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Noncontact Dipole Effects on Channel Permeation. Il. Trp Conformations
and Dipole Potentials in Gramicidin A
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ABSTRACT The four Trp dipoles in the gramicidin A (gA) channel modulate channel conductance, and their side chain
conformations should therefore be important, but the energies of different conformations are unknown. A conformational
search for the right-handed helix based on molecular mechanics in vacuo yielded 46 conformations within 20 kcal/mol of the
lowest energy conformation. The two lowest energy conformations correspond to the solid-state and solution-state NMR
conformations, suggesting that interactions within the peptide determine the conformation. For representative conformations,
the electrostatic potential of the Trp side chains on the channel axis was computed. A novel application of the image-series
method of Neumcke and Lauger (1969. Biophys. J. 9:1160-1170) was introduced to simulate the polarization of bulk water
by the Trp side chains. For the experimentally observed structures, the CHARm toph19 potential energy (PE) of a cation in
the channel center is —1.65 kcal/mol without images. With images, the PE is —1.9 kcal/mol, demonstrating that the images
further enhance the direct dipole effect. Nonstandard conformations yielded less favorable PEs by 0.4-1.1 kcal/mol.

INTRODUCTION

Tryptophans are often located at the lipid-water interface iflices, the G and T conformations fox* are equally popu-
membrane proteins, where they are thought to orient théated by Trp, but G is rarely found, because the ring would
proteins in the lipid bilayer (Andersen et al., 1998). The Trpintersect the helix, although on the inside surface of antipa-
indole side chain has both polar and hydrophobic characrallel B-sheets or either side of parall@sheets the G
teristics, the indole N-H bond in conjunction with a pair of conformation is preferred for side-chain packing reasons
conjugated rings providing a substantial dipole moment (2.XRichardson and Richardson, 1989).
Debyes), and the benzene ring being hydrophobic. This The Trp indoles in gramicidin A have been found, using
paper is the second in a series that focuses on the modulgelution- and solid-state NMR, to be oriented with the N-H
tion of gramicidin channel current by interfacial dipoles, bonds facing the bulk water and their dipoles nearly aligned
such as those produced by Trp and fluorinated Trp (Busathvith the channel axis, and the positive end pointing toward
et al., 1998) side chains. Gramicidin A (gA) is a 15-aminobulk water in sodium dodecyl sulfate (SDS) micelles (Ar-
acid polypeptide with the sequence formyl-V-GeA=-A-  seniev et al., 1986a) and dimyristoylphosphatidylcholine
D-V-V-b-V-W-p-L-W-p-L-W-p-L-W-ethanolamine, which (DMPC) multilayers (Hu et al., 1993, 1995; Koeppe et al.,
dimerizes head to head to form channels in lipid bilayers1994; Hu and Cross, 1995; Ketchem et al., 1996, 1997). For
The eight Trps (residues 9, 11, 13, and 15 on each of twehe right-handegs®>-helix gramicidin channel, two of the
monomers) are located near the entry and exit of the twofoldix canonical aromatic side-chain conformation$, >
symmetrical channel (for reviews see Busath, 1993have this property, namely-60, —90°) and (180, 90°). In
Andersen and Koeppe, 1992; Woolley and Wallace, 1992yramicidin channels, these two conformations have nearly
Killian, 1992). Because of the Trp dipole moments andidentical orientations of the indole dipole and nuclear spin
positions, they modulate the flow of ions through the chanqnteraction tensors (the solid-state NMR observables) with
nel in lipid bilayers (Hu and Cross, 1995). respect to the plane of the bilayer.

In general, six canonical Trp side-chain conformations Using solid-state NMR, the refined time-averaggt
are commonly observed in proteins, which include the twoangles for Trp, Trp*", Trp'3, and Trg® were reported to be
conformations seen with NMR in gramicidin, havigg = —74°, —71°, —64°, and—61°, respectively, and thg*?
60° (G), —60° (G), or 180° (T) (the last two being equally angles were—82°, —91°, —85°, and—90°, respectively,
common), andy** = +90° (+) or —90° (-) (Richardson yjith error bars of+5° (Ketchem et al., 1997), all near a
and Richardson, 1989). Depending on the backbone struganonical—60°, —90° conformation. They fluctuated ther-
ture and adjacent side chains, many of the six canonicafha"y with an rms amplitude between13° (Trp%) and
conformations may be inaccessible. For instancey-le- 4 oge (Trp'Y), primarily rotating about thg®* axis (Hu et

