Biochemistry1999,38, 9185-9197 9185

Articles

Modulating Dipoles for StructureFunction Correlations in the Gramicidin A
Channel

Myriam Cottent8 Changlin Tian!' David D. Busath! Randall B. Shirt€? and T. A. Cross* 8!

Center for Interdisciplinary Magnetic Resonance at the National High Magnetic Field Laboratory, Department of Chemistry,
and Institute of Molecular Biophysics, Florida State ueisity, Tallahassee, Florida 32310, and Department of Zoology and
Department of Chemistry, Brigham Young whknisity, Prao, Utah 84602

Receied December 18, 1998; Reed Manuscript Receeéd May 3, 1999

ABSTRACT. Dipoles of the tryptophan indole side chains have a direct impact on ion conductance in the
gramicidin channel. Here, fluorination of the indoles (both 5- and 6-fluoro) is used to manipulate both the
orientations and the magnitudes of the dipoles. The orientations and positions with respect to the channel
axis were determined usirdgl solid state NMR of uniformly aligned lipid bilayer preparations. By exchange

of the remaining four protons in the indole ring for deuterium, comparison could be matjartdole

spectra that have previously been recorded for each of the four indoles of gramicidin A. After making the
assignments which were aided by the observatidffef?H dipolar interactions, we found that fluorination
caused only minor changes in side chain conformation. With the high-resolution structural characterization
of the fluorinated indoles in position 11, 13, and 15, the electrostatic interactions with a cation at the
channel and bilayer center can be predicted and the influence of the modified dipoles on ion conductance
estimated. The importance of the long-range electrostatic interaction was recently documented with the
observation ofu-helical dipoles oriented toward the bilayer center on the ion conductance pathway for
the Streptomyce&™ channel. We present direct measurements of the orientation of gramicidin channel
F-Trp positions for use in analysis of dipole effects on channel permeation.

The low-dielectric environment of the lipid bilayer pro- in a common goal. In the potassium channel, four trans-
vides unique opportunities for weak electrostatic interactions membranex-helix dipoles have their negative ends pointing
to play fundamentally important roles in protein function. toward the cation pathway at the bilayer cent&). (In
Yet, the accuracy required for calculating such interactions gramicidin A, the dipoles are provided by the tryptophan
is dependent on achieving very high-resolution molecular (Trp) side chains32).
structure, such as can be achieved with solid state NMR- The electric fields from the Trp side chains in the
derived orientational constraints. Here, the influence of permeation pathway of the gramicidin channel depend on
dipoles borne by modified indoles is characterized in the the magnitude and orientation of the heterocycle indole side
gramicidin monovalent cation selective channel. Both solid chain dipole potential. The dipole moment of indole as a
state NMR and single-channel conductance measurementsnodel compound has been measured on several occasions
are used to make the structutfeinction correlations. in benzene (2.052.11 D) 3—5) and in dioxane (2.38 D)

lon transport in membrane channels is dependent on the(6). Furthermore, the orientation of the dipole has also been
existence of electrostatic interactions between the ion anddetermined to form an angle of 58 5° with the inter-ring
the channel in overcoming the high energy barrier due to bond, the positive end projecting toward the NB).(In
the low dielectric constant of the bilayer. Monopolipole addition, the dipole moments of 5- and 6-fluoroindole have
interactions provide much of this interaction energy. The been measured in benzene (3.64 and 2.86 D, respectively)
origin of the dipoles appears to vary from channel to channel, (5). No experimental estimate for the dipole angle for
confirming that the individual components should not be fluorinated indoles is available to our knowledge; however,
solely considered fundamental entities but rather participantsthe dipole angle should approximately follow the—R
orientation, and therefore, this angle should increase for
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6-31G* basis set levels for indol®,(8, 9) and derivatives  of these accurate indole orientations with respect to the
(8—11), including the 4-, 5-, and 6-fluoroindole®)(and channel axis, Hu and Crosg)(have estimated electrostatic
tryptophan 12). Convergence of the partial charge distribu- interactions between each indole and the cation at the bilayer
tion with a higher basis set level suggests that the highercenter on the channel axis using the dielectric constant as a
basis set values are sufficiently accurate. To further verify parameter. The conductance for gA and for all the sequence
this, we have carried out ab initio computations at the variants involving phenylalanine (no dipoles) instead of
Hartree-Fock 6-311G** level for indole and 4-, 5-, and tryptophan was plotted semilogarithmically against the sum
6-fluoroindole, confirming basis set convergence. of the remaining dipole monopole interactions. The linear

It should be noted that there are numerous methods forcorrelation over a factor of 20 in conductance was consistent
determining partial atomic charges for molecules, e.g., with the hypothesis that, under these conditions, the potential
Mullikan population analysis 1Q3), natural bond orbital energy barrier at the channel center represents the rate-
analysis 14), least-squares fitting of the electrostatic field limiting step. More recently, Andersen et 88{ performed
(15), least-squares fitting with restraintsg], and electrone- ~ conductance studies with two gA analogues containing both
gativity equalization method4 ¢, 18). We believe the least-  a 5-fluorotryptophan (5F-Trp) and a phenylalanine in place
squares fitting of the electrostatic potential not only will give of two of the four tryptophans. Assuming similar dipole
a set of charges consistent with the overall dipole moment moment and side chain orientations for the 5F-Trp and Trp
(typically to within 1—2%), but also will give the best side chains at a given position, the authors correlated the
description of the electrostatic forces felt by nearby atoms. increase in ion conductance upon replacement of Trp with
An effect not included in this kind of analysis, however, is 5F-Trp to enhanced dipotenonopole interactions.
the polarization of the molecule by nearby ions, polar solvent, In the study presented here, experimental evidence was
or other molecules. sought to further support these functional roles of the Trp

