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Kinetics of Gramicidin Channel Formation in Lipid
Bilayers: Transmembrane Monomer Association

ANNE M. O’CoNNELL, ROGER E. KOEPPE II, OLAF S. ANDERSEN

Conducting gramicidin channels form predominantly by the transmembrane associa-
tion of monomers, one from each side of a lipid bilayer. In single-channel experiments
in planar bilayers the two gramicidin analogs, [Val']gramicidin A (gA) and [4,4,4-F;-
Val']gramicidin A (F3gA), form dimeric channels that are structurally equivalent and
have characteristically different conductances. When these gramicidins were added
asymmetrically, one to each side of a preformed bilayer, the predominant channel type
was the hybrid channel, formed between two chemically dissimilar monomers. These
channels formed by the association of monomers residing in each half of the
membrane. These results also indicate that the hydrophobic gramicidins are surpris-
ingly membrane impermeant, a conclusion that was confirmed in experiments in which
gA was added asymmetrically and symmetrically to preformed bilayers.

RAMICIDIN CHANNELS ARE MEM-

brane-spanning  structures  that

serve as prototypical models for
studying mechanisms of ion permeation,
lipid-protein interactions, and conforma-
tional dynamics of ion-permeable channels
(1). The primary sequence of gA is (2):

Formyl-L-Val-Gly-L-Ala-D-Leu-1-Ala-
p-Val-L-Val-p-Val-L-Trp-p-Leu-L-Trp-
D-Leu-L-Trp-p-Leu-L-Trp-ethanolamine

The mechanism of gramicidin channel inser-
tion into lipid bilayers is poorly understood
because the membrane-spanning channels
are formyl-NH-to-formyl-NH terminal di-
mers of B®-helices, as suggested by Urry
(3), whereas gramicidins dissolved in organ-
ic solvents exist as mixtures of parallel and
antiparallel intertwined dimers and disor-
dered monomers (4-6), depending upon sol-
vent type and gramicidin concentration.
Gramicidins therefore undergo conformation-
al changes in their transition from dissolved
molecules to molecules dispersed in water (7)
and finally to membrane-spanning channels.
Furthermore, as membrane-associated grami-
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cidins exist in a number of (slowly intercon-
verting) conformational states (8), it is not
known whether the major pathway for chan-
nel formation involves the membrane inser-
tion of (antiparallel) intertwined dimers with
a subsequent formation of the B%?-helical
dimer (9) or the transmembrane association
of B-helical monomers residing in opposite
monolayers (Fig. 1).

We addressed the channel formation
problem by exploiting the following features
of gramicidin channels: (i) gramicidin chan-
nels are symmetrical dimers (10), with a
single predominant conductance state (11);
(ii) sequence-substituted gramicidins form
symmetrical channels (or homodimers) that
have different conductances (12); and (iii)
hybrid channels (or heterodimers) form be-
tween the chemically dissimilar analogs (12,
13). One can thus use the amplitude of
individual channel events in a real-time assay
to identify which molecules form each con-
ducting event.

In 1.0 M CsCl, the conductances of gA
and FsgA channels differ threefold because
of the -CF; substitution in F3gA (12). When
cither gramicidin is added symmetrically to
the aqueous solutions on both sides of a
bilayer, a single characteristic channel type is
observed (Fig. 2, A and B). When both
gramicidins are added symmetrically, three
channel types are observed (Fig. 2C), corre-

sponding to the two homodimers and the
heterodimer (12).

When gA and F;gA are added asymmetri-
cally to opposite sides of a preformed bi-
layer, all three channel types are again ob-
served (Fig. 3, A through C). However,
when the channel appearance rates are plot-
ted versus time, the heterodimers dominate
throughout all but the first few minutes
(Fig. 3D). The homodimer appearance rates
remain stable and may decrease slightly dur-
ing the first few minutes. The dominance of
heterodimers shows that under our condi-
tions (6 to 15 pM gramicidin dispersed in
water from a 15 nM solution in ethanol)
most gramicidin channels result from the
transmembrane association of B%-3-helical
monomers as outlined in Fig. 1A.