al., 1995). However, the solid-state data do not rule ogt a
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lated gA suggest that Tfpis normally in the 180°, 90° angle of the @-CB bond with the helix axis (Nicholson and
conformation (Koeppe et al., 1995, 1996). However, Hu andCross, 1989). Although Venkatachalam and Urry (1983)
Cross (1995) argued that Trs stacked in the-60°, 90°  identify a minimum energy side-chain conformation for a
conformation with the indole plane parallel to that of ¥tp right-handed helix, they give no details of a conformational
because both side chains have lower freedom thah'@rmq@l ~ search with the right-handed helix. Consequently, we de-
Trp*® (Hu et al., 1995) and because Trp fluorescence inteneided to revisit the conformational search, using the right-
sity is reduced in the channel conformation compared to thahanded helix and a standard force field.
in the random coil conformation (Jones et al., 1986; Scar- Here we report the results of a conformational search
lata, 1988). study using the CHARMm force field. Like the Venkatacha-
In Trp side-chain conformations in which the indole N-H lam-Urry analysis, we explored a limited set of starting
projects toward the aqueous boundary, the axial indoleonformations, consisting in our case of just the canonical
dipole moment is expected on the basis of theoretical comeonformations; but we also minimized each starting config-
putations to enhance gramicidin channel conductanceration, producing a somewhat more robust search of con-
(Etchebest and Pullman, 1985; Sancho and Merti 1991; formational space. The lipids and waters in the environ-
Hu and Cross, 1995; Woolf and Roux, 1997). Indeed, whemment, which are expected to affect the energetics of the
the four Trps are replaced by phenylalanine, conductance dfrp-side-chain orientations that differ with respect to the
the analog channels is measurably diminished in diplane of the interface, were not included, to focus on the
phytanoylphosphatidylcholine (DPhPC)/decane bilayersonformational requirements of the peptide. We show be-
(Becker et al., 1991) as well as in monoolein (GMO)/low that the solid-state and solution-state NMR structures
hexadecane bilayers (Bamberg et al., 1976; Heitz et alare among the three lowest energy structures that emerged
1982, 1986, 1988). In addition, enhancement of the Trgfrom the calculations.
dipole by fluorination at indole carbon-5 increases channel Then, in conjunction with a larger project to analyze the
conductance to Naand K" (Andersen et al., 1998; Busath effects of side-chain dipoles on ion transport in gramicidin,
et al., 1998), but only under conditions in which transloca-we compute the electrostatic potential of the indole dipole
tion through the channel is the process that limits the rate ofdirect component) and its associated bulk water reaction
current flow (Busath et al., 1998). (indirect component) at the channel axis for different Trp
The main factors expected to affect Trp conformationconformations. The indirect component is based on the
include at least four types of interactions: with backbonemethod of images (Weber, 1965; Neumcke anaidex,
and adjacent side chains (including other Trp dipoles)1969; Hao et al., 1997; Iverson et al., 1998). The electric
which we will refer to as conformational energy; hydropho-field of an ion in a slab of low-dielectric medium (lipid)
bic forces on the indole aromatic rings; interactions such asandwiched between two high-dielectric semiinfinite slabs
hydrogen bonds between the polar indole N-H and lipid(water) is represented by the charge and its images in a
headgroups or water; and the electrostatic interaction basniform low-dielectric medium. Within the bilayer, the field
tween the indole dipole of 2.1 D (Weiler-Feilschenfeld etof the image charges embedded in a uniform low-dielectric
al., 1970) and the interfacial dipole potential of 274—-390medium is equivalent to the field of the high-dielectric
mV (Pickar and Benz, 1978) spread over a headgroup layenedium polarized by the charge in the bilayer. The inter-
thickness of>6 A (Dilger, 1981). action between the ion and the image charges was intro-
Before measurement of the side-chain conformations iduced to compute the self-energy (or image potential) bar-
gramicidin, a conformational search based on a proprietaryier (Neumcke and Liager, 1969) for the aqueous dielectric
force field was reported (Venkatachalam and Urry, 1983)reaction to an ion passing through the membrane, which
Side-chain dihedrals were spaced at 30° intervals, and emepresents the majority of the saline reaction (Jordan et al.,
ergies of interaction with backbone and other side chains fot989). We apply the same method to represent the bulk
viable Trp conformation sets were reported. Using a left-water reaction to Trp side chains in the membrane and then
handed helix, four independent conformations for *fyp calculate the interaction energy between an ion in the chan-
three for Trg*, and four interdependent sets of 9frp*®>  nel and the image charges to obtain the indirect component.
conformations with interaction energies within 5 kcal/mol A more elegant analytical method derived by Smythe
per residue were identified. The optimal conformation for(1967) was also implemented, but the image charge ap-
the left-handed helix was used for subsequent computationzoach proved to be accurate and more efficient. Although
(Roux and Karplus, 1988; Turano et al., 1992), and thean atomistic approach (i.e., using explicit dynamic solvent
entire set was used to analyze Raman spectroscopy resultaters) might seem preferable, in practice the mesoscopic
(Takeuchi et al., 1990), but unfortunately, the set did notapproach is necessary for this problem because of the low
include the solid- and solution-state NMR conformationsenergies involved.
discovered subsequently. Furthermore, NMR demonstrated The electrostatic potential of the indoles contributes to
(Arseniev et al., 1986a,b; Nicholson and Cross, 1989; Sepdhe total electrochemical potential, which also includes in-
rovic et al., 1994) that the helix was right-handed rather tharteractions between the ion and all other components of the
left-handed. In this backbone conformation the Trp sideenvironment (aqueous bath solvent, channel waters, channel
chains project more toward the aqueous bath because of theckbone and nonpolar side chains, and lipid molecules)



Dorigo et al. Trp Conformations and PMF in Gramicidin 1899

(Jordan, 1984), as well as energy effects of ion-inducedhter-ring bond. The value of the dipole moment differs considerably from
changes in the average conformation of surrounding molegthat measured in benzene, 2.1 D, and the angle differs somewhat from the

P : : eported value of 50° (Weiler-Feilschenfeld et al., 1970). Therefore, ion-
cules. lon permeation is an electrodiffusive process, appro% ipole energies reported here should be scaled up by a factor of at least 1.8

'mately d_“”S'bIe into three mam steps. because of.gen'erq correct for the low dipole moment inherent in the toph19 fixed partial
features in the electrochemical potential profile: diffusion charge distribution. Some uncertainty is also to be expected based on a

up to a binding site just inside the channel entrance, diffudiscrepancy of-7° in the angle of the dipole relative to the indole position
sion to the symmetrical site near the exit, and diffusionand neglect of the polarization of the Trp indole by the passing ion.
away from the channel. For permeant ion concentrations

greater than-200 mM and at membrane potentials less than

~200 mV, channel conductances are limited by the middleGramicidin backbone structure

transport step, translocation through the_ Chan_nel’ jUdginghe structure for the gramicidin backbone and side chains was obtained
from the shapes of current voltage relationships (Hu androm the proton-NMR-based dihedral angles and docking parameters for
Cross, 1995; Busath et al., 1998). Although the Trp potenthe peptide incorporated in dodecylsulfate micelles in the head-to-head
tial of mean force (PMF) affects other aspects of transport§ingle-helix channel conformation (Arseniev et al., 1986a). The dimer
especially ion binding, here we focus primarily on modula-9eometry was refined in a vacuum by means of energy minimization to an
. - . fatomlc RMS energy gradient less than 0.1 kcal/mol.
tion of the translocation step that results from reduction o
the barrier to translocation by the outward-pointing Trp
dipoles.
Although it is straightforward to estimate the ion-dipole
interaction energy from Coulomb’s law, it is more difficult First an ensemble of the 96 possible combinations of six canonical
to accurately estimate the dielectric shielding produced byotameric orienta.tions folr the four' Trp side chains was generatezd1 using
the nearby polar structures: lipid headgroups, peptide backzHARMmM. The dihedrak™ was assigned values of 180, 60,060 x™
- . was assigned values af90°. Twofold symmetry was assumed, i.e., the
bone, and pqre Wa_ters' Proteins are often estimated to ha\é rting rotamer conformation was the same for each monomer in the
an overall dielectric constant of 25, but the hydrogen- dimeric channel. The Trp side chains and backbone were fixed for 50
bonded, hydrophobic interior of proteins is generally esti-cycles of energy minimization to relax the non-Trp side chains. The
mated to have a value near 4 (e.g., Simonson, 1998; Shargsulting conformers with steric energies higher than 1000 kcal/mol were
et al., 1998). We assume that the strongly hydrogen_bondecascarded. In the discarded conformations, which represented the vast
o | . . ajority, at least one Trp group overlapped another side chain or the
B-helix bQCkbone presents a dlglectrlc (_:Ons,t_ant.asl low as %]ackbone. This procedure had the effect of focusing only on the viable
and possibly as low as the atomic polarizability limit-e2. canonical Trp conformations at this stage of the search.
Likewise, pore waters have often been modeled as a high- Optimization of the viable conformations was then carried out with all
dielectric medium withe = 80, like bulk water, but channel side chains free and backbones fixed until their energy gradient was lower
ions completely orient channel waters (Partenskii et al_than 0.1 kcal/mol. In this step, the optimal Trp dihedrals nearest the

. . . tanonical conformations were obtained. Generally, thedihedrals re-
1991) so that the residual dielectric response probably cor, v, #h

- ) mained within~15° andy** within ~40° of the starting conformation.
responds to a dielectric constant of 2—4. The polar headrhe 46 conformers with the lowest energy were kept for analysis. One
groups are thought to have properties intermediate betwednindred additional cycles of optimization using the same constraints re-
those of lipid tails € = 2) and bulk water. For simplicity, sulted in small energy changes, typically less than 2 kcal/mol, for each of
we treat the polar headgroup region as indistinguishabl@e 46 conformers. The optimization criteria therefore appeared acceptable.
from bulk water.

