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and Lipid. I. Structure of the Molecular Complex
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ABSTRACT This paper reports on a simulation of a gramicidin channel inserted into a fluid phase DMPC bilayer with 100
lipid molecules. Two lipid molecules per leaflet were removed to insert the gramicidin, so the resulting preparation had 96 lipid
molecules and 3209 water molecules. Constant surface tension boundary conditions were employed. Like previous simula-
tions with a lower lipid/gramicidin ratio (Woolf, T. B., and B. Roux. 1996. Proteins: Struct., Funct., Genet. 24:92-114), it is
found that tryptophan-water hydrogen bonds are more common than tryptophan-phospholipid hydrogen bonds. However,
one of the tryptophan NH groups entered into an unusually long-lived hydrogen bonding pattern with two glycerol oxygens
of one of the phospholipid molecules. Comparisons were made between the behavior of the lipids adjacent to the channel
with those farther away. It was found that hydrocarbon chains of lipids adjacent to the channel had higher-order parameters
than those farther away. The thickness of the lipid bilayer immediately adjacent to the channel was greater than it was farther
away. In general, the lipids adjacent to the membrane had similar orientations to those seen by Woolf and Roux, while those
farther away had similar orientations to those pertaining before the insertion of the gramicidin. A corollary to this observation
is that the thickness of the hydrocarbon region adjacent to the gramicidin was much thicker than what other studies have
identified as the “hydrophobic length” of the gramicidin channel.

INTRODUCTION

The gramicidin peptide forms the smallest known protein(Langs, 1988; Wallace and Ravikumar, 1988). However, the
ion channel, a dimer consisting of two gramicidin moleculeshead-to-heag-helical motif prevails in lipid bilayers. The
that contain 15 amino acids each. Because of its small sizgyreference for this motif is probably because, in bilayers,
the relative ease with which it partitions into membranes tahis motif best satisfies the predilection of the tryptophan
form channels, and the relative ease of synthesis of nativeesidues to be disposed in the region of the membrane where
gramicidin and variants, gramicidin has long been a usefuihe phospholipid headgroups and the electrolyte interpene-
model system with which to study permeation throughtrate each other (reviewed for membrane proteins in general
membrane proteins, principles of membrane protein strucm Reithmeier, 1995, and for gramicidins in Koeppe and
ture, and protein-lipid interactions. Secreted by the bacteandersen, 1996. A contrary view has been put forth by
rium Bacillus brevis gramicidin was early identified as an gyrkhart et al., 1998, but the consensus of gramicidin work-
antibiotic (Dubos and Hotchkiss, 1941). Single-channeles still favors the single-helical motif as the dominant one
ionic currents were observed in gramicidin before the in, membranes).

vention of the patch clamp (Hladky and Haydon, 1970). In 1 rejatively small size of the gramicidin channel makes
1971, it was established by solution NMR techniques thaj o, eycellent model system on which to do molecular
the structural motif of the gramicidin membrane channel 'denamics (MD) simulations that complement the extensive

a pair ofg-bonded helices disposed head-to-head relative t%xperimental investigations. A review of MD computations

each other (Urry, 1971). Subsequent solid-state NMR studc-m gramicidin is given by Roux and Karplus (1994).

s estabh_shed that .the helices are right-handed and pro- In early computations in our lab the explicit lipid envi-
vided a high-resolution structure (Ketchem et al., 1993), . . . ) -
onment was not included in MD simulations of gramicidin,

albeit one with some possible ambiguity about the dominanLecause it was oo computationally demanding to do so
side-chain conformations (Koeppe et al., 1994). Interest- P y 9 '

ingly, there is an alternative structural motif that provides alnstead, the environment was approximated by a soft re-

pore large enough to transport ions. This is a double Coilstraint on the atoms in the gramicidin molecule (Chiu et al.,

and is the form that crystallizes out of organic soIventsl,g_gl_)' WOOIT {md R_OUX (1996) have done ;imulgti_ons of
lipid in gramicidin with an 8:1 molecular ratio of lipid to

gramicidin. For excess lipid, continuum calculations on the
Received for publication 5 February 1998 and in final form 19 January effect of gramicidin on the lipid structure have been done