Gramicidin A (gA)! a major synthetic product &acillus dipole moment. By substitutingH-labeled 5-fluorotryp-
brevis, is a 15-amino acid polypeptide that contains four tophan and 6-fluorotryptophan (6F-Trp) for Trp in gA, we
tryptophan residues. The alternatingand L amino acid have obtained a collection of different dipole moment
sequence induces the backbone to adghsaand structure. magnitudes and orientations that were expected to induce
In lipid bilayers, the polypeptide forms a cation selective minimal structural effects in gramicidin. TRE and*N solid
channel which has been determined at high resolution usingstate NMR characterization in hydrated lipid bilayers of eight
solid state NMR {9, 20). It features an amino-terminal to ~analogues containing rind- 5F-Trp or 6F-Trp at positions
amino-terminal single-stranded dimer with each monomer 9, 11, 13, and 15d,-5F-Trp gA ords-6F-Trp gA) and an
folding into a right-handed hydrogen-bonded helix of 6.5 15N amide label have confirmed this qualitative expectation.
residues per turn with the backbone lining th A diameter ~ The ?H quadrupolar splittings were used to constrain the
pore. The channel state has also been studied in SDS micellegipole moment orientations. These results were then com-
(21, 22) where the backbone structure has the same fold asPared to those previously publishe#) (for the Trp side
in the lipid bilayer, but some side chain conformations differ. chains of ringes-gA (ds-gA). Direct comparison of the side
For membrane proteins, tryptophan is almost exclusively chain dipole moments to measured channel conductances is
located at the hydrophobichydrophilic interface of mem- beyond the scope of this paper. The electric fields of these
brane proteins, and in gA, it has several roles: (1) the eight dipoles and their use in kinetic modeling of the modified
Trp side chains orient the dimeric chann2B) with respect channel conductances will be presented elsewhere. However,
to the bilayer normal; (2) they stabilize the single-stranded an initial interpretation of the single-channel conductance
dimeric conformation Z3—32); (3) they modulate key recorded for the 5SF-Trg-labeled gramicidin analogu&%)
interactions with the lipids33) and facilitate ion conductance ~ Will be described, and some predictions for the functions of
(2, 23, 29, 34, 35); and (4) they may have an important role the other analogues will be offered.
in defining the helical sense of the chann@,(M. Cotten
et al., unpublished results). MATERIALS AND METHODS

Solid state NMR of site specificall§fN-, 13C-, and?H- Ring-d,-5F-Trp and ringes-6F-Trp were purchased from
labeled gramicidin A in lamellar phase bilayers has been usedCambridge Isotope Laboratories (Woburn, MA). All other
to determine the high-resolution structu (9, 20, 23). isotopically labeled amino acids were also purchased from

Orientational constraints derived from uniformly aligned Cambridge Isotope Laboratories. The gramicidin fluoro
samples constrain the orientation of individual nuclear sites @nalogues were synthesized by solid phase peptide synthesis
with respect to the magnetic field axis. Numerous precise USing Fmoc (9-fluorenylmethoxycarbonyl) chemistry on an
constraints have led to a well-defined structure. In particular, APPlied Biosystems model 430A peptide synthesizer. The
each of the indole rings in gA has been characterized by theblocking chemistry was performed in our lab. Details of the
anisotropic!®N chemical shift, théN—H dipolar interac- synthesis and blocking chemistry have been described

tion, and five?H quadrupolar splittings37). On the basis ~ Previously @9, 40). Once cleaved from the solid phase
support, the peptides were characterized and the purity was

1 Abbreviations: F-Trp, fluorinated tryptophan; 5F-Trp, (5-fluor assessed by HPLG9, 40).
aindole)tryptophan; 6F-Trp, (6-fluoroindole)tryptophan; d, deuterium; ~ Oriénted samples for solid state NMR were prepared by

DMPC, dimyristoylphosphatidylcholine; DOPC, dioleoylphosphatidyl- - codissolving gA or the fluoro analogues and dimyris-
choline; DPhPc, diphytanoylphosphatidylcholine; gA, gramicidin A;  toylphosphatidylcholine (DMPC) or dioleoylphosphatidyl-

Gly, glycine; HPLC, high-performance liquid chromatography; NMR,  cpgline (DOPC) in a 95/5 (v/v) benzene/ethanol solution
nuclear magnetic resonance; Phe, phenylalanine; gcc, quadrupolar ’

coupling constant; rmsd, root-mean-square deviation; SDS, sodium After a freeze-thaw cycle, the solution, while still cool, was
dodecyl sulfate; Trp, tryptophan. spread on glass coverslips. Partial evaporation of the solvents
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occurred at room temperature. The samples were then driedwvell as partial atomic charges for indole, 5-fluoroindole, and
overnight under vacuum and stacked in a square glass tube-fluoroindole were calculated using the commercial program
before 50% HPLC-grade water was added (by total sample Spartan (release 4.1.2, Wavefunction, Inc., Irvine, CA)
dry weight). The tubes were then sealed and incubated atoperating on Silicon Graphics O2 workstations. Calculations
45 °C until the samples became transparent, uniformly were carried out at the RHF-SCF 6-31G* and 6-311G**
hydrated, and oriented such that the bilayers were parallellevels, and included calculations of the dipole moments from
to the glass slides. A shorter incubation was required for the SCF wave function. Atom-centered charges were deter-
DOPC than for DMPC samples. mined using the Spartan elpot option which does a least-
Solid state NMR spectra were acquired on a Bruker 600 squares fit to the electrostatic potential generated by the wave
MHz spectrometer with a resonance frequency of 92.1 MHz function together with the nuclear charges at 566000
for 2H NMR. A standard quadrupole echo pulse sequence points in the volume near the molecule but with points within

with a 1 MHz sweep width, a 3.4s 9C¢ pulse width, 22us the van der Waals radius of each atom excluded. These points
echo delays, and a 0.4 s recycle delay was used. The spectradffectively sample the region in which neighboring molecules
data were processed using UXNMR software (Bruker). in a membrane interact with the molecule in question. This

Data AnalysisWhen two sources for motional averaging level of calculation is considered to be very good, but is
of the quadrupolar splittings were taken into account, namely, known in some instances to overestimate the dipole moment
the global rotation of gramicidin A about its helical axis and of molecules by as much as several percent; however, no
the side chain librational motions described by Hu et3),( attempt was made to scale the dipole moments to correct
the description of the orientational dependence of the indole for this tendency because the overestimation is not accurately
quadrupolar splitting was given by characterized for this class of compound or for relative errors

in the different dipole vector components. In addition, in a

Av = 3/4qcc(3 cod6 — [M3 coéf—1)] (1) hydrogen bonding solvent such as water, the amino acid side

chains may be polarized by the solvent, so overestimating
wheref is the angle between the axis of motional averaging the charges may give a more realistic dipole moment in
and a given €D bond.f is the angle between the axis of solvent than the true dipole moment in a vacuum. Calculated
motional averaging and the magnetic field. Since the axis dipole moments agree with experimental ones to within 10%.
of motional averaging is the gramicidin helical axis and In addition, dipole moments for RHF-SCF 6-311G** basis
bilayer normal, both aligned along the magnetic field set differ by only +2% from those calculated using the
direction in our experiment# becomes the angle between RHF-SCF 6-31G* method, suggesting convergence in the
the magnetic field and the-€D bond, and3 is equal to O. size of the basis set.
The value used for the quadrupolar coupling constant (qcc) In this calculation, the dipole moment of the tryptophan
was adjusted from its static value of 183 kHz to reflect local side chain has been approximated by the dipole moment of
side chain motional averaging that has been previously the isolated indole molecule. In other words, it has been
characterized for gA37?). assumed that the charge distribution of a given isolated indole

For a computational search gf (C,—Cg) andy. (Cs— or F-substituted indole molecule is not measurably changed
C,) conformational space, a program written within Maple when the peptide chain is substituted for the hydrogen atom
software was used. The geometry of the indole was obtainedat the indole 3 position. To some extent, this problem has
from Biosym Technologies (Insight Il software) and corre- been addressed here through a comparison of the partial
sponds to coplanar five- and six-membered indole rings. The charges of indole and 3-methylindole.