We find that the translocation barrier would be less L .
reduced for the conformations in which one or more TrpClassification of Trp conformations
Si_de'Chain N-H bonds project toward the center of they giscussing the results of our calculations, we first regroup the Trp indole
bilayer rather than toward the bulk water, so that theseonformations according to whether the indole dipole points toward the
conformations should have reduced single-channel condudulk water (o), toward the center of the bilayer (i), or parallel to the plane
tance compared to the two NMR-derived conformations af’f the bilayer (p). This classification emphasizes the expected effects on

| t under conditions where the transl tion barrier limit channel conductance and is illustrated in Fig. 1, which shows the six
east under co ons ere the transiocation barrie %anonical Trp conformations for TH) three in each of two channels for

current flow in the channel. clarity, relative to the channel backbone, which is oriented normal to the
lipid bilayer. For the case of the right-handed helix,-Gand T+ point out
(0), G'+ and T- pointin (i), and G+ and G- are parallel (p) to the bilayer

Side-chain conformational analysis

plane. (The left-handed helix differs because the backbone is rotated
METHODS ~180°.) The three classes, o, i, and p, are subdivided for the seven most
Parameters energetically favorable structures in each group, based on whettas

negative (1) or positive (2).

The calculations in this paper were performed using CHARMm (Molecular ~ We further group the channel monomer conformations according to
Simulations, San Diego, CA) with the toph19 charges and param19 pawhether zero (group 0), one (group 1), or two (group 2) Trps are pointing
rameters (Brooks et al., 1983). In particular, the partial charges on the Trjin or are parallel. Although it is also possible that three or four could point
side chain were £0.00, C* 0.06, C' —0.03, N* —0.36, H* 0.30, C? in or parallel to the channel, no examples occurred in our search. This
0.10, C? —0.04, C* —0.03, CG? 0.00, C* 0.00, C'? 0.00 (atom names grouping again anticipates the effect on conductance, as the members of
according to IUPAC convention; IUPAC-IUB, 1970). This charge distri- each channel monomer conformation group are expected to yield similar
bution corresponds to a dipole moment of 1.15 D at an angle of 43° to thexial electrostatic potentials.
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are defined as 80 in the agueous solution and 2 in the bilayer, the channel
I o1(G-) I walls, and the channel interior. In Fig. 3 the gramicidin channel is repre-

sented by a backbone cartoon with Trp side chains in the 01 positions, i.e.,
with indole N-H hydrogens projecting toward the aqueous bath. On the left
- and right are the images of the Trp side-chain atoms (as defined above),
(T-) representingy = 0 andn = 1 in Egs. 1 and 2, respectively. Because of sign
p1(G-) ) p a gs. , resp Y. u g
i2(G'+) reversal in the first order images, the image dipoles are opposite those of
the real charges. Consequently, the closest and most significant image
02(T+) dipoles are parallel, rather than antiparallel, to the real charges and enhance

the image charges were dependent on the choice of the location of the
interface, which was somewhat arbitrary. The channel itself is 25 A long,
but the low-dielectric region can be longer, because the lipid groups extend
FIGURE 1 Six canonical TAF side-chain configurations for gramicidin  beyond the edge of the channel. For our calculations we arbitrarily assumed
A dimer. The channel backbone is represented by a cartoon. The indola hydrophobic thickness af = 31.0 A, similar to that measured using
dipoles are shown in representative positions projecting either toward thenembrane capacitance for the GMO/hexadecane bilayer, 32.7 A (Dilger,
aqueous solution (01 and 02), toward the bilayer (i1 and i2), or parallel tal981) and~33 A (Waldbillig and Szabo, 1979).
the bilayer (pl and p2).

! p2(G+) I the effect (agonistic or antagonistic) of the real charges. The positions of

PMF calculation

Solvent reaction image charges To compute the mean force potential exerted by the Trp side-chain atomic

The axial electrostatic potential was calculated (see below) both in vacu@artfIal chargeﬁéqn a morova:lednt tcatlorr: Tg\g]r_‘g anHg the azls of't.each
and with an additional solvent reaction field to simulate reaction of the bulkCMOrMer, a lon was located at €ach o equally spaced positions

water to the Trp conformations. For the reaction field, an additional set malor?g the channel axis betyveeriLS and+15 A..The Cqulomb|c electro- )
point charges, located outside the channel, is included in the calculations gjatic energy l?‘e“”ee” the ion and {each Trp side Ch‘?‘m wa; computed with
represent the electrostatic effect of the Trp side chains mediated by tthARMm’ using no no_nbon_ded pair cu_to_ffs and a dielectric constant of 2
polarization of bulk water. The image chargggndq’, and their positions, represgntmg th? polarlzablhty _Of the lipid, pgpnde, and_ channel water
x and X', were computed using the equations of Neumcke afdgea atoms .|n the vicinity of the Trp |ndo|e§ (see Fig. 3). In this paper, we do
(1969). For each Trp atomic partial chargg,located in the membrane at n_ot estimae chgnge; in ion flux predicted by t_he computed ,PMFS’ prefer-
position 0< x; < d, whered is the membrane thickness, there are four ring to leave th|s .unt|| ‘r’_‘ more acpurate PMF is obtained W'th better Trp
series of image charges: charges and with inclusion of the interaction energy between ion-polarized
channel waters and Trp side chains. Instead, the discussion focuses on a
g.n= 92”+1qi atx ,=—-2dn—-x (n=0,1,2,...) (1) comparison with previous estimates of the Trp PMF on the channel axis,
one based on experiment and three based on quite different theoretical

g, = 6*" g atx,=2dn—x (n=1,2,3,..) approaches.
@)
q.,=6"gatx ,= —2dn+x (n=1,23,..) (3 RESULTS
q. = 6Pgatx,=2dn+x (nN=1,2,3,..) (4) Table 1 lists the members of the three Trp conformational

groups from the conformational search performed in vac-
where the parameted = (e, — €)/(e, + €) is computed from the yum, which have zero (group 0), one (group 1), or two
dielectric constants outside,(= 80) and inside ; = 2) of the bilayer. (group 2) inward or parallel pointing side chains in each
N hat the fi ir of ch h i ite th f . . . .
ote that the first palr of charges, , andd,, have signs opposite those o monomer, and their conformational potential energies. The
g, and represent the primary images in the two solvent baths. The second, . . .
pair,q'_, and,, are the opposite of the first pair and are second-orderSide chains of corrgspondl_ng residues from the two mono-
images, i.e., images of the first-order images in the solvent bath on théners, although minimized independently, generally had ap-
opposite side of the lipid bilayer. The equations describe an infinite serieproximately the same final conformations. The energies

of image charges, but the axial electrostatic potential from the imageggnsist of side-chain strain. side chain—side chain interac-
beyond the fourth-order images was negligible, and the series was trun- '

cated at this level.
In Fig. 2 the dielectric regions used for the image charge calculations