1999. utilizing liquid crystal theory (Huang, 1986; Helfrich and
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could be computed in a reasonable time. These results ardeway parallel on the NCSA SGI Power Challenge Array. The computer
interpreted in the context of our previous simulations, thetime required was-2 h/ps of simulated time when the computation was
Woolf-Roux simulations. the quuid crystal calculations and done in scalar mode on a single processor of the array. The calculation

| . . | Es"%eeded up by a factor of 3.2 when done in 4-way parallel mode. The major
related experiments, and experimental NMR measuremen stacle to parallelizing more efficiently so that a larger number of pro-

on the effect of gramicidin on lipid structure at various cessors could be efficiently employed is the serial nature of the SHAKE
concentration (Rice and Oldfield, 1979). The Rice andsubroutine for re-setting the bond lengths. A snapshot of the fluid mem-
Oldfield study is part of an extensive early literature on thebrane with the inserted gramicidin and associated water is shown in Fig. 1.
effects of proteins on the structure and dynamics of “bound-

ary lipids” (lipid molecules that are adjacent to proteins),

that is well reviewed in Gennis, 1989, pp. 191-195. RESULTS

Because of the propensity of Trp’s to reside in the interfa-
METHODS cial region of membrane proteins, it is of special interest to
explore the interactions between Trp’s and surroundings. In

The overall strategy for computing the membrane preparation with incor-Fig. 2 we show the hydrogen bonding between Trp amide
poration of surface tension is similar to that presented in Chiu et al. (1995) 's and surroundinas. The Tro's 9. 11. 13. and 15 are in the
Differences are stated below. In all other respects it can be assumed that tM} gs. p ! ! !

computations in this paper are methodologically the same as Chiu et almonomer with initial conformation in the configuration as
(1995). determined by the Cross lab, with the #15 Trp being closest

True constant surface tension (as opposed to constant lateral pressutg) the bulk electrolyte. The Trp’'s’'911’, 13, and 13 are in
was used. The surface tension for the bilayer was set at 46 dyn/cm, baseEHe monomer with initial conformation in the configuration
on the work of MacDonald and Simon (1987). . . .

It should be noted that there is a current controversy among computaz-is determined by the Koeppe lab, with the, #If'p being .
tional physical biochemists over whether or not the surface tension of £0Sest to the bulk electrolyte. The only major difference in
bilayer is nonzero (Jaig, 1996; Feller and Pastor, 1996). The thermody- the starting configuration for the aromatic residues between
namics of the issue were discussed earlier by Tanford (1979) and Whitehe two monomers is in the chi-1's and chi-2’s of Trp’s 9

(1980). While' of significant interest theoretically, the d'ifference in com- and 9. Fig. 2 A shows hydrogen bonds between the Trp's
puted properties between a bilayer at zero surface tension or the 46 dyn/cm

we use may not be very great (Tieleman and Berendsen, 1996). and water molecules; Fig. B shows hydrOgen bonds di-

Following our previous published computation (Chiu et al., 1995) with Fectly between the Trp’s and the phospholipid molecules.
a hydration level of 23 waters/lipid molecule, we computed a DMPC The graphs show the time during which hydrogen bonds are
bilayer with 100 phospholipid molecules and 32 waters/lipid molecule andformed: gaps in the horizontal lines represent intervals in
46 dyn/cm surface tension (Chiu et al., 1996). The surface area per Iipi%hich the hydrogen bonds are absent. (Note that because of

molecule equilibrated to 61 Aper phospholipid molecule. In our previ- . . .. .
ously published work (Chiu et al., 1995) the surface areas was significantl);he size of the SymbOIS inthe graph, very brief interruptions

lower, 57 Rlipid. Aside from the above-mentioned modification in the of hydrogen bonding will not be clearly visible.) Two pat-
boundary conditions (true constant surface tension as opposed to constai@rns emerge: 1) all of the Trp’s are hydrogen-bonded to the
lateral pressure) the only difference between the two calculations was thgterfacial environment a Iarge fraction of the time: and 2)