Trp and Trp analogue side chains with fixed @nd G

positions, given by the refined backbone structure of gA, RESULTS

were rotated aboyf; andy, in 5° increments. The quadru- The electrostatic potential profile produced by the ab initio
polar splittings of the ring deuterons were obtained for each wave function has been fit by assigning partial charges to
combination ofy; andy using eq 1. The root-mean-square each atom. These charges reproduce the dipole moment to

deviations (rmsds) were calculated according to less than 1% error, including the individual components,
which are used below to produce the axial, radial, and
rmsd= {[Z(Avca, — Avp )3/} 2 2 tangential dipole components (relative to the channel axis)

of the gA side chains in their observed positions. The charges

where Avey and Avgps are the calculated and observed are also being used to compute the side chain electrostatic
quadrupolar splittings, respectively. The sum is made over potential along the channel axis, which will be reported
the n deuterons of the ring (5 for Trp and 4 for the fluoro elsewhere.
analogues), and the units are kilohertz. The 6-311G** partial charges in Figure 1 are consistent

For each reasonable assignment, a contour plot of the rmsdwith prior reports and from our 6-31G* calculations. Alagona
as a function ofy; andy. was obtained using Gnuplot. The et al. @; G. Alagona personal communication) computed
plot giving rise to the lowest rmsd was retained. The lower partial charges, dipole moments, and angles for indole and
rmsds were found to correspond to one of the tentative 5- and 6-fluoroindole using 6-31G* level computations. Our
assignments. The region of interest for this study was 6-31G* computations are consistent with those of Alagona
uniformly found to be from 270 to 305for y; and from and co-workers with the largest discrepancy being for
260 to 320 for y,. This region was refined using®l  5-fluoroindole with values that differ by 0.30 D and 1.8
increments for the rotations. Increasing the basis set level to 6-311G** had negligible

Calculations of Dipole Moment Orientations and Atomic effects on the dipole angles0.3°) and increased the dipole
Charges.Dipole moments and their vector components as magnitude by~0.1 D. Thus, it appears that the angle, which
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Ficure 1: Chemical structures, dipole moments, and atomic charges .
of the indole and fluoro-substituted indoles used for the study. The
chemical structures ak-indole and the two fluorinated analogues,
ds-5F-Trp andd,-6F-Trp, are shown. The orientations of the
calculated dipole moments with respect to the<C,, bond shared

by the five- and six-membered rings are given. Atomic charges
were taken from ab initio calculations for indole and fluroinated
indoles. The label for the hydrogen attached to C3 (€ deleted

to indicate the point of attachment to the @ methylene, but the
partial charge of H at that position in indole is included for
completeness.

is most important for our purposes, is very well converged
and the dipole magnitude is satisfactory.

Cotten et al.

Although the pattern of partial charges is quite consistent
across basis sets, the charge magnitudes tend to strengthen
and then converge with increased basis set si@® or

the 6-311G** method, the partial charge-based dipole
moments are within 0.04 D of the ab initio dipole moments
and angles are essentially identical for all four of the
compounds that were studied. The 6-311G** partial charge-
based dipoles and angles for indole, 5-fluoroindole, and
6-fluoroindole are also shown in Figure 1. The magnitudes
are greater than the values measured in benZgrzy (0.00,
0.34, and 0.19 D, respectively. The calculated angle for
indole is lower than that measured by, But within the
experimental error bar at5°. For 5-fluoroindole, the dipole
moment is almost doubled in magnitude compared to that
of indole and its orientation differs by only’ 8In contrast,

the dipole moment of 6-fluoroindole is increased by only
50% and its orientation is changed by°3B/loreover, the
partial charges on deuterons neighboring fluorine are sig-
nificantly altered as are the partial charges on the heavy
atoms throughout the ring system.

It has been noticedL() that partial atomic charges fit using
several hundred points (as in @fcan exhibit a large degree
of dependence on the precise choice of fitting points. This
usually shows up in a dependence of the charges on the
orientation of the entire molecule in space. Since we sampled
the electrostatic potential at several thousand points rather
than at only several hundred, we believe that our partial
charges should exhibit a lower level of orientational sensitiv-
ity than previously reported charges. This could explain the
discrepancy between our 5-fluoroindole dipole moment and
that of Alagona et al.9) mentioned above, as well as the
difference in the fitted partial atomic charges.

Although we have not computed the charge distribution
for Trp, comparison of our 6-31G* charges for indole to the
6-31G* partial charges for 3-methylindol&1), in which the
3-methyl simulates tryptophanmethylene, shows that alll
partial charges are within 0.10 except those on the methyl,
C3, and the adjacent inter-ring carbon. Namely, the methyl
group charge is lower than the indole C3 hydrogen by 0.155,
the C3 charge higher by 0.391, and the adjacent inter-ring
carbon charge lower by 0.233. The computed dipole moment
for 3-methylindole is 1.941 D1(1), similar to that computed
by us for indole at the 6-31G* level. Because the dipole
moments of indole and 3-methylindole are quite similar and
the partial charge effects are localized at some distance from
the fluorination sites, the consequences of ghmethylene
in the Trp side chain can be neglected for our purposes here.