L= QIQJ'
=, ey
o

%& T %
<=3 f=-3

22
£=2

7

€=80 g= €780

0 X Id FIGURE 3 Charge images of the Trp side chains are shown to the left
——————— and right of a channel. Those on the left are reflections of the original side
chains about the left lipid-water interface and are positioned and charged
according to Eg. 1 ah = 0. Those on the right are reflections about the
right lipid-water interface and are calculated according to Eq.r2 atl.
FIGURE 2 The dielectric regions used in the computation of the imageThe image charge approach replaces the lipid-water boundaries with an
charges. A bilayer of thickness is assigned a dielectric constant of 2 infinite series of image charges and a dielectric constaeahroughout.
throughout, including the channel region, which is shown by dashed linesThe images shown here represent the first two of 16 sets of images used in
The aqueous solution on either side is assigned a dielectric constant of 8€he calculations in this paper; the other 14 sets are located at progressively
The axial positions of charged indole atoms in the bilayer are denoted by further distances from the original channel.
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TABLE 1 Calculated conformation energies, by peptide Channel monomer conformation 1 from Table 1 has ol
c_onformation group, from modeling based on the SDS micelle positions for all four Trps, which corresponds to one pos-
right-handed helix backbone sible solid-state NMR structure. Conformation 2 has 02 at

Energy Trp residue orientation position 9 and o1 at the other three positions, corresponding
Conformer (kcal/mol) 9 11 13 15 to the solution NMR structure. Other structures have higher
Group 0 energies, indicating less favorable interactions between the
1 _320 ol ol ol o1 Side chain and the rest of the peptide. However, structure 8,
2 -31.1 02 ol ol o1 Wwith i1 at position 9, has essentially the same energy as
3 -22.9 ol ol ol 02 structures 1 and 2 and would certainly be expected to occur
4 —21.8 ol ol 02 ol in the bilayer environment unless hydrogen bonding, hydro-
2 :13:3 g; 81 gi 8; phobic, or dipole-interfacial potential interactions destabi-
7 120 ol ol 02 o2 lize itrelative to the other two. The conformational energies
suggest that many of the other conformations might also be
Group 1 observed occasionally if stabilized by the environment or
8 —30.7 i1 ol ol o1 high barriers to interconversion.
1?) :Zg:g '021 c(’)ll ?21 gi Fig. 4 a—d (no symbols shows the ion-Trp interaction
11 _236 ol pl ol o1 energy profiles for conformers 1, 8, 31, and 46 of Table 1.
12 -22.7 ol ol ol i Conformers 1, 8, and 31 are the most stable conformations
13 -21.9 ol i1 ol ol  of their respective groups in Table 1. Conformer 46 ETrp
14 —217 ol ol i1 ol and Trp?, o1; Trp'3, i1; Trp'®, i2), though the least stable
1‘2 :gé'g 2 ° g 'o conformer in group 2, is shown because it illustrates a
17 _194 o " : o conformation opposite that of conformer 31 (Trid; Trp*,
18 ~19.4 0 o i 0 pl; Trpand Trg®, 01). The conformations with more N-H
19 —-185 0 [ 0 o groups pointing outward yield greater stabilization of the
20 —17.8 i 0 0 O cation at the center of the channel. The cation is stabilized
;; :13'2 7 0 o . atthe center by 1.8 kcal/mol when all four groups point
23 158 o o o i outward (structure 1), but this stabilization energy drops to
24 —-15.7 o p o o 1.4 kcal/mol when only three groups point outward (struc-
25 —-15.0 0 [ 0 o ture 8) and to 0.7 kcal/mol when only two groups point
26 —14.6 0 0 i ©  outward (structures 31 and 46). There is also some variation
;; :1‘31:‘21 . ? 0 o in the shape of the interaction energy profile, with an 0.6
29 125 o o o i kcal/mol central hill in the Trp PMF for structure 31, which
30 -12.0 o o i o is negligible in the other three cases.
The image PMF (Fig. 4a and 4d, no symbolsversus
Group 2 _ symbol$} either enhances or reduces the Trp stabilization
g; :ig'g :i 21 gi :321 energy, depending on the side-chain conformation. In Fig. 4
33 180 i ol i o1 & Where all eight Trps are in the o1 conformation (which
34 -17.8 i1 ol i2 o1 stabilizes the cation in the center of the channel, i.e., con-
35 —17.4 i2 pl ol ol tributes an energy well to the total energy profile), the image
36 -17.3 i1 ol i1 ol PMF deepens the total PMF because charge reversal in the
g; :ig'; :l El gl iOl images results in parallel alignment with the real dipoles for
39 146 i i o o the nearest image dipoles (Fig. 3). In Figd,Avhere two of
40 —14.4 0 i 0 i the pairs of Trps (Trp® and Trg®) are in the il configura-
41 —14.4 [ 0 [ 0 tion which destabilizes the cation in the center of the chan-
42 —14.3 0 0 i ? nel, the image PMF further destabilizes the ion. In this case,
ﬁ :ig'i '0 ? i° (') the destabilizing images (13 and 15) are nearer the center of
45 126 o D o i the channel than the stabilizing images (9 and 11), and their
46 -12.3 o o i i effect dominates. Interestingly, in this case, the destabiliz-

ing effect of the images is greater at the ends of the channel
(x = *12.5 A) (which are near the main cation-binding
tion, and side-chain backbone interaction energies but natites,x ~ +10 A), than at the centex (= 0 A), because of
backbone bond or nonbond energies. the proximity of the destabilizing image dipoles to the
Table 2 gives the mean and standard deviation of thdinding site.
dihedral angles for each o, i, and p subclass represented in Variations in profiles among ol and 02 conformers are
the conformation set. The means are close to canonicahodest, as shown for group O (Figah In group 1 (Fig. 5
conformation values, and the standard deviations are reld), one pair of side chains is rotated to the i or p state for
tively small. each structure, so the stabilizing energies at the center are
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TABLE 2 Mean (+ SD*) x' and x*' (in degrees) for Trp conformation types*

9 11 13

Trp Trp Trp Trp*®

Xl XZ,l Xl X2,1 Xl X2,1 Xl XZ,l
ol (G’—)§ -702+17 -684*+7.1 —-552+2.1 —66.2+ 2.2 —-56.0+ 0.8 —-74.0+ 2.1 -58.0+23 —753*+4.7
02 (T+) —175.0+ 3.0 80.7+ 10.5 N.OT N.O. —-164.1+ 0.8 74.4+ 1.3 —-176.2+ 3.8 86.5+ 3.5
i1(T—) —-178.3+25 —-88.1*+29 —-171.1+ 3.1 —-130.3= 0.5 —175.9+28 —125.9+ 8.6 N.O. N.O.
i2 (G'+) —-60.0+ 1.4 93.2+ 5.3 N.O. N.O. —-58.0+ 0.9 101.8+ 2.6 —60.6+ 2.6 102.2+ 5.8
pl (G-) N.O. N.O. 48.3+ 1.0 —-78.0+ 2.1 N.O. N.O. N.O. N.O.
p2 (G+) N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O.