amount of water, 23 waters/lipid in the first calculation and 36 waters/lipid : ; ; ;
in the second calculation (Chiu et al., 1996). We attribute most of thethere is much more hydrOgen bondlng with water than with

difference in the computed surface area to the difference in the amount JPhOSphOIlp_'d oxygens. Th_e Smgle exception tO. this last
water in each simulation. At the end of a 770 ps simulation we removedStatement is the Trp 13which formed a long-lasting hy-

two phospholipid molecules from each monolayer near the center of thelrogen bonding pattern to a phospholipid oxygen. We found
simulated patch and inserted a gramicidin A channel containing nine watefhat the nature of this Iong-lasting hydrogen bond was

molecules in its lumen. The coordinates for the channel were kindly . L
supplied Drs. Roger Koeppe and Tim Cross, as determined by NMR indlfferent from most of the Trp-lipid hydrogen bonds. By far

their labs (Ketchem et al., 1993, 1997; Koeppe et al., 1994). our dimer wath€ most common Trp-lipid hydrogen bond is with one of
assembled with one monomer in the configuration as determined by théhe carbonyl oxygens. A close look at the structure of the
Cross lab and the other in the configuration as determined by the Koeppkong-lasting hydrogen bonding pattern for Trp’ 18 shown

lab. The two configurations, both right-handg@dhelices, are generally i, Fig. 2, C-E It was seen that in this case the polar

similar. The only tryptophan for which there is a significant difference in . . :
the initial side-chain conformation is #9. [Note that the assignment ofhydrOgen in the Trp has formed a hydrogen bonding net

conformations from the NMR results is not completely unambi(_:;uous"_\’o_rk with the O’s in the glycerol moiety of the phospho-

(Koeppe et al., 1994).] lipid molecule. Fig. 2,C—E are each snhapshots chosen to
The complete computed system consisted of a GA channel, 96 DMP@epresent the three configurations of the hydrogen network.

molecules, and 3209 water molecules. It was energy minimized and theF:ig. 2 C shows an instantaneous configuration in which

thermalized at 305 K with velocity reassignments for every 0.2 ps (10 ) .
time steps) for 50 ps. At this stage, position restraints to all GA atoms Werot;rrp 13 is hydrogen bonded to the glycerd oxygen at the

applied with a harmonic force constant of 5000 kJ moR 2. In a heaq of the Sn'l C'hain- Fig. @ shows an instantaneous
subsequent MD run of 100 ps the restraining force was reduced to zero isonfiguration in which Trp-13is hydrogen-bonded to the
20 incremental step reductions of 250 kJ moA 2, with the reductions glycerol oxygen at the head of the Sn-2 chain. Fige 2

done at 5-ps intervals. The system was again thermalized at 305 K Witl%hows an instantaneous configuration in which Trp-'ﬂsS
velocity reassignments for 10 ps, and then subjected to continuous MD ..

simulations. After 200 ps of continuous MD the system potential energySImur[anemJSIy hydrogen-bonded to both glycerol oxygens.