Figure 2 shows théH spectra of oriented gA analogues
in DMPC bilayers containing als-5F- or ds-6F-Trp at
position 9 (A), 11 (B), 13 (C), and 15 (D). The top spectrum
for each position is from Hu et al37) for ds-Trp-labeled
gramicidin A (gA) in DMPC bilayers. Typically, somewhat
broader resonance lines were observed for the F-Trp-gA
spectra. This broadening probably reflects an increased
heterogeneity in side chain orientation with respect to the
magnetic field. This feature that is especially true for 5F-
Trpg is associated with the furthest penetration of fluorine
into the bilayer with the analogues used in this study. The

The partial charges are not as consistent from one approachine width of the d-F-Trpy resonances has prevented a

to another, with the charges on the N and adjacent inter- detailed structural analysis, restricting the study presented
ring C exhibiting the greatest variance between the Merz- here to the other analogues at positions 11, 13, and 15. Even
Kollman fitting method (used in re®) and that used here.  spectra obtained in DOPC (Figure 3A) did not exhibit better
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FIGURE 2: 2H spectra ofds-Trp-, ds-5F-Trp-, andd,-6F-Trp-labeled gramicidins in uniformly aligned DMPC bilayers (peptide to lipid

molar ratio of 1:8). The spectra were recorded af@0above the gel to liquid-crystalline phase transition of the lipids. Data for positions

9, 11, 13, and 15 are depicted by sets labeletDArespectively. The top spectrum from each set is from gramicidiB?. (The middle

and bottom spectra are from 5F-Trp-gA and 6F-Trp-gA, respectively. For positions 11, 13, and 15, the spectral resolution is adequate for
distinguishing all expected splittings (five for Trp and four for the fluoro analogues), which can be used as high-resolution orientational
constraints. In contrast, due to lower resolution at position 9, four splittings are observed in gA. In 5F-Trp-gA and 6F-Trp-gA, significantly
broader lines prevent the determination of high-resolution orientational constraints. Selected regions shown in boxes have been enlarged in
Figure 4. A high degree of similarity exists between the spectra at a given position. On the basis of the results of the data analysis (see the
text), the resonances have been assigned to the ring deuterons using the nomenclature shown in Figure 1. Residual signals from unoriented
portions of the samples have been marked with an asterisk, and residual HDO signals are observed at 0 kHz.

resolution for thed,-F-Trps resonances. identical. This means that th&H electric field gradient
Despite the slight broadening of the resonancesifdf- tensors are almost identical and have almost identical
Trp at positions 11, 13, and 15, substantial similarity exists orientations with respect to the magnetic field axis. In the
between thels-Trp-gA spectra and those of its corresponding  F-Trp-gA analogues, there is no pair of splittings that are
d-6F-Trp-gA analogue excepting, of course, the missing consistently observed to be within a couple of kilohertz. The

deuteron in each fluorinated analogue. Evendig6F-Trp- fluorine has either influenced the neighborftgelectric field
gA, significant similarity exists. However, it is much more  gradient tensors significantly or affected the relative orienta-
difficult to see similarities betweeds-Trp-gA andds-5F- tion of these para €2H bonds.

Trp-gA, although when the resonances are assigned, it will _ . -

be seen that most changes in the quadrupolar splittings are 1he initial assignments of th# quadrupolar splittings
relatively small. This suggests, as will be strongly supported Were aided by spectra obtained in DOPC (Figure 3). To
by the analysis, that both the ring orientations and their confirm that there is no significant change in the backbone
dynamics are similar in gA and these fluorinated analogues. Structure >N, chemical shifts from oriented samples of 5F-
One of the most striking differences betweendgdrpand  Trp-gA prepared in DOPC bilayers have been compared to
ds-F-Trp spectra is associated with the para deuterons of thevalues obtained in DMPC bilayers. On the basis of the results
six-membered ring. These two para-&81 bonds é; and&,) described above, it is anticipated that the most significant
are almost parallel in the model compound crystal structure changes in the backbone would be induced by 5F versus 6F
(41, and fords-Trp-gA, two quadrupolar splittings are almost analogues. No significant changes have been observed with
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FIGURE 3: 2H spectra ofds-Trp, d;-5F-Trp, andd,-6F-Trp at positions 9 and 13 in gramicidin solubilized in uniformly aligned DOPC
bilayers. The spectra were recorded at aboiG3above the gel to liquid-crystalline phase transition temperature of the lipids. (A) Position

9 is not greatly improved in DOPC (1:35 peptide to lipid molar ratio) vs DMPC (1:8 peptide to lipid molar ratio, Figure 2). The para
deuterons in TrpgA are still not resolved, but the expansion in the inset suggests a broader inner splitting. (B) At position 13 (1:25 peptide
to lipid molar ratio), all expected splittings (five for Trp and four for the fluoro analogues) are identified and assigned as described in the
legend of Figure 2, and explained in the text. The number of scans varied from 50 000 to 150 000.

The ?H quadrupolar spectra of TrpgA analogues in
DOPC bilayers are shown in Figure 3B. The resolution is
as good if not better than in DMPC, and the quadrupolar
splittings, as well as those from Figure 2, are presented in

Table 1: Comparison ofN Backbone Chemical Shifts for the
Gramicidin A Channel and Fluorotryptophan Gramicidins

5N, chemical shift (ppm) in DMPC

“Nlabelsite gA SF-TrpgA  SF-TrpwgA  SF-TrpsgA Table 2. The splitting assignments for positions 11, 13, and
<T3r|yz iég - 113 15 of ds-Trp-gA have been established through the use of
Leﬁ’rz 133 133 5N, chemical shifts ané®N,,—*H dipolar results. Here we
Trpus 182 181 do not have thé>N,, data, but it is clear that the 195 kHz

splitting in 6F-Trps-gA and Trps-gA in DOPC, the 198 kHz

"N chemical shift (ppm) in DOPC splitting in 6F-Trps-gA in DMPC, and the 204 kHz splitting

N label site  gA 5F-TrprgA  5F-TrpisgA in Trp-gA in DMPC are consistent with the absence of
Gly, 113 111 this large splitting when the 5F-Trp analogue is incorporated,
Leu, 133 and hence, these splittings are assigned to Jhesite.
Trpis 176 180

Expansions of the 6F-Trp-gA spectra from Figure 2 are
shown in Figure 4. Present in the spectra of these fluorinated
5F-Trp-, 5F-Trps, or 5F-Trps-gA incorporated into either  analogues aré®F—2H dipolar splittings. The magnitude of
DMPC or DOPC (Table 1). Therefore, it is reasoned for the these splittings is dependent on both the distance between
interpretation of the side chain quadrupolar splittings that nuclei and the orientation of the internuclear vector with
the backbone structure is unchanged in either DOPC orrespect to the magnetic field axis. On the basis of the Trp-
DMPC upon the substitution of a fluorinated indole. gA indole orientations, the onl?F—2H dipolar interaction
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Table 2: 2H Splitting for the Indole Rings and Fluorinated 6F-Trp gA
Tryptophans in Gramicidin A and Fluoro Analogues
DMPC
Trpir S5F-Trpu  6F-Trpn Trpis S5F-Trps 6F-Trpus
01 77 84 96 108 920 108
€3 43 60 49 —32 —58 —34
G2 39 46 38 —28 —44 —22
G3 192 189 204 198 S S O B s s |
N2 —99 —90 —81 —82 30 20 10 0 -10 -20 -30
DMPC kHz
Trpas S5F-Trpis 6F-Trpis
01 123 104 132
e —4 18 -1 6F'Tr913 gA
G2 -1 30 -12
G 198 207
172 —59 —-72
DOPC
Trpas S5F-Trpis 6F-Trpis
01 97 7 100
€3 —35 —58 —38
52 _31 _46 _27 T T T
G 195 195 10 0 -10
n2 —85 —93 kHZ

that would be large enough to be resolved in the observed

spectra is that from 6F-TrgH;,. Therefore, thet12 kHz 6F-Trp gA
quadrupolar splitting from 6F-Tig the £22 kHz splitting 15
from 6F-Trps, and even thek38 kHz splitting of 6F-Trp,