*The standard deviation of the dihedral angles among all of the conformers listed in Table 1, with the canonical conformation specified in garenthese
#The minimum energy values from both monomers for each of the 21 subclassified conformations listed in Table 1 are averaged.

S5The starting conformations (before minimization) are the canonical conformations in parentheses labeled according to the scheme of Ta{Q80ji et al.
N.O., Not observed.

1.2-1.4 kcal/mol compared to 1.7-1.9 kcal/mol in group O.varies as expected with the axial position of the side chain,
Inward or parallel configurations of one of the side-chainthat is, Trp (Fig. 6 a) contributes a narrow well with
pairs are thus expected to result in a loss~69.3—0.7 complete merger of the profiles from the two monomer
kcal/mol of cation stabilization at the center of the channelcontributions, whereas Ttp(Fig. 6d) contributes a broader
depending on which residue is rotated. well with incomplete merger. The 02 configuration (from
The contributions of the individual side-chain pairs areconformation 2) yields a PMF comparable to the ol con-
shown for some o, i, and p conformations for each of theformation (Fig. 6a, triangles.
four Trp pairs in Fig. 6. The depth of the stabilization well If some Trp side chains were to assume an inward-
for the 01 conformer is similar for all four side-chain pairs pointing conformation, their electric fields would oppose
in conformation 1, as shown by the curves without symbolghose of the remaining outward pointing side chains, as
in the four panels 0.5 kcal/mol). However, the shape shown in the curves with circles in Fig. 6. Fig. &andb,
contains the PMFs for Tfin the i1 configuration and Trg
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FIGURE 4 The PMF along the channel axis due to interactions between -20 -10 10 20
a cation and all eight Trps and their images are shown for four represen- Axial Position (R)

tative conformations obtained from the conformational seag)rCénfor-

mation 1 (all Trps in the o1 position)b) Conformation 8, in which the pair FIGURE 5 The PMF, image PMF included, for individual conforma-
of Trp®s is il and the other three pairs are o) Conformation 31, in  tions. @) All eight of the group 0 conformations from Table 1, in which all
which the pair of Trf's is i1, the pair of Trp¥s is p1, and the other two  eight Trps are in the o (outward pointing) positiotn) Conformations
pairs are 01.d) Conformation 46, in which the pair of Ttps is i1 and the 8-14 from group 1 in Table 1, in which one of the four Trp side chains on
pair of Trp'®s is i2 with the other two pairs are ol. mandd, the PMFs each monomer is in the i (inward pointing) or p (perpendicular to axis)
computed from the Trps alone without images are marked by symbols. position.
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0.5 1 5 0.5 eyt and Cross, 1995) for a continuum dielectric model (Sancho
| € I | and Martnez, 1991), for a left-handed gramicidin A atom-
] @ g w istic model with polarization (Etchebest and Pullman,
0.5¢ 1= 051 1 1985), and for a right-handed gramicidin A atomistic model
% without polarization but with dynamic averages (Woolf and
45} & -1.51 ] Roux, 1997).
[ a TRP-9 g b TRP-11
B I T T 20§-2-_520 BET R ST Y Implications of conformational search results
Axial Position (&) Axial Position (R) Our Trp side-chain conformational search for the right-
— handed helix is similar to that of Venkatachalam and Urry
0.5 -g 0.5 (1983) (the VU search) for left- and right-handed helices.
! @ . E - Q . However, it is difficult to compare our results to the VU
-0.5} { =.05¢ 1 results directly, because the set of acceptable conformations
3 described there pertains to the left-handed helix, with only
15 2 1.5 the lowest-energy conformation being described for the
“3.oF 1 W -Lofr 1 . . . . . .
c TRP-13 s d TRP-15 right-handed helix. Tryptophans with identical rotameric
] £ | states point in opposite directions in left- and right-handed
-2._520 e E'z'-szo O R T Y helices (N|.cholson and Cross, 1989),'mak|ng it Imp(:')SSIb|.e
Axial Position (R) Axial Position (&) to ascertain from the set of accessible conformations in

left-handed helices what rotameric states would be accessi-
FIGURE 6 PMFs, image PMF included, of individual pairs of Trps are bl€ or inaccessible in right-handed helices. The lowest en-
compared for 01 and alternative positions) The Tr PMF from con-  ergy state for right-handed helices in VU contains, using the
fo??ti?;l % (f;lno fSymb?_l}SiS ;frzﬁ_%é;re(fé)tf; ratTOLliogslr:n}aﬁon 2 (<f12) classification relationships shown in Table 3, i1, 02, 02, and
nd to that of conformation iD). e Tr rom confor- 5 ;
;ation 1 (o1 no symbolsis compared to that of conformation 31 (). 02 for Trp‘.’, Trpll’ Trpl.g’ and TI’[} , respectively. The.02
(0) The Trp® PME from conformation 1 (olno symbolsis compared to conformation is sufflc!ently Iess. favorable energetlcally
that of conformation 46 (i10). (d) The Trgs PMF from conformation 1 than the o1 conformation that this VU conformation does
(01, no symbolsis compared with that of conformation 46 (i2). not appear among the top seven of our group 1 conforma-
tions. However, i1l and 02 at position 9 are found to be
nearly as favorable as o1, provided the other three Trps are
in the p1 configuration, both from conformation 31. Fig. 6, in the o1 conformatior{compare conformations 2 and 8 to
c andd, contains the PMFs for Tfgin the i1 configuration  conformation 1 in Table 1).
and Trg®in the i2 configuration from conformation 46. The  |n hoth this and the VU studies, only the conformational
dipole potential is destabilizing at the center of the channelenergy was accounted for, leaving unanswered the question
up to 0.2 kcal/mol (Fig. @). It should also be noted that the of how interactions with the lipid-water environment affect
ol configuration stabilizes more than the il destabilizesonformation. It is noteworthy that conformation 1 corre-
because it is closer to the center of the channel (Fig. 1). sponds to an acceptable solid-state NMR structure (Table 4;
Hu et al., 1993, 1995; Koeppe et al., 1994; Ketchem et al.,
1997), and conformation 2, of similar energy, corresponds
DISCUSSION to the SDS micelle conformation (Table 4; Arseniev et al.,
We find a variety of energetically accessible Trp conforma-1986a, 1990; Lomize et al., 1992). This suggests that the
tions for gramicidin A. In particular, conformations 2 and 8
are both within 1.3 kcal/mol of conformation 1. The out-
ward pointing conformations yield a negative potential TABLE 3 Trp side-chain conformation classification
within the channel. For the o1 and 02 conformations, theoremes for right-handed p-helices
potential reaches a minimum in the center at abeQt5 ~ Canonicalx* —60 180 180 —60 +60 +60
kcal/mol per opposing pair of Trps (Fig. 6), whereas for th.e\(;:rr]‘li’;‘t'gi‘:fal'am and Urryggo ;.90 ;?)0 ;90 ;’ZO ﬁio
i and p conformations the potential is positive and peaks in' (1gg3)
the center. The images contribute abet.2 kcal/mol for  Takeuchi et al. (1990) G T+ T- G+ G- G+
the four pairs, all in 01 configurations (conformation 1, Fig. Hu et al. (1995) IA, IIA 1B, 1IB
4 a). We first compare our conformational search results tgeurrent work o1 02 i1 2 p1 p2
those of Venkatachalam and Urry (1983) and to the struc*Actual values of defined conformations differ from the canonical values.
tural constraints provided by 2D NMR, Raman spectros-For exampleyx®*is 60, 120 or—60, —120 in the Venkatachalam and Urry
copy, and solid-state NMR. Then we describe briefly howsearch, canonicat{90) in the Takeuchi et al. (1990) classification scheme,