leveled off. Data collection began at this point. The data were saved at 580 the course of the simulation, the TI?p-’l@H shifts it§
fs (25 time step) intervals. Most of the simulations were done runninghydrogen bond among the three configurations of Fig. 2,
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C-E remaining in a local “cage” structure with both of them,
as shown. This is an unusual but long-lasting configuration.
Fig. 3 shows the distributions of the side-chain torsion
angles for all eight tryptophans in the channel. All of the
distributions remained approximately centered about the
initial NMR-derived configuration. None of the tryptophans
made a distinct rotameric transition from the initial state to
another state. For a couple of the Trp’s, one can see signif-
icant but temporary excursion toward a second configura-
tion, but no assumption of a second distinct rotameric state.
Thus it seems that, although the two monomers had the side
chains arranged in somewhat different configurations, both
structures were sufficiently favorable energetically to retain
their configurations throughout the course of the simulation.
In general, the side chains of the Val and Leu values in
the computations explore a variety of configurations. The
most frequent transitions are for the chisZalues of the
Leu’s, the least frequent transitions are for the Val's. In
some cases, it does not seem that there is a clearly favored
single side-chain conformation. There is no clear pattern
between the two monomers as to which ones are more
variable. In comparison to an early study on gramicidin in
the absence of surrounding lipid (Chiu et al., 1992), it
appears that the frequency of side-chain conformational
transitions is about as high in the lipid as it is in vacuum.
Fig. 4 shows the backbone configurations of the channel.
Fig. 4 A shows the computed mean value and rms deviation
(symbol with error bay of the phi angle compared with the
initial configuration §olid ling), for each of the residues in
the two monomers. Fig. Bis in the same format asA} but
is for the psi angles. It is seen that the computed mean
backbone configurations are similar to the initial NMR-
derived configurations. Fig. @ shows the rms deviations in
a separate plot. It can be seen that there are a couple of
locations in which the channel backbone has exceptionally
large flexure, at the center of the channel and at the mouth.
In comparing this with an earlier study of the channel
without a surrounding membrane (Chiu et al., 1991), it is
seen that the rms deviations of the backbone are signifi-
cantly larger, especially in the channel middle and at the
mouths, in the membrane than in the earlier study. The
earlier study used soft artificial restraints to maintain the
secondary structure. It appears that even the softest artificial
restraints we used inhibited the backbone flexure more than
the membrane. However, the channel structure was com-
pletely stable in the membrane with no artificial restraints,
whereas some artificial restraints were necessary in the
earlier simulations to preserve the channel secondary structure.

FIGURE 1 Snapshot of the central computational cell of the computed
preparation. &) The entire preparation, water, gramicidin, and lipiB) (

The gramicidin and phospholipid headgroups only, showing the disposition
of tryptophan residues in the headgroup region characteristic of membrane
proteins. C) Water only, displaying the penetration of water to the head-
group-hydrocarbon boundary characteristic of hydrated phospholipid
membranes, and the chain of water through the gramicidin channel.
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FIGURE 2 Hydrogen bonding of the Trp’s. Numbers 9, 11, 13, and 15 are in one monomer of the chardi&l 19, and 15 are in the other monomer.

(A) Time series for the hydrogen bonding of the Trp’s to water in the interfacial reg®.ihe series for the hydrogen bonding of Trp’s to phospholipid
molecules. FromA) and B) it can be seen that there is much more Trp hydrogen bonding for Trp’s closer to the electrolyte (higher numbered residues)
than for those closer to the hydrocarbon region, and that there is much more hydrogen bonding to waters than to phospholipid molecules (withrthe except
of 13'). (C-E) Conformation that resulted in a long-lived hydrogen bonding between TrpriBone of the phospholipid molecules, in which the NH group

on the Trp ring remained in close proximity to two oxygens from the glycerol group of one of the phospholipid molé&gusmgshot showing the Trp-13

NH hydrogen bonded to the glycerol oxygen at the head of the Sn-1 cBgispépshot showing the Trp-1BIH hydrogen bonded to the glycerol oxygen

at the head of the Sn-2 chairE)(snapshot showing the Trp-1BIH simultaneously hydrogen-bonded to the glycerol oxygen at the head of both the Sn-1
and the Sn-2 chain.