After 20 min, the membranes were bro-
ken and reformed in order to equilibrate
both gramicidins between the monolayers.
A large change in the channel appearance
pattern occurred (Fig. 3C): the homodimer
appearance rates increased, and the hetero-
dimer appearance rate decreased (15).

Comparable results were obtained when
only gA was added to one side, or to both
sides, of preformed bilayers (Fig. 4). In
these experiments, the gramicidin concen-
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Fig. 1. Schematic representation of two gramici-
din channel insertion mechanisms. (A) Dimeriza-
tion of B%3-helical monomers (from each side of
the membrane). Gramicidin monomers adsorb to
each monolayer from the immediately adjacent
aqueous solution and fold into B3-helices (top),
folded monomers insert into each monolayer
(middle), and dimerize to form the channel (bot-
tom). (B) Insertion of intertwined antiparallel
dimers followed by unwinding to form p®3-
helical dimers. Intertwined dimers adsorb to each
monolayer (top), insert to span the membrane
(middle), and unwind to form the channels (bot-
tom).
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tration in the one-sided experiments was
twice that in the two-sided experiments to
ensure that the total amount of gramicidin
(in both halves of the bilayer) was the same
in both experiments (16). After symmetrical
addition, the channel appearance rate in-
creased steadily for the duration of the ex-
periment, paralleling the hybrid channel pat-
tern in Fig. 3. After asymmetrical addition, a
constant, low channel appearance rate was
achieved in the first few minutes of the
experiment that was similar to the pattern
for the homodimers in Fig. 3. After 17 min,
the membranes were again broken and re-
formed, which resulted in a ~100-fold in-
crease in channel activity in the case of
asymmetrical addition, as compared to only
a 2-fold increase after symmetrical addition.
The final channel activity was similar for
both conditions.

These results show that gramicidin mole-
cules permeate poorly across lipid bilayers.
Otherwise the transmembrane difference in
gA surface densities necessary to account for
the difference in channel activity between
the symmetrical and asymmetrical additions
could not be maintained (17).

The ecarly appearance of a few homo-
dimers during the first minutes after grami-
cidin addition (Fig. 3) suggests that grami-
cidin channels also can form by an alterna-
tive mechanism in which both monomers
originate from the same side of the mem-
brane. When dissolved in ethanol, gA forms
intertwined dimers (4, 18) that could adsorb
at the membrane-solution interface (19).
Homodimers thus might form because such
intertwined dimers insert, span the bilayer,
and unwind to form B®3-helical dimers (Fig.
1B) or because the intertwined dimers un-
fold at the interface and refold to form B%3-
helical dimers that insert to span the bilayer.
Alternatively, “islands” of high peptide (and
solvent) concentration might exist transient-
ly in the membrane after gramicidin addi-
tion, resulting in local bilayer disruption and
allowing for peptide transfer.

In Fig. 4, the attainment of an apparently
constant appearance rate early in the asym-
metrical experiments also indicates that a
few (early) gramicidin channels form by a
mechanism different from that by which the
later channels form. This question was in-
vestigated further in experiments in which
we were able to differentially modulate the
formation of channels by monomers origi-
nating from each of two or from only one
aqueous compartment.