. but +£96 in the Muruyama and Takeuchi (1997) refinement, ar@i7
the Trp PMF could affect channel conductance. Fma”y’ th%Group 1) or+46 (Group Il) in the Hu et al. (1995) classification. Others

magnitude and shape of the interaction potential are comhaye deduced dihedral angles, but have not suggested classifications (Ko-
pared to similar estimates based on experimental data (Heppe et al., 1994; Arseniev et al., 1986b; Lomize et al., 1992).
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TABLE 4 Measured possible values for gramicidin A channel Trp dihedrals*

Trp° Trp** Trp Trp*®
Xl X2,1 Xl X2.1 Xl X2,1 Xl X2.1
Arseniev et al. (1990) 167 89 —65 -53 -67 -91 —-69 -93
Koeppe et al. (1994) —100 -91 —65 -96
—166 92 170 95
Hu et al. (1995) =72 -97 -70 -81 —63 -90 —58 -96
174 97 171 81 169 90 165 96
Maruyama and Takeuchi (1997) +97 +95 +95 +95
Ketchem et al. (1997) —74 -82 -71 -91 —-64 -85 —-61 -90

*Preliminary estimates are not included when refined values were published subsequently, except in the case of Hu et al. (1995), which is included to
emphasize that both o1 and 02 conformations are allowed by solid-state NMR, as was also found by Koeppe et al. (1994).
#Only two of the four sets of dihedrals allowed by solid-state NMR are included here; the other two are disallowed by the Raman results.

observed Trp conformations in gA are governed primarilyformation for Trgt in the right-handed helix. This implies
by interactions within the peptide. For conformation 8, thethat our method was not quite exhaustive and may have
interactions with the environment should differ from thosebeen improved by a Monte Carlo or simulated annealing
of conformations 1 and 2 because the dipole and hydrophaapproach (e.g., Lee et al., 1998) that could more readily
bic pole of the indole in Trpare rotated by~180°, and it  allow the system to surmount such local barriers. Likewise,
therefore may be a less favorable conformation than thether excluded conformations (il for Pripi2 for Trp**; p1
conformational energy alone suggests. for Trp®, Trp*3 and Trg>; and p2 for all residues) may be
Other than conformations 1, 2, and 8, no alternativeaccessible, although it appears likely that they would be
conformations should be observed unless interactions witenergetically less favorable, given the appearance order of
the interface stabilize an otherwise unlikely conformationil, i2, and pl in Table 1.
by 5 kcal/mol or more. This seems unlikely to happen The population distribution of minor rotameric states for
because the o conformations should be more stabilized bgramicidin A tryptophans is not yet known. Fluorescence
the interface than i or p because of hydrogen bonding opolarization in DMPC bilayers is high compared to that in
indole N-Hs with bulk water, alignment of the indole dipole dioleoylphosphatidylcholine (DOPC) bilayers, but de-
with the interfacial dipole potential (in uncharged bilayers),creases dramatically with increased pressure (Scarlata,
and hydrophobicity of the benzene ring. The conformationafl991). This is interpreted to imply that the side-chain con-
energy of 02 is much less favorable than that of 01 (comparérmational mobility is much higher in DOPC than in thin-
conformations 3 and 4 to conformation 1, for example),ner DMPC bilayers and becomes larger in DMPC at higher
except in Trg. Therefore, it is unlikely that any conforma- pressures, because of increased bilayer thickness, presum-
tion would be preferred over o1, except in Trp ably because of loss of stabilizing contacts between Trp side
The 01 conformations from all of our structures (Table 2)chains and lipid headgroups (or water) for thicker bilayers.
conform quite well with those determined by NMR and In addition, fluorescence anisotropy decreases steeply with
Raman spectroscopy (Table 4), except for discrepancies aémperature above the DMPC gel-liquid transition temper-
20-30°in they** angles, which have measured magnitudesature (Scarlata, 1988), which was interpreted to suggest a
of ~90°. These discrepancies may be due to neglect of
interactions with the interface or differing assumptions
about the backbone structure. It should also be noted heABLE 5 Trp® and Trp'® dihedrals rejected by Hu and Cross
that based on steric conflicts, Hu and Cross (1995) rule ouf!995) on steric grounds compared to the mean of the two
two of the possible four combinations of 01 and 02 for themonomer angles for those of the same conformers accepted
9 15 - by the current search
Trp®/Trp™ pair, 01/02 and 02/02. We do not rule these out

9

based on steric conflicts. The 01/02 combination appears in P P
conformations 3, 7, 24, 26, 28, and 30 and 02/02 in confor- x* Xt Xt Xt
mation 6. However, these conformations probably do noty, ang cross rejects*  o1/02 -72  —97 165 96
conform to the constraints imposed by the NMR data. The 02/02 174 97 165 96
torsion angles from our search vary from allowed torsionConform. 3 ol/o2 —-67  —-70  -179 84
angles deduced by Hu et al. (1995), as shown in Table Sggmgiﬁ ;4 21//23 ‘ZZ _22 ‘i;g gg
The exclusion of 02 for Trj (Table 2) in our search conform. 26 ollc2 —68 —73 —178 86
deserves some comment. We suppose that there must ha¥gorm 28 ol/o2 -69 -62  -178 85
been a conflict with neighboring Leu’s in the initial struc- conform. 30 ol/o2 —-70 —63 —179 86
ture that was not resolved by the initial minimization of the Conform. 6 02/02 —174 92 173 91

non-Trp side chains. We say this because in the Venkatconformations that fit the solid-state NMR result, but are rejected on
achalam and Urry (1983) study, 02 was the preferred consteric grounds.
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temperature-induced access to alternative conformationdixed on the microsecond time scale for ¥and Vaf (Lee

states as Trp-lipid contacts are removed by increased tenet al., 1995), but none are observed for Trp side chains. If

perature. Gramicidin A fluorescence lifetime measurementfrequent (e.g., on the microsecond time scale) interconver-

yielded a minimum of four exponential phases (Suzanne Fsion occurred between o0l and 02 states, powder pattern