Fig. 5 shows the order parameters for three classes df0% of the duration of the simulation; and 3) the hydrocar-
hydrocarbon chains: 1) the hydrocarbon chains in the lipidbon chains present during the gramicidin/lipid simulation
bilayer before the gramicidin was inserted (time-averagedhat did not have close hydrogen bonding to the channel. It
for the 200 ps before insertion); 2) the hydrocarbon chainss seen that interaction with the gramicidin channel has the
of lipids that were hydrogen-bonded to the gramicidin chan-effect of significantly increasing the order of the lipids
nel, either directly or via one intervening water, for at leastadjacent to the channel, but the presence of the channel does
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not have a significant effect on the ordering of the lipids thattransitions, especially Leu-4 and chi-2 of the other leucines.
are not adjacent to the channel. In the presence of the explicit lipid of the present simula-
Table 1 shows the analysis of various structural featuresion, the tryptophans were motionally restricted by the
of the same three classes of lipids as are identified in Fig. Smembrane, making no side-chain transitions at all. This is
It is seen that the bilayer structure in general gets wider (theonsistent with physical measurements that suggest that the
two interfacial regions get farther apart from each other) atryptophans in this preparation are in a highly motionally
the boundary with the gramicidin channel. This is seen irrestricted environment (Mukherjee and Chattopadhyay,
the increase in the carbonyl-carbonyl distance and the P-P994; Hu et al., 1995). Perhaps a major factor in the restric-
distance. The widening of the membrane by these measurdisn is the ability of the indole NH to hydrogen-bond with
is consistent with the increase in the order parameters fats environment, either water or phospholipid. The valine
these lipids shown in Fig. 5. The headgroup tilting is notand leucine side chains in the present study made transitions
quite as pronounced in the boundary lipids as the others, ag a similar frequency to our previous vacuum study, so
shown by the fact that the N-P distance projected along théhere was no evidence that the lipid in our preparation
membrane normal direction goes from 1.0 A in the lipidsimposed serious motional restrictions on these side chains.
away from the membrane to 1.6 A in the boundary lipids.This is in contrast to NMR studies suggesting much less
However, even for the boundary lipids, the headgroup ori-motional freedom for the aliphatic side chain rotations than
entations, as determined by the direction of the N-P vectorin our simulation (Lee and Cross, 1994; Lee et al., 1995;
are still more parallel than normal to the membrane planeKetchem et al., 1996). There are some possible reasons for
The other main point made by Fig. 5 and Table 1 is that thehe difference. One is that the experiments were done in an
structure of the lipid away from the boundary in the gram-8:1 lipid/gramicidin ratio and with incomplete hydration,
icidin/lipid preparation is very similar to the lipid structure rather than the excess lipid and water of our simulation. It
computed with no channel in the membrane at all. may be that the lipid packs more closely around the gram-
icidin in that experimental situation than it does in excess
lipid. It may also be that our computational technique for
DISCUSSION AND SUMMARY inserting the gramicidin and equilibrating it to the lipid did
This study is complementary to the studies of gramicidin innot result in sufficiently close packing to emulate the ex-
lipid from Woolf and Roux (1996). In those studies the periments in this regard. A “smart” Monte Carlo method
gramicidin/lipid ratio was 1:8, representing a preparationsuch as Configuration Bias Monte Carlo (Scott, 1996) may
dense in protein and well-aligned, ideal for solid-state NMRbe useful in finding more efficient packing between differ-
structural studies (Ketchem et al., 1993; Koeppe et al.ent molecular species in a heterogenous membrane, an
1994). Our preparation had excess lipid over protein, mor@pproach that will be used in future work.
typical for electrophysiological or water transport studies One tryptophan, 13 exhibited persistent hydrogen bond-
(Finkelstein, 1987). ing directly between the tryptophan residue and one of the
With respect to protein-lipid interactions, our results phospholipid molecules. This was the only instance of a
show that the dominant hydrogen bonding of the tryptophamersistent hydrogen bonding between a tryptophan and a
side chains is to water in the interfacial region. There is als@hospholipid. This hydrogen bonding was also unusual in
hydrogen bonding directly between tryptophans and phosthat it was not with carbonyl oxygens but with oxygens of
pholipid molecules, but this is not as common as betweetthe glycerol group in the phospholipid. This tryptophan and
tryptophans and water. In this respect our results are similathe phospholipid got into a relative configuration in which
to those of Woolf and Roux (1996). the amide hydrogen was simultaneously quite close to two
In a previous study (Chiu et al., 1992), we examined theglycerol oxygens, and remained there throughout the simu-
side-chain conformations and frequency of conformationalation. It is hard to assess the significance of a singular event
side-chain transitions in a simulated gramicidin channethat occurs in an MD simulation, because one has no idea of
with no surrounding lipid and no artificial restraints on the the frequency of the event in longer time scales. With this
side-chain atoms. In that simulation the tryptophan sidecaveat, we note that Mukherjee and Chattopadhyay (1994)
chain dihedrals underwent far fewer rotameric transitiongroposed, based on fluorescence spectroscopy, that trypto-
than the other side chains, but still averaged over on@hans in gramicidin could be divided into two classes with
transition per angle per nanosecond (Chiu et al., 1992)different local solvation environments. In their interpreta-
Leucine and valine side chains underwent many side-chaition, one class consisted of Trp’s 9 and 15, which are in a