For the experiments in Fig. 5A, the bi-
layers were modified by 1-monopalmitoyl-
phosphatidylcholine (MPPC), which in-
creases gramicidin channel activity by in-
creasing the equilibrium constant for chan-
nel formation (11). The results for
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Fig. 2. Single-channel current traces after sym-
metrical addition of gramicidin to both aqueous
solutions bathing a preformed membrane. (A)
After addition of only gA. All channel appear-
ances have a single characteristic amplitude. (B)
After addition of only F;gA. Most channel ap-
pearances have a characteristic amplitude that
differs from that observed with gA. (The two
“aberrant” transitions are heterodimers formed
between F;gA and contaminating gA.) (C) After
addition of both gA and Fs;gA. In addition to the
two homodimeric channel types a new channel
type is observed that corresponds to the hetero-
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dimers (some of these are marked by asterisks). Similar results were obtained in all (n > 10) experiments
[see also (12, 13)]. Single-channel recordings (100 mV, 80 Hz) were made in bilayers across a hole (area
~0.07 mm?) in a Teflon partition separating two 5-ml Teflon chambers (14). The bilayers were formed
from 40-mg/ml diphytanoylphosphatidylcholine (DPhPC) in #-decane. This solution was used for all
experiments except those in Fig. 5A. The aqueous solutions were unbuffered 1.0 M CsCl, and the
gramicidins were added as 2- to 10-pl aliquots from ethanolic stock solutions (except for the
experiments in Fig. 5B). Calibration bars: horizontal, 10 s; vertical, 1 pA.

asymmetrical addition of gA and F3gA were
similar to those in Fig. 3. The heterodimer
appearance rate increased steadily through-
out the experiment; the homodimer appear-
ance rates remained low and stable. Quanti-
tatively, the heterodimer appearance rate
increased ~50% faster than in the absence
of MPPC, while the homodimer appearance
rates were unaffected. Thus MPPC seems to
increase the rate of channel formation by
transmembrane dimerization but does not
affect the formation of channels by a “cis”
mechanism.

For the experiments in Fig. 5B, gA was
dissolved in trifluoroethanol, in which it is
monomeric (20) although not necessarily
helical. When gA was added asymmetrically
from this solvent, the channel appearance
rate was twofold less than when gA was
dissolved in ethanol. Thus, the minor cis

Fig. 3. Current traces from the first (A) and
twelfth (B) minute after one-sided addition of gA
to one side and FsgA to the other side of a
preformed membrane, and (C) after breaking and
reforming the membrane. Asterisks (B) mark
homodimeric ~ FsgA  channels.  Equipotent
amounts of gA and F;gA were added during
vigorous stirring to the opposing aqueous solu-
tions separated by the membrane. Stirring was
continued for 30 s, and the potential was applied
within 3 s. Other conditions and calibration as in
Fig. 2. (D) Average number of each channel type
observed during each minute after gramicidin
addition [gA homodimers (M), F;gA homo-
dimers (@), and gA-F;gA heterodimers (O0)].
Each point denotes an average of six experiments.
Zero time is when the potential is applied. The
break in the abscissa denotes when the mem-
branes were broken with a large voltage pulse and
reformed (repainted) within 30 s using no addi-
tional lipid. The membrane capacitance was mon-
itored throughout each experiment to monitor
the membrane area, which varied by less than
10%. At the end of the experiment before break-
ing the membrane, the ratio f/(2[ f, f5]°°) [where
Jns far and f;, denote the appearance rates of the
heterodimers and two homodimers, respectively
(13)] varied between 5 and 15, and decreased to
between 1 and 2 after reforming the bilayer.

mechanism for channel formation appears to
be affected by the solvent history of the
gramicidin.

In any case, since the predominant mecha-
nism for channel formation involves the
transmembrane association of monomers,
one can from the principle of detailed bal-
ance (21) deduce that the disappearance of
the early homodimers results in the transfer
of gramicidin monomers into the trans
monolayer. These “transferred” monomers
can then associate with monomers in the cis
monolayer and produce homodimers (22).
A “loss” of some of this transferred peptide
from the inserted to the trans-adsorbed con-
formation may account for the slight “burst”
of homodimer activity during the first min-
utes in Fig. 3 and Fig. 4, A to C. The
completion of this process after 1 to 2 min
sets an upper limit on the molecules’ confor-
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Fig. 4. (A through C) Current traces after symmetrical (left) and asymmetrical (right) addition of gA,
from (A) the first and (B) tenth minute, and (C) after breaking and reforming the membrane.
Calibration bars: horizontal, 10 s; vertical, 1 pA. (D) Average number of channel events during cach
minute, and after breaking and reforming the membranes, after adding only gA to one (U, n = 4) or
both (M, n = 2) sides of preformed membranes. The break in the abscissa denotes when the membranes
were broken and reformed. In the asymmetrical experiments, there were 0 to 6 channel appearances/min
(average of 0.9 appearances per minute). After breaking and reforming the bilayer, the appearance rate
increased 50- to 130-fold over the average rate before breaking the membrane (to 35 to 135
appearances per minute). During the course of the symmetrical experiments, there was a 6- to 12-fold
increase in channel activity, which increased an additional 2-fold after breaking and reforming the

membrane.