(despite no well-resolveliF—2H dipolar splitting) have been

assigned to thé&, deuteron in DMPC environments. More-

over, by analogy, and because of a broader line width, the

+27 kHz splitting in 6F-Trps in DOPC has been assigned

to this deuteron. The smallest splitting in 5F-Tyis 44 kHz, ——r—
and it is tentatively assigned & as well. The other para 10 0 -10
deuterongs, is assigned to the most similar splitting34 kHz

kHz for 6F-Trps in DMPC, £38 kHz for 6F-Trpsin DOPC, FiGure 4: Expanded regions corresponding to the boundaries of
and £58 kHz in SF-Trps. The remaining deuteron in 6F- the boxes in Figure 2. 6F-Trpand 6F-Trps side chains clearly

Trpis, 01, is assigned to the 108 kHz splitting in DMPC and  gisplay a split of one pair of resonances of the para deuterons due
to the 100 kHz splitting in DOPC, similar to the same to the®F—2H dipolar interaction. This has been used to assign

assignment of the 108 kHz splitting in the DMPC sample of this resonance to the para deuteron closest to the fluctihe,
gA. The remaining initial assignment of thg and o, For the same reason, the broadened inner splitting in 6l Mgs
deuterons in 5F-Trg-gA is not very reliable, but thé, been assigned &,
deuteron is relatively close to the Nbroton and ¢ protons,
leading to a broad resonance (du@Hie-*H dipolar coupling)  the quadrupolar splittings from Hu et aB7) so that all maps
as seen in the 5F-Trp spectrum in DMPC at 82 kHz and in could be compared on the basis of (1) the same type of
the 77 kHz splitting in DOPC. For Tipand Trps, similar orientational constraints and experimental errors and (2) the
rationales for the tentative assignments exist. same backbone structure. The 1995 study) (used the

To finalize the assignments and constrain the orientation Ketchem et al.19) backbone structure, whereas this analysis
of the rings with respect to the channel axis by taking into uses the refined structure in the Protein Data Bank (file name
account all of the NMR orientational constraints, a compu- 1mag) @0).
tational search ofy; and y, conformational space was In the process of redoing these conformational plots for
performed as described in Materials and Methods. Here thegA, the assignments of the para deuterons came into question.
root-mean-square deviation (rmsd, in kilohertz) between Small?H splitting values as seen for the para deuterons in
calculated and observed quadrupolar splittings is computedgA in DMPC indicate that the cé¥) — 1 term in eq 1 is
for each ring as a function of thg andy. angles. In this  small, and thereforef is close to the magic anglé{ =
process, the quadrupolar splittings that are less than half-54.7). A small change off in this range not only can
maximal were analyzed with both positive and negative signs. substantially change the magnitude of the splitting but also
Furthermore, the motionally averaged tensors for the deu-can change the sign of the splitting. Indeed, (§ignd 5F-
terons in the analogues were assumed to be the same as thdtrp;s splittings in DMPC have similar absolute magnitudes
for gA (37). This assumption is made despite concerns over for the para deuterons, but conformational space analysis
the influence of fluorine and will be revisited after the clearly showed opposite signs. The sign of a quadrupolar
analysis. The plots for gA have been recalculated using only splitting is not known unless its magnitude is larger than
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Ficure 5: Contour plots of the minimal root-mean-square deviation (rmsd, in units of kilohertz) between the observed quadrupolar constraints
and the calculated observables basegoandy, angles for Trp, 5F-Trp, and 6F-Trp side chains at positions 11 (A) and 13 (B) in DMPC.

The entire conformational space has been searched in incremerita®tBown in the first set of maps (0 to 36ft side of the figure).

The rmsd values for the contours are indicated in the maps. The minima haviradues near 180 and 30D@re close to twg; andy.

rotameric states for tryptophan. The two other regions, hagginvglues near 120 and 3%4Qorrespond to N—H bond orientations pointing

toward the center of the bilayer, which is inconsistent with the channel function of gramicidin. The region of interest for this study corresponds
to y1 values near 300based on functional considerations and Raman data, and has been extracted for refinefrisotéménts as shown

in the second set of maps for each side chain.

3/4qcc, in which case it is positive (see eq 1). The negative The local minima are depicted as blackened areas. The rmsd
signs for the splittings of the para deuterons of frj@and values for Trp-gA are very small, confirming that the
Trpis-gA represent corrections to the original sign assignment assignments are withir’3n y; and 10 in y, of the previous
by Hu et al. 87). characterization2). This is despite the refinement of the
The plots corresponding to the fyll andy, conforma- polypeptide backbone and a changed sign for two of the
tional space from 0 to 360performed with 8 increments quadrupolar splittings. For the analogues, the rmsd values
have four minima. Two of these regions havjngvalues of are not as low and two solutions exist. The increased rmsd
around 170 and 300also appear in the maps obtained by clearly reflects the more significant assumptions that have
Hu et al. 37), but the other two regions witjy values of been made: that the molecular dynamics are the same as
near 120 and 340did not appear. This is because of the those in gA and that the tensors and/or molecular structure
additional*>N chemical shift and®N—*H dipolar constraints  (of the indole) are unchanged by fluorination. Consequently,
used in the study by Hu et al3T). Since the maps in the  rmsd values of 310 kHz are not unreasonable. For all sites
study presented here are otherwise so similar to those of Huin DMPC and DOPC except 6F-Trpin DMPC, the y»
et al. 37) and as noted by Koeppe et a2}, those regions  values near 270represent the lowest rmsd values, again
near 120 and 34Qcorrespond to N-H orientations pointing  consistent with energetic conformational search resd8p (
toward the center of the bilayer, these regions have beenBy exclusion from the 6F-Tra map analysis of the para
excluded from further consideration. deuteron adjacent to the fluoring (i.e., the most suspect
Furthermore, it was argued by Hu and Cro2p ¢n the deuteron for a changed tensor), a lower rmsd in the vicinity
basis of functional and energetic arguments thaythegion of a y, of 270° compared to that near 310s achieved.
near 300 was the most probable region. This conformation Therefore, gy, near 270 for 6F-Trp; has been chosen as
belongs to low-energy regions characterized by Dorigo et most probable, consistent with the THgA orientation and
al. (43) based on energetic arguments about conformationalas suggested by the simple comparison oftthepectra for
energy in gA. Therefore, the study presented here has focusedhe two side chains. The valuesj)afandy, at the center of
on this conformational space, and the contour plots have beerthe minima are summarized in Table 3 for this conformation
refined using 1 increments in botly; (280—305°) and y» along with the corresponding rmsd.
(260—320°) dimensions. Figure 5 shows such maps for gA,  Clearly, the conformations of the side chains are not
5F-Trp-gA, and 6F-Trp-gA at positions 11 and 13 in DMPC. substantially affected by fluorination, but even small changes
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Table 3: Torsion Angles and Root-Mean-Square Deviatiboisthe
Indole Rings and Fluorinated Tryptophans in Gramicidin A and
Fluorotryptophan Gramicidins