FIGURE 3 Tryptophan side-chain conformers sampled during the simulation. Each dot on the graph is a conformer defined by chi-1 and chi-2. The
conformation was sampled every picosecond, so each graph shows 1200 conformations. The natural minima, based on the symmetry of the bonds, are at
60, 180, and 300° for chi-1 and at 90 and 270° for chi&.Trp 9, initial configuration was chi-¥ 282°, chi-2= 283°; B) Trp 9, initial configuration

was chi-1= 179°, chi-2= 81°; (C) Trp 11, initial configuration was chi-¥ 288°, chi-2= 297°; ©) Trp 11, initial configuration was chi-&= 293°,

chi-2 = 297°; €) Trp 13, initial configuration was chi-¥ 293°, chi-2= 275°; F) Trp 13, initial configuration was chi-&= 292°, chi-2= 276°; G)

Trp 15, initial configuration was chi-¥ 299°, chi-2= 259°; H) Trp 15, initial configuration was chi-I= 290°, chi-2= 274°.
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FIGURE 5 Hydrocarbon-chain order parameter profiles, for lipids with
direct or indirect hydrogen bonding to the channel protein, for other lipids
in the gramicidin/lipid preparation, and for the fluid lipid bilayer before
insertion of the gramicidin. The criterion for direct or indirect hydrogen
bonding to the protein is that the lipid must either be hydrogen-bonded
directly to the protein, or must be hydrogen-bonded to a water molecule
that is hydrogen-bonded to the protein, for at least 10% of the simulation
time. (A) Order parameter profile for the Sn-1 chaiB) @rder parameter
profile for the Sn-2 chain.

position to stack with each other, while the other consists of
Trp’s 11 and 13, which are not in a potentially stacking
orientation relative to each other. Our results suggest the
possibility of an alternative interpretation that one of the
classes consists of Trp’s that make an almost continuous
hydrogen bond with a phospholipid molecule for a long
time.

It is difficult to draw any firm inferences about correla-
tions between conformational changes of Trp side chains
and alternative hydrogen bonding to adjacent water and
lipid groups from our results. As mentioned above, it is
clear from the fact that the Trp’s made no large conforma-
tional changes that they are significantly motionally re-

obvious correlation between the amplitude of motions un-
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TABLE 1 Structural features of the lipid membrane before and after gramicidin insertion

Non-neighboring

Membrane Before Gramicidin Lipids After
Structural Feature Gramicidin Insertion Neighbors Gramicidin Insertion
Trans-gaucheatio, Sn-1 chain 3.02 3.76 2.89
Trans-gaucheatio, Sn-2 chain 2.82 2.97 2.80
N-N (choline) distance across bilayer (A) 35.4, 0.3 rmsd 38.8, 0.6 35.8, 0.4 rmsd
rmsd
P-P distance across bilayer (A) 33.6, 0.3 rmsd 36.0, 0.7 34.2, 0.3 rmsd
rmsd
N-P distance normal to membrane (A) 0.9, 0.2 rmsd 1.6, 0.6 rmsd 0.8, 0.1 rmsd
Carbonyl-carbonyl distance across bilayer (A) 25.7, 0.3 rmsd 28.3, 0.5 26.2, 0.5 rmsd
rmsd