mational “memory” of their solvent history
after exposure to the aqueous solution and
membrane-solution interface (8, 23).

In these experiments the channels were
standard gramicidin channels and did not
resemble the long-lived events that would be
expected if they were formed by the inter-
twined dimers themselves (24). However,
the gramicidin: lipid ratio in the bilayers was
~1077, such that the gramicidins at equilib-
rium should be predominantly monomeric
(23). At higher gramicidin: lipid ratios, B%3-
helical channels might form by the unwind-
ing of membrane-spanning dimers if the
intertwined helices had the same handedness
as the B®3-helical dimers (25).

The large difference in channel appear-
ance rates between the asymmetrical and
symmetrical gA additions (Fig. 4) shows
that lipid bilayers are surprisingly imperme-

Fig. 5. (A) Average number of each channel type
during each minute after asymmetrical addition of
gA and FigA to preformed membranes formed
from a 100: 1 mixture of DPhPC and MPPC in n-
decane (40 mg/ml); gA homodimers (W), F3gA
homodimers (@), and gA-F;gA heterodimers
(0). Each point denotes the average of five
experiments. At the end of the experiment before
breaking the membrane, £/(2[ £, fo]%°) varied be-
tween 2 and 15. Because of the presence of
MPPC, the channel activity was too high after
breaking and reforming the membranes to allow
quantification of the channel frequencies. (B)
Average number of channel events during each
minute after asymmetrical addition of gA dis-
solved in trifluoroethanol (N). Each point de-
notes the average of three experiments. There
were 0 to 2 channel appearances per minute
(average of 0.2 appearances per minutc). After
breaking and reforming the bilayer, the appear-
ance rate increased 300- to 800-fold over the
average rate before breaking the membrane (to 80
to 130 appearances per minute). For comparison,

able to gramicidin molecules. This imperme-
ability is a property of the COOH-terminal
half of the molecule (because the formyl-
NH-terminus inserts into the bilayer en
route to forming the %3-helical conducting
dimer). The four indole >NH groups could
hydrogen bond to water or to the phospho-
lipid backbone and give the COOH-termi-
nal half of the molecule a greater preference
for the membrane-solution interface over
the interior than would be predicted from
hydrophobicity alone (26). Consistent with
this notion, the channel-forming potency of
[Trp']gA is 300-fold less than that of gA
(27), and in the bacterial reaction center
tryptophans tend to reside close to the mem-
brane-solution interface (28).

The insertion of integral membrane pro-
teins is an unresolved problem in membrane
biophysics (29). The situation in vivo is
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the results for asymmetrical addition from ethanol are reproduced from Fig. 4D (O).
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more complex than what we have described
here. Nevertheless, we note that the gramici-
dins are extremely hydrophobic yet almost
impermeant, which implies that they parti-
tion poorly into the membrane interior.
This result suggests that amino acids’ hydro-
phobic index (30) should be redefined to
vary with the position of the residues in the
three-dimensional structure of the folded
membrane-inserted  proteins. We  finally
note that the resolution allowed by single-
channel recordings, where one by definition
observes single molecular assemblies, also
might be of use to study the insertion and
assembly of integral membrane proteins.
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Binding of the Wilms’ Tumor Locus Zinc Finger
Protein to the EGR-1 Consensus Sequence

FrRANK J. RAUSCHER III,* JENNIFER F. MORRIS,
Orvia E. TourNAy, DONNA M. Cook, ToM CURRAN

