensity to form HHDs is substantially impaired.

(4) The interspin vector between two spin labels attached
at different C-termini of the gramicidin channel is
perpendicular to the membrane normal. The correspond-
ing interspin distanceis lipid dependent. It varies by ~3
A and shows a systematic increase with an increase in
hydrophobic mismatch.

(5) Nonchannel forms, which include monomers and double
helices, can be detected by ESR in mismatching lipid
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environments. There are indications that the monomers,
which are for the first time reliably observed spectro-
scopicaly in a membrane environment, are similar to
halves of the HHDs.

(6) Double helices (DHs) appear from sample preparations
in equilibrium with monomers and HHDs. The DH form
of studied spin-labeled gramicidin derivatives detected
by ESR in the membrane environment is antiparallel,
most likely the 72> left-handed dimer. The fraction of
double helices changes in saturated lipids as DLPC <
DMPC < DSPC < DPPC. While HHDs and free
monomers, at least in some lipid environments, exist as
separate entities, double helices tend to aggregate. For
channel-forming lipids, such as DLPC and DMPC, the
DH fraction is insignificant.

(7) Inaddition, we studied the effect of N-terminal substitu-
tion in the GA molecule upon channel formation.
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List of Abbreviations
GA gramicidin A

GASL gramicidin A spin-labeled at the C-terminus

GADL  gramicidin A double-spin-labeled at both C- and N-
termini

GALN  gramicidin A spin-labeled at the N-terminus

TyrLGC gramicidin C labeled at “*Tyr.
HHD head-to-head dimer

DH, double helices, double-helical dimers
DHD
DLPC 1,2-lauroyl-sn-glycero-3-phosphocholine

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine
DPPC 1,2-dipal mitoyl-sn-glycero-3-phosphocholine
DSPC 1,2-stearoyl-sn-glycero-3-phosphocholine
DOPC  1,2-oleoyl-sn-glycero-3-phosphocholine

EYL egg yolk lecithin
TFE 2,2,2-trifluoroethanol
ISDU isopotential spin-dry centrifugation

Supporting Information Available: Detailed protocols for
synthesis and purification of new gramicidin derivatives; afigure
showing HHD and 77> |eft-handed antiparallel DH structures
for GASL in comparison; ESR spectra of TyrLGC in multila-
mellar vesicles and aligned membranes; discussion on effects
of N-terminal substitution in the GA molecule (formyl to the
spin label or abenzoyl group) on the HHD dimerization constant
and equilibrium of corresponding homodimers and heterodimers
with unsubstituted GA; further discussion on detection of DHD
by CW ESR. This material is available free of charge via the
Internet at http://pubs.acs.org.
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