Biochemistry, Vol. 38, No. 29, 1999193

static quadrupolar tensors were the same as in gA and that
they were not distorted by the presence of fluorine. While
this is likely to be the weakest assumption and the one

DMPC responsible for increased rmsd in fluorinated analogues, it
Tron 5F-Trpn 6F-Trpn Trpss SF-Trps  6F-Trpis is not a bad assumption. The maximum difference in
qguadrupolar splitting betweeny and & is only 14 kHz, the
x 289 289 290 296 300 296 equivalent of just a 273 difference in orientation, if
22 269 276 272 275 263 274 . L
rmsd 0.6 5.4 7.0 1.0 31 36 interpreted as a purely structural change. Therefore, it is
DMPC reasongble, on the pasjs o.f sma!l but significant cha_nges in
the partial charge distribution (Figure 1) in the fluorinated
Trpss SF-Trpis 6F-Trpis analogues, that the quadrupolar tensors will be slightly
P 299 294 300 distorted. From the crystal structure of the F-indole ana-
x2 270 274 271 logues, it does not appear to be due to structural changes
;TSd 0.6 2924'8 48 induced by the fluorine?). This distortion was not quanti-
2 301 tated for the analysis presented here, because of its small
rmsd 8.3 magnitude. The initial assignments were aided both by
DOPC observations in DOPC and by the observ#e-2H dipolar
T SET oFT mte_ractlons. By simple comparison of t.he spectr:_:l with the
P13 P 3 assigned gA spectra and with the availab¥e”H dipolar
1 296 299 296 observations, tentative assignments are made that include a
x2 27220 263}1 27227 sign ambiguity for the para deuterons. The computations of
7 294 296 205 contour plots (Figure 5) are used to define a final set of
%2 310 321 314 assignments for each fluoro-Trp side chain.
8.0 13.0 3.7

Here the calculated rmsds included both para deuterons.
2 The root-mean-square deviation (rmsd) is determined as describedThe constraints could be judged redundant in the sense that
in Materials and Methods. It corresponds to the difference between the two G-D bonds are almost parallel. Indeed, Koeppe et
?hbes?r:\é(e;?ear?ndgcalculated orientational constraints for the deuterons Ofal. (42) treated the two splitings as a single constraint
. calculated from their average. However, here, the presence
of the fluorine appears to affect thiel tensor as mentioned
can significantly affect the magnitude of the various dipole apove, and this effect is expected to be greater for deuterons
components. In fact, these values remain small compared toc|oser to the fluorine. Since only one of the para deuterons
the amplitude of the librational motions abgutthat are on is close to a fluorinees in 5F-Trp andZs in 6F-Trp), the
the order o&-20 to£30° for the Trp side chains of gA3(). change in théH tensor upon fluorination is expected to be
Furthermore, it is clear for sites 11, 13, and 15 presented|arger for one of the splittings compared to the other. It is
here that 5-fluorination has a greater effect on the side Chaintherefore not appropriate to average the two observed
torsion angles than 6-fluorination. splittings. Our strategy, which allows for a check on
individual values of Avea — Aveps indicates that the
deuterons closer to the fluorine have higher variance from
Figures 2-4 show that high-resolution orientational con- calculated values than the other sites when comparisons are
straints are available frorfH solid state NMR spectra of made at the local minima of the contour plots. Despite this
sites 11, 13, and 15. The fluorination of Trp at these positions increased variance, both splittings have been included in the
has not influenced the propensity of this molecule to insert rmsd calculations.
and align parallel to the bilayer normal. Indeed, conductance  Structural Effects of the Fluorinatiohe spectra obtained
measurements clearly show that for various 5F-Trp ana- for position 9 indicated that 5- and 6-fluorination induce
logues, including 5F-TipgA, the channel state is formed microheterogeneity in the samples, especially for 5F-Trp-
in membranes35, 38). The **N backbone chemical shifts  gA. The literature presents two possible conformations for
(Table 1) indicate that the backbone has not been affectedthis side chainZ, 42, 43), both of which are consistent with
significantly by fluorination of the indoles or by the use of the solid state NMR data. However, since tf¢ backbone
DOPC instead of DMPC. chemical shifts of 5F-Trpanalogues are similar to gA and
Assignment of théH Splittings and the Choice of gc€o are well defined, the instability is probably due to a slight
analyze the orientational constraints, it is essential to make perturbation in the side chain conformation, rather than to a
accurate assignments. Moreover, the sign of the quadrupolaichange in the rotameric state. Indeed, the range may be less
splitting needs to be determined and reasonable assumptionthan 5, but it is enough to cause resonance overlap and an
about the motional averaging of the tensors mae¢.and inability to quantitatively analyze the data in this particular
19F doubly labeled tryptophan was not available for ac- case. Position 9 lying deeper in the bilayer than positions
curately characterization of the dynamics, and therefore, thel1, 13, and 15 is located in an environment with a dielectric
dynamics were assumed to be the same as in gA. Theconstant that is lower than those of the other Trp side chains.
similarity of the analogue orientations achieved while using The electronegative fluorine in this environment may de-
this assumption justifies its use. Numerous sign combinationsstabilize the side chain conformation, or the very large dipole
for the quadrupolar splittings were investigated, and the moment may not be stable in this environment. Indeed, 5F-
correct combination was chosen on the basis of the minimal Trp has a larger dipole moment than 6F-Trp, consistent with
rmsd in they./y. plots. Finally, it was also assumed that the the observed increase in the level of disorder. Moreover, 5F-

DISCUSSION
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Table 4: Geometric and Electrostatic Parameters Associated with the Most Stable Tryptophan Conformations of Tryptophans and Fluorinated
Tryptophan in the Gramicidin Channels