Scarlata, personal communication), indicating either thaprofiles would reflect much greater averaging (Hu et al.,

multiple Trp conformations exist on the nanosecond timel995). Conformational changes on millisecond or slower

scale or that at least four of the Trps in the gramicidin Atime scales are not detectable by this approach, but if they

channel are in very different environments. were to occur, multiple sets of resonances would be ob-
The dominant structure has been limited to two possibleserved in the spectra of oriented samples (Tim Cross, per-

configurations for Trp side chains because of the narrowsonal communication).

ness of the Raman spectrum indole bands, with the value of

the Trpx** angle within 6° of+94° (Takeuchi et al., 1990;

Maruyama and Takeuchi, 1997). Solid-state NMR analysidmplications of Trp-ion PMF for ion conductance

of the N-H angle with respect to the magnetic field in The energies of all but the three most stable conformations,

DMPC multilayers, exclugjmg ste.rlcally impossible struc 1, 2, and 8, are too high to allow observation unless 1) the
tures and those not consistent with the Raman result, al - ) . . .
- . . rp rotamers are stabilized by interactions with the envi-
limit the conformations for the dominant state to two con- . . .

ronment (not included in our computation), or 2) the Trp

formations corresponding approximately to 01 and 02, both ! . ;
in studies of only TrBand Trg* (Koeppe et al., 1994) and rotamers are confined to metastable states by high barriers

in studies of all four Trps (Hu et al., 1993, 1995; Hu andtql'lnt.erconver&.on..fAIthlo'uglgh theb:lkehh(:od of 'elther POsSI-
Cross, 1995). bility is uncertain, if multiple stable conformations were to

Given the conformational energies in Table 2, it appearsoccur’ one would expect from our PMF calculations that

that o1 should be highly preferred for Tfp Trp'®, and several conductance levels would result. With all four Trps

Trp'®, but that both 01 and 02 should be populated for’Trp in the o conformation, the Trps and their images stabilize an

. . : . . ion in the center of the channel, the expected location of the
There is evidence in quadrupole splitting and CryogeniC . imitina barrier to ion passade by2 keal/mol (Fig. 4
NMR studies that the side chains are not significantly dis- 9 P ge, g

tributed between o1 and 02 conformations (Tim CrOSSa). This stabilization is reduced to 0.8 kcal/mol (with bulk

personal communication). Moreover, the 2D NMR resultswate.r polar|'zat|on.; Fig ‘d no symbol}5|f'two pairs of Trps
are in the i configuration (conformation 46), so that the

should show distinct N-&-CB-H vicinal couplings for o1 Vi I : Id be i db
and 02, because in 02 bothiydrogens are close to the underlying central barrierGyan, would be increased by
' ~2KT (uncorrected; see below). In the absence of other

peptide N, whereas in ol only one is close, yet no Olatarate-limiting steps, the conductance of such a channel would

have been observed. Only the couplings for o1 are observe% 7.4-fold lower on the assumption that the conductance is

for Trp™. Trpt3 and Trd® only the couplings for 02 are proportional to exp{ AG,,,,/kT). We conclude that if such

observed for Trp (Arseniev et al., 1985). Acylation of the Co.n.f ormational changes occur with I|fet|mes greater than
. . S milliseconds and in small enough populations so as to be
ethanolamine terminus causes a loss of shielding of1.eu ;
9 : . . . undetectable by NMR, they should be readily detectable
by Trp° in SDS micelles and a change in Prgeuterium o
L . S . with single-channel current measurements.
splitting in DMPC multilayers, indicating a change in frp

. . . These PMF calculations are also in qualitative agreement
configuration from the 02 to the o1 conformation (Koeppewith measurements of single-channel conductances for Trp-
etal., 1995, 1996). Nevertheless, our conformational energ 9 P

results imply that the question is still open. Solid-state NMR¥)he replacement analogs by Becker et al. (1991), who found

. . . . that gA analog channel conductances were decreased in
evidence argues against any change in Trp conformation

upon cation binding (Separovic et al., 1994), whereas thmcrements as the total number of Trps was reduced from 8
por g (>eparot 3 ' %o 6, 4, or 2, rather independently of which combination of
Trp indole N deuteration rate increases by a factor of nearl

175 for T13* and decreases by a factor of 071 fo Fip 17 125 19120, Likewise eur esit can be e o
upon cation binding (Maruyama and Takeuchi, 1997). P P P

Although studies of protein and peptide Trp libration side chains (Andersen et al., 1998; Busath et al., 1998), in