In both cases the analyzed data are the last 500 ps of the simulation run. The data points for the distances are a time series with intervals of 50 fs, with
the distances averaged across the entire preparation at each snapshot, resulting in the indicated mean values and root-mean-squaredtelehéttions. No
the non-neighboring lipid membrane structure in the presence of gramicidin is similar to the membrane prior to gramicidin insertion. The membrane
immediately adjacent to the gramicidin is wider than the rest of the membrane and structurally similar to the first lipid layer in a preparatitneigtit on

lipids per gramicidin molecule (Woolf and Roux, 1996).

dergone by individual Trp’s and the specific hydrogen-order parameters for lipid in the absence of the channel
bonding environments of those particular Trp’s. For exam-(Xing and Scott, 1992).
ple, it is clear from Fig. 2 that Trp’9s hydrogen-bonded to Table 1 shows that the membrane adjacent to the channel
either a water or a lipid molecule a much larger fraction ofis thicker than the rest of the membrane. Our gramicidin-
the time than its counterpart Trp 9 in the other monomer oieighboring lipids are similar in respect to thickness to the
the channel. Yet from Fig. 3 it does not seem that there idipids in the Woolf and Roux (1996) study. As measured by
any marked difference between Trp 9 and Trpi® the the mean carbonyl-carbonyl distance, the hydrophobic
magnitude of the conformational fluctuations they undergothickness of the membrane adjacent to the channel is 28.3
Trp 13 appears to undergo some larger excursions than dods in contrast to 26.2 A in the rest of the membrane. Our
Trp 13 (the Trp that anomalously hydrogen-bonded di-results and those of Woolf and Roux are also consistent with
rectly to one of the lipid molecules), but other Trp’s that did NMR studies showing, over a wide range of concentrations,
not extensively hydrogen-bond directly to lipid moleculesthat the presence of gramicidin increases the order param-
had conformational fluctuations that were as limited aseter of DMPC membranes (Rice and Oldfield, 1979). The
Trpl3. It appears that the conformational sampling avail-most straightforward inference that arises from comparing
able from a 1-ns MD simulation is not sufficient to deter- the Woolf-Roux results to ours is that the structure of the
mine the correlation between specific Trp/lipid/water hy- nearest-neighbor lipids to the gramicidin is dominated by
drogen bonding relationships and conformational changethe local interactions between the neighbor lipids and the
of Trp side chains. gramicidin, and not as much influenced by the other lipids.
Insertion of the gramicidin channel caused an increase iBased on the similarity of our bulk lipid results to the
the order parameters of the hydrocarbon chains of thoseon-neighbor lipids in the gramicidin/lipid calculation, it
phospholipids adjacent to the gramicidin channel, as seen iappears that the presence of the gramicidin does not influ-
Fig. 4. The order parameters of the other lipid moleculeence the lipid structures very much past the nearest neigh-
chains seemed not to be greatly affected. The order paranbors, at least in DMPC.
eters are not quite as large as in computed (Woolf and Roux, However, the above interpretation is in apparent contra-
1996) or experimental (Rice and Oldfield, 1979) systems irdiction to the assumptions of several previous studies in
which the lipid/gramicidin ratio is much lower than in our which the conformation around the gramicidin channel was
simulations. However, the pattern of our observed ordercalculated from liquid crystal theory (Helfrich and Jakobs-
parameter profile is similar to those results, in that there isson, 1990; Huang, 1986; Ring, 1996). In the Huang and
a distinct peak in the region of the hydrocarbon chain neareHelfrich/Jakobsson studies it was assumed that the grami-
to the interfacial region. Thus our results suggest that theidin channel would cause a thinning in its immediate
gramicidin channel has the effect of increasing the ordewicinity of a phospholipid membrane as thick as DMPC.
parameter of DMPC hydrocarbon chains adjacent to it, inThe experimental basis for this assumption was the finding
the excess lipid of our simulation as well as in preparationghat the mean gramicidin channel lifetime in monoacylglyc-
in which there is only an effective single shell of lipids erol-squalene bilayers is increased as the bilayer hydropho-
around the channel (Rice and Oldfield, 1979; Woolf andbic thickness is reduced to 21.7 A, but not increased further
Roux, 1996). Monte Carlo calculations of a 14-carbon satfor further reductions in hydrophobic thickness (Elliot et al.,
urated hydrocarbon chain adjacent to a gramicidin channel983). From this it was deduced that the gramicidin li-
also show an increase in the order parameter for the pospophilic region has a length of 21.7 A, and the adjacent lipid
tions in the chain nearer the interfacial region, relative to theahins down to match that. Ring (1996) has also used con-
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tinuum theory in conjunction with the experimental resultsby changing ionic concentrations, can modify the stability
of Elliot et al. (1983) to consider the form of the lipid and lifetime of embedded gramicidin channels. Thus, com-
bilayer near the gramicidin channel. Based on the deperparing results of different experiments on lipid-gramicidin
dence of gramicidin lifetime on glycerol monooleate interactions, if the lipids are of different types, or if relevant
(GMO) membrane surface tension, Ring argued that th@xperimental conditions are different, may lead to error.
lipid bilayer thickness in the first layer of lipids nearest to However, one must deal with the results of Goulian et al.
the gramicidin would not thin down all the way to the (1998), which were done in DOPC membranes. Here, an
hydrophobic thickness, but would be at some thicknessncreased dimer formation when the membrane was put
intermediate between 21.7 A and the unperturbed hydrounder tension was ascribed to improved hydrophobic
phobic thickness of the membrane. The results in the presematching when the tension thinned the membrane, counter
paper are totally different, as the hydrophobic thicknesgo the above argument that the effective hydrophobic length
adjacent to the gramicidimcreasedover the unperturbed of the channel may be longer in PC membranes than in
25 A hydrophobic thickness of the membrane. glycerol membranes. In this case we suggest that an alter-