Trpus 5F-Trpr 6F-Trpu Trpss 5F-Trpus 6F-Trpis Trpss 5F-Trpis 6F-Trpis
Critical Distances (A)
ri 11.9 12.0 11.9 12.4 12.2 12.4 134 13.6 13.3
12.4 12.3 12.4
ro 8.1 8.2 8.1 8.0 7.8 8.0 7.4 7.5 7.4
8.0 7.8 8.
I'NH 11.4 11.4 11.3 121 11.8 121 13.8 14.0 13.7
12.2 11.9 12.22
rpb/rH;3c/|’H,72d 5.9/7.¢ 5.8 7.5 6.477.9 6.3 7.9 8.199.9 7.9b 9.2
6.5%¢/8.0~d 6.6%° 8.07d
Critical Orientations (deg)
0 43 43 43 40 40 40 34 33 34
log log 402
Onn 33 41 33 38 45 38 42 44 41
412 467 3%
0, 22 18 39 18 26 31 19 15 28
207 28 3z
Dipole Components (D)
uj| 2.0 3.8 2.4 2.0 3.6 2.6 2.0 3.9 2.7
2.7 3.5 2.6
un 0.8 1.2 1.9 0.6 1.7 1.6 0.7 1.0 1.4
0.7 1.9 1.6
Ui 1.7 2.9 11 1.9 35 1.6 2.0 35 1.9
1.9 3.5 1.6
Ur 0.5 0.2 -0.2 0.6 1.2 -0.7° 0.7 0.5 -0.5°
0.6 1.2 —0.62¢
Ut 0.6 1.2 1.7 0.3 1.3 1.4 0.2 0.9 1.3
0.3 1.4 1.5
Conductance in DOPC and DPhREA)
DOPCl/decane 2.02 0.03 2.55+ 0.03
DPhPC/decane 2.1+ 0.03 2.50+ 0.04

@ The values for positions 11 and 15 are from DMPC (1/8) samples. For position 13, the first value is from DMPC samples and the second value
from DOPC (1/25) sample&.Distance from the fluorine in the fluorinated tryptophans to the bilayer cehBistances from k| hydrogens (in
tryptophan) to i. K, and H,, are the positions occupied by fluorine in 5F-Trp and 6F-Trp, respectively, so that values denoted with footnote b can
be compared to values denoted with footnote c in 5F-Trp-gA and to values denoted with footnote d in 6F-TfisiAnces from L}, hydrogens
(in tryptophan) to i. K, and H,, are the positions occupied by fluorine in 5F-Trp and 6F-Trp, respectively, so that values denoted with footnote b
can be compared to values denoted with footnote c in 5F-Trp-gA and to values denoted with footnote d in 6F*TApagéative sign means that
the vector points toward the channel cent€@onductances measured 1 M KCI with a membrane potential of 100 mV and at 23 (35).

Trp-gA positions the fluorine further into the bilayer than chain orientation. However, this observed microheterogeneity
6F-Trp-gA. at position 9 may not significantly affect channel conduc-
Microheterogeneity may arise from a number of sources. tance, because of its small angular range of disorder. In fact,
Aggregation could affect side chain positions and may be a cursory examination of conductance measurements indi-
induced by burying a significant dipole or electronegative cates that the process causing line broadening in 5F- and
atom in such a low-dielectric environment. However, only 6F-Trp-gA does not dramatically affect the channel current
a slight improvement in the resonance line widths was noise or conductance state dispersi§8;( D. Busath,
observed upon dilution in DMPC (1:35) or DOPC (1:25). unpublished results).
More likely, this microheterogeneity results from destabiliz-  In the comparison of the side chain conformations at a
ing the Trp minimum energy conformation to the extent given position (Table 3), the changesjynare very minor
that other conformational substates have approximately theand changes ip, are small, but significant (as much as’L.2
same energy. This suggests a convoluted potential energyOn the basis of the fit of the predicted and observed
surface with many tightly spaced conformational substates quadrupolar splittings, an rmsd of 7 kHz is approximately
with approximately equal energies. equal to an error of:2° in this time-averaged structural
This is not the first time that substitution at position 9 has determination. Consequently, on the basis of the precision
generated more complex structural and functional effects of the NMR data, many of thg, differences are indeed
compared to substitutions at positions 11, 13, and 15. Hinton structurally significant. The indole N-H positions and
and co-workers44) investigated the structural effects of orientations relative to the interface remain similar (Table
substituting glycine (Gly) for Trp in gA. The studies, carried 4) and typical of indoles in various membrane proteins,
out in SDS micelles, showed that Gly substitution at position including the photosynthetic reaction centdb,(46) and
9 was responsible for more structural heterogeneity than Gly cytochromec oxidase 47). The reasons for such an orienta-
substitution at positions 11, 13, and 15. Becker et24) (  tion at the interface have been the subject of various studies,
showed that the Trp to Phe substitution in gA that affected but it is still unclear whether it is primarily due to the
conductance most was the substitution at position 9. It will hydrogen bonding potential of the.N-H at the interface,
be interesting to carefully examine single-channel currents interaction of the side chain dipole moment with the
of fluorinated Trp-gA for evidence of diversity in the side interfacial dipole potential, or steric constraints imposed by
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the backbone structure. White and co-workdi® pave also z SIDE VIEW Ry B
AN

pointed out the potential of the ring quadrupole moment and
its flat shape. The location & -methylindole has also been
found at the interface, and this has been used to suggest that
hydrogen bonding at the interface is not the primary reason
for the Trp side chain orientational preferené®)( Here

we find that substantial modification of the indole dipole
moment and orientation does not dramatically affect the
N,,—H bond orientation.

When the tryptophans in gramicidin are modified with
fluorine, structural modifications are induced, especially in
5F-Trp where the changes in dipole magnitude are greater
and where the electronegative atoms are buried deeper in
the bilayer interstices. From the data for positions 11, 13,
and 15, there is an opportunity to assess whether these
changes are in response to minimizing the dipole-generated
electric field penetration or penetration of the electronegative
fluorine into the bilayer interstices. However, as seen in Table
4, the structural modifications do not appear to minimize
either of these energetic considerations. Thus, it suggests that
the tryptophans of gA reside in very favorable bilayer
locations and orientations such that the structural modifica-
tions are minimal.