. . which an increase in the Trp side chain dipole moment
frequency and amplitude using fluorescence spectroscopé/ ” .
; . . o . . : nhances conductance under conditions where translocation
have illuminated motions within a single side-chain confor-.S rate limitin
mation on the nanosecond time scale (Axelsen et al., 198é; 9
Demchenko, 1988; Ovstrovsky et al., 1988; Weaver et al.,
1988; Scarlata, 1988; Axelsen and Prendergast, 1989; Scaé- . . .
: : . omparison to previous estimates of the
lata, 1991), the time scale for interconversion between Trpr
; . S . : rp PMF
conformations in gramicidin A is unknown. The solid-state
NMR time scale allows identification of gramicidin A Val Hu and Cross (1995) analyzed the Becker et al. (1991) data,
side-chain conformation interconversions on the nanoseassuming a solid-state NMR Trp conformation (type ol),
ond to microsecond time scale in the cases of 4atl Val, indole dipoles (Weiler-Feilschenfeld et al., 1970), and the
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relationship between exp(AG,,.4kT) and conductance (without symbolsin Fig. 6, except that they used a dielec-
mentioned above. Based on that relationship, they concludiic constant of 1 (Benoit and Roux, personal communica-
that the effective dielectric constant shielding the ion-Trption), resulting in twofold greater energies, and they did not
interaction is 5.1 and that the interaction energy for pairs oluse images, which have a smaller effect. In general, the
Trp®, Trp't, and Trg3is —0.28, —0.40, and—0.37 kcal/  shapes of the average dynamic PMF are similar to those
mol, respectively (derived from the first three lines of their reported here, with the Ttpand Trg® producing a broader
table 3). well. However, unlike our result, the four Trps vary con-
Sancho and Mamez (1991) compute the Trp PMF rep- siderably in the maximum depth of the PMF, reaching
resenting the group of Trps as a radially symmetrical dipolaiapproximately—1.8, —1.5, —1.0, and—1.0 kcal/mol for
annulus embedded in a two-component dielectric continTrp®, Trp*!, Trp*3, and Trg®, respectively, whereas ours
uum where the bath and pore waters are assigned80  (with images and = 2) are all-0.5 kcal/mol. Furthermore,
and the channel wall and lipid are assigred 2. With the  there are larger humps in the center of the profiles for the
annulus positioned near the ends of the channel, the PM&ynamic PMFs. The central humps and deeper PMF wells
shapes for outward and radial dipole positions, the lattenear the binding site for Trpand Trg* are indicative of
being parallel to the plane of the bilayer (like pl) but more radially oriented dipoles in the dynamic structure.
projecting away from the channel rather than tangential toit, The Trp PMF at the center of the channel ofL.8
are similar to those reported here for the 01 and p1 conforkcal/mol for all eight Trps (Fig. 4) or —0.5 kcal/mol per
mations, respectively. The energies of interaction betweepair (Fig. 6) must be corrected because of the low dipole
an outward pointing (perfectly axial) annular dipole of 1 D moment of the toph19 Trp indole to allow a meaningful
positioned 7.0 or 11.5 A from the channel center (thecomparison to the values from the other three approaches.
approximate positions of TP@nd Trg®) and a cation at the Neglecting the 7° error in the orientation of the dipole, the
center of the channel are0.22 or—0.26 kcal/mol, respec- interaction energies should be scaled up by a factor of 1.80
tively (converted from millivolts, as read from their to be consistent with the Weiler-Feilschenfeld et al. (1970)
figure 6a). indole dipole moment of 2.08. This yields0.9 kcal/mol
Etchebest and Pullman (1985) compute the potential enper pair of Trps. Our value is more negative than 28
ergy profile for a cation moving through a gA channel with to —0.40 determined by Hu and Cross (1995), probably
and without the side chains, using an empirical force fieldbecause we used a 2.5-fold lower effective dielectric con-
that lacks bond and angle stretching terms, but includestant than they deduced. Our dielectric constant is probably
polarization energy. Although not stated, it appears that théoo low, but theirs would be overestimated if the assumption
charges on the Trp side chains corresponded to the Weilethat translocation is strictly the rate-limiting process is in-
Feilschenfeld et al. (1970) indole dipoles and that the chaneorrect. For instance, if the entry process begins to limit the
nel is in a vacuum, i.e., witk = 1. They used a variant of flux, the dipole effects on the central barrier become less
the left-handed global minimum VU conformation, in effectual (Busath et al., 1998), which is misinterpreted as
which Trpg’ and Trp® are in an il-like conformation and higher dielectric shielding of the Trp dipole. Our value is
Trp** and Trpg2 are in an 02-like conformation. Unlike our more negative than the Sancho and Kte prediction of
PMFs and those of Sancho and Maez (1991), the elec- —0.44 to—0.52 kcal/mol (after scaling their axial dipole up
trostatic component of the ion-side chain interaction energyy a factor of 2 to be consistent with the Weiler-Feilschen-
varied widely from—2.9 to +2.2 kcal/mol, but the polar- feld et al. (1970) indole dipole, taken together with the Hu
ization energy was uniformly negative and ranged smoothlyand Cross (1995) estimates of the axial component of the
from —3.7 to —4.7 kcal/mol in the channel, and was3.7  indole dipole in the solid-state NMR structure). This is
kcal/mol in the center of the channel. The total polarizationprobably due to the additional shielding by pore water in
energy is negative throughout the channel, adding a cortheir computation, in which the pore volume is assigned a
stant component to the PMF, because the cation polarizetdielectric constant of 80, which now appears to be too high
the indole clouds in a way that favors their interaction because of water polarization in the pore (Partenskii et al.,
independent of their orientation. 1991). The shape of the electrostatic potential in the
Finally, Woolf and Roux (1997) averaged the axial elec-Etchebest and Pullman (1985) PMF is quite irregular com-
trostatic PMF from each of the gA side chains for eachpared to ours. In part this may be due to the combination, in
frame of a CHARMM molecular dynamics simulation of their Trp conformation, of two pairs of inward and two pairs
the channel in a dimyristoyl phosphatidylcholine bilayer. of outward pointing side-chain dipoles. But our conforma-
The parameters for the channel, including the side-chaition 31 and 46 PMFs (Fig. 4,andd), with similar mixtures
partial charges, were presumably identical with those usedf side chain conformations, are not as irregular. Therefore,
here, although it is not stated what nonbonded cutoffs wer@o quantitative comparison can be made, except to say that
used. In the dynamic trajectory, the side chains fluctuatedhe extrema in their PMF have somewhat larger magnitudes
about unique average positions consistent with solid-statthan ours, probably because= 1 in their calculations
NMR Trp chemical shifts, dipole coupling, and quadrupolecompared to 2 in ours. However, they demonstrated that the
splitting data, presumably ol. Their traces should then b&rp polarization contributes a flat PMF inside the channel,
directly comparable to our traces for the 01 conformationwith little impact on the shape of the PMF inside the
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channel, despite their mixture of Trp side chain conforma- ular energy, minimization, and dynamics calculatiahsComput. Chem.
tions, and polarization can therefore be neglected to a first 4187-217-

; ; ; PR ; Busath, D. D. 1993. The use of physical methods in determining gramici-
approximation. We estimate, then, that the ion Trp interac din channel structure and functioAnnu. Rev. Physiob5:473-501.

tion energy Is prObably about0.9 keal/mol per pair, as- Busath, D. D., C. D. Thulin, R. W. Hendershot, L. R. Phillips, P. Maughn,

suming that the backbone and pore waters present an effec-c. p. cole, N. C. Bingham, S. Morrison, L. C. Baird, R. J. Hendershot,

tive dielectric constant of-2. M. Cotten, and T. A. Cross. 1998. Non-contact dipole effects on channel
permeation. |. Experiments with (5F-indole)Trp-13 gramicidin A chan-
nels.Biophys. J.75:2830-2844.

Demchenko, A. P. 1988. Red-edge-excitation fluorescence spectroscopy of
CONCLUSIONS single-tryptophan protein&ur. ?Biophys. J16:121-129. P >
Our calculations and the available experimental data ar®ilger, J. P. 1981. The thickness of monoolein lipid bilayers as determined
best explained by a gramicidin conformer having all four from reflectance measuremenBiochim. Biophys. Act.5645:??57—.363. ‘

; f Tro side-chain dipoles pointing outward. Each aiHEtchebest, C., and A. Pullman. 1985. The effect of amino-acid side chains
palrs_ .O p - . p p 9 . p on the energy profiles for ion transport in the gramicidin A channel.
stabilizes the ion in the center of the channel by a similar J. Biomol. Struct. Dyn2:859-870.
amount. Alternative dipole orientations for Pralso appear Hao, Y., M. R. Pear, and D. D. Busath. 1997. Molecular dynamics study of
to be likely. The Trp dipole is sufficient to explain effects of free energy profiles for organic cations in gramicidin A channBis-
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