The Wilms’ tumor locus (WTL) at 11pl3 contains a gene that encodes a zinc
finger—containing protein that has characteristics of a DNA-binding protein. Howev-
er, binding of this protein to DNA in a sequence-specific manner has not been
demonstrated. A synthetic gene was constructed that contained the zinc finger region,
and the protein was expressed in Escherichia coli. The recombinant protein was used to
identify a specific DNA binding site from a pool of degenerate oligonucleotides. The
binding sites obtained were similar to the sequence recognized by the early growth
response—1 (EGR-1) gene product, a zinc finger—containing protein that is induced by
mitogenic stimuli. A mutation in the zinc finger region of the protein originally
identified in a Wilms’ tumor patient abolished its DNA-binding activity. These results
suggest that the WTL protein may act at the DNA binding site of a growth factor—
inducible gene and that loss of DNA-binding activity contributes to the tumorigenic

process.

1ILMS’ TUMOR (WT) IS A MALIG-

nancy of the kidney that occurs in

children and is associated with
aniridia, mental retardation, and urogenital
malfunctions (the WAGR syndrome) (1-3).
As with retinoblastoma, both hereditary and
sporadic forms of WT have been described
(4). Several cytogenetic studies have linked a
specific chromosomal abnormality at the
11p13 locus to the heritable form of the
tumor (2, 3). Furthermore, loss of heterozy-
gosity at polymorphic loci that surround
11p13 has been observed in sporadic WT
(5). Introduction of a normal human chro-
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mosome 11 into a WT cell line suppresses
some aspects of the malignant phenotype
(6), further suggesting that a tumor suppres-
sor gene on chromosome 11 is involved in
the genesis of WT.

Candidate complementary DNAs (cDNAs)
for the WT gene have been isolated (7, 8).
One was obtained with a long-range restric-
tion map of the WAGR region, which al-
lowed localization of the WT gene to a
345-kilobase region of chromosome 11 (9);
a ¢cDNA clone was subsequently isolated
from this region (7). In another approach,
the presence of CpG islands adjacent to the
WT locus (WTL) was exploited in conjunc-
tion with chromosome jumping to isolate a
similar cDNA (8). The gene is expressed in
high amounts in embryonic kidney and
adult spleen (7, 8).

The predicted protein product of the
WTL contains a region rich in glutamine

and proline residues, and four contiguous
zinc fingers of the Cys,-His, class (7, 8).
The presence of these two structural motifs
implies that the WTL protein is a sequence-
specific nucleic acid-binding protein that
may function as a transcriptional regulator
(10). In this report, we have initiated a
biochemical characterization of the WTL
protein by identifying a DNA target se-
quence that is recognized by the WTL pro-
tein.

Our strategy was to express the zinc finger
domain of the WTL protein in E. coli and to
use this protein as an affinity matrix for
isolation of a DNA target sequence. The
zinc finger region (termed WT-ZF) was
reconstructed from synthetic oligonucleo-
tides with the use of an overlapping PCR
strategy for gene synthesis (Fig. 1A) (11).
Six histidine residues were added to the
NH,-terminus to facilitate purification of
the protein with a nickel-chelate affinity
resin (11, 12). The purified WT-ZF protein
migrated with an apparent molecular size of
21,500 kilodaltons (kD) on SDS-polyacryl-
amide gels (Fig. 1B, lane 2).

A modification of the method developed
by Struhl and colleagues (13) was used to
isolate DNA sequences that were recognized
specifically by WT-ZF (Fig. 2A). A degen-
erate oligonucleotide that contained random
nucleotides at 25 consecutive positions
flanked by Xho I and Eco RI sites was
synthesized. By self-annealing this oligonu-
cleotide and extending with DNA polymer-
ase in the presence of deoxynucleotide tri-
phosphates (dANTP’s), a completely degen-
erate library of double-stranded oligonucle-
otides was obtained. A probe was prepared
with 32P-labeled dNTP’s that allowed veri-
fication of the presence of potential binding
sites (Fig. 2A). The probe was then selected
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