Our results must also be considered in the context of th@ative process could lead to increased dimer formation as
work of Goulian et al. (1998), who found that gramicidin the membrane is put under tension, and that is increased
channel formation rate and lifetime in DOPC vesicles in-lateral mobility of the monomers, as the membrane becomes
crease with applied tension. Their interpretation is that thehinner. By this interpretation, as the surface area per phos-
tension reduces the hydrophobic thickness of the mempholipid increases under tension, the wider spacing between
brane, thus providing a better match between the hydrophdhe phospholipid molecules results in an increased lateral
bic length of the channel and the hydrophobic thickness otliffusion coefficient for the gramicidin monomers, so the
the membrane. This interpretation is consistent with thdrequency with which they encounter each other in the
previously published liquid crystal continuum calculations docking position increases. In this view, although the chan-
on the membrane deformation around the channel, but doe®l formation frequency would increase with tension, the
not seem consistent with the MD results of the lipid con-channel lifetime would not be significantly affected, which
formation around the channel presented in this paper. This consistent with the Goulian et al. data. This is in contrast
sum total of the above results poses a quandary for intetto a study in which the channel formation rate was changed
pretation. From the MD simulations and the NMR orderby the degree of phospholipid chain saturation, where the
parameter results, it is logical to infer that the membrane izhannel lifetime is substantially increased by the same
thicker adjacent to the gramicidin channel than if the infer-change that increases rate of channel formation (Girshman
ence is made from channel rate-of-formation and lifetimeet al., 1997).
results combined with a liquid crystal description of the Whatever the ultimately correct interpretations of the
membrane. We will suggest an interpretation below to re-above and future results, it is remarkable that computations
solve these apparent contradictions. and experiments on such an irreducibly simple channel-

It may be that one difference between these conclusionmembrane system (the simplest known ion channel in a
from the MD results and the assumptions underlying thdipid membrane of homogenous composition), a system that
liquid crystal calculations (Huang, 1986; Helfrich and Ja-has been studied for decades, can still give rise to the need
kobsson, 1990; Ring, 1996) is that those assumptions werfer such complex interpretations of the data to resolve all
based on experiments in GMO membranes. Since the GM@he observations.
studies and the first liquid crystal calculations, much infor-
mation has emerged on the special role of aromatic side _ o
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