Functional ImplicationsThe indoles have several func-
tional roles in the gramicidin channel. The dipoles are
important for the efficiency of the cation conductan@e (

34, 38). They are also responsible for the stability of the
single-stranded versus double-stranded conformatis (

32) as well as being responsible for the orientation of the
channel with respect to the bilayeR5). Moreover, the
indoles may play an important role in defining the channel’s
helical sense36;, M. Cotten et al., unpublished results). Ficure6: Critical parameters characterizing the role of the indole
These features have to do with hydrogen bonding potential, g:‘pglgeAn::%gr?rTéliZiﬁwhearn:rilj iﬁgcéigxeirsogg{:]“geghﬁ\Ziedv\e; E’é%v(\/)f(ﬁ)e
and the significant side chain dipole. Increasing the dipole hannel monomer are shown with the m robabla-Tr
and changing its orientation have not substantially destabi-goﬁforﬁ,gggn g)? (OA) e; i";‘g r?oicr)n on thte éhgnngfgxﬁ’sc’(bz”)‘ a?%hep
lized the structure or its orientation with respect to the bilayer. bilayer centerr; is the distance between the center of geometry of
However, introduction of 5F-Trp is known to modify the the heavy atoms of the indole ring and the point i is the
conductance of this chann&g, 38). Experiments with 6F- distance between the hydrogen of the indole NH group and the

L center of the bilayen is the distance between the center of the
Trp analogues currently underway indicate that they, too, indole ring and the channel axis in a plane parallel to the bilayer

have modified conductgnces. o surfacerr is the distance between the fluorine and the bilayer center.
The influence of the dipoles on function is presented here (B) u is the dipole moment in the plane of the indole ring, and

by calculating various dipole components and comparing and ug are its components parallel to the channel axis and
them with those of gA (Table 4) as illustrated in Figures 6 Perpendicular to it, respectively. Also shown is the component
. . S - parallel tor;. (C) up is decomposed into components, radja) (

gnd.7. The dlstgnces are pictured on the gram'|C|d|.n A dimer 3q tangential() with respect to the channel axis.
in Figure 6A.r; is the distance between the point “i" on the
channel axis at the center of the bilayer and the center ofbarrier at “i” for ion translocation. Note that the effects of
geometry of heavy atoms of the indole rimg.is the distance  two rings of dipoles located near each channel entrance in a
between the center of the Trp ring and the channel axis in asymmetric channel do not cancel each other. This is possible
plane parallel to the bilayer surfacexy represents the  because the polarization of the water bath renders the side
distance between the indole,NH proton and the center of  chain dipole comparable to a negative point charge that yields
the bilayer, while'r represents the distance between fluorine a negative interaction energy with the cation, even at the
and the center of the bilayeat.is the indole dipole moment  center of the channel. Also, the negative ends of the dipoles
(Figure 6B), split in three components: axial or parallel to at the two ends of the channel are additive, whereas the
the channel axigq)), perpendicular to the channel axisj, positive ends are more distant and contribute less to the
and parallel to the; direction ;). Furthermoreyp is broken potential profile 43). A ring of radial dipoles, in contrast to
down into radialy, and tangentiak; components (Figure  axial ones, yields a potential energy surface with two minima
6C). near the channel entrances. This suggests that the radial

Sancho and Martinez50) have used a macroscopic components should affect cation binding as opposed to
(continuum) approach to describe the effect of a ring of translocation. To explain the conductance studies of ana-
dipoles near the channel mouth. When using a ring of dipoleslogues, Sancho and Martinez(j observed that the energy
oriented parallel to the channel axis, the potential energy for the interaction between the axial component of the indole
surface features a minimum at “i” that decreases the energydipole moment and the cation at the center of the channel is

By

1)

END VIEW
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Ficure 7: Critical parameters characterizing the role of the indole dipole moment on channel function (Figure 6) are highlighted for
positions 11 (A) and 13 (B) in DMPC. Two side views (a) of a gA channel dimer and the corresponding end views (e) of the channel
monomer shown with the most probable firpnd Trps conformations are used to make comparisons with the most probable 5F-Trp and
6F-Trp side chain conformations (this study, Table 3) shown as insets near the gA structure. For each indole (b), 5F-Trp (c), and 6F-Trp
(d) highlighted in the top monomer, the magnitude and direction of the dipole moment components pgjadlet! (perpendicula() to

the channel axis and along the direction of the vector pointing from the center of the channel to the center of mass of the ind@dle ring (
are represented in the plane containing the dipole momeTihe orientation of the dipole moment and,NH group with respect to the

channel axis has also been addedhas been decomposed into components, radiphfid tangentialy) with respect to the channel axis

for Trp (f), 5F-Trp (g), and 6F-Trp (h). Note that the most probable, Egnformation characterized by Arseniev et @)(and suggested

by Koeppe et al.42) has ay; value close to 90vs 270 as shown here and by Hu and Cro2% (

stabilizing. However, they explained different conductance componenty;, that influences the potential energy barrier
behaviors among various gA analogues by considering theat “i” is substantially larger in 5F-Trp-gA than in gA for
radial component of the dipole moment of the tryptophan each of the three positions that are characterized. This is
side chain(s). They concluded that optimal effects on channelconsistent with the 26 and 18% increase in conductance for
conductance of the Trp radial dipole moment components 5F-Trps-gA in DOPC/decane and DPhPC/decane, respec-
would be achieved for indole rings oriented perpendicular tively (Table 4) 85). While the increase ip; is significant,

to the bilayer normal. This contrasts with the interpretation it is not enough to compensate for the loss of gTirp 5F-

of solid state NMR-determined axial components and Trp,;,Phe-gA for which Andersen and co-workers showed
conductance date2(35). For a broad collection of Trp to g reduction in conductance in DPhPC/deca88).(lt is

Phe substitutions in gA, a linear relationship between the predicted on the basis of the results presented here that for
sum of the interaction energy between monopole (cation atgF-Trp-gA a reduction in conductance could be anticipated,
‘") and dipoles i (Trp residues) and the natural log of especially for 6F-Trp-gA, while for 6F-TrpsgA the

conductance has been not&l (Not only does this demon-  reduction is expected to be insignificant.
strate the influence of long-range electrostatic interactions

on function, but it also suggests that, in this lipid environ-
ment, the rate-limiting step is at the bilayer center, “i". This
is not to say that the radial components are not important
for cation binding. Indeed, Hu and Cros) have suggested
that the tangential components may also be important for . . o
facilitating cation movement, since evidence has been compongnt, and cons_equently, cation dissociation constants
published suggesting that the cations move through the &€ Predicted to be higher for these analogues.
channel on a helical pattb{, 52). It has been suggested)(that the tangential component

It is clear from Table 4 that, for a given side chain, of the dipoles could be important in conductance since the
remains quasi constant. For the calculation of the monepole conductance pathway is on a helical path through the channel.
dipole interaction energy, the; component has been For all 5F-Trp and 6F-Trp gramicidin A analogues, the
calculated reflecting both the change in dipole orientation tangential components are substantially greater. Potentially,
with respect to the ring and the modified orientation of the this could result in destabilization of the cation in the binding
rings such as 5F-Tip-gA and 5F-Trps-gA. The dipole site or further delocalization of the binding sit&2}.

The dipole component; that influences cation binding is
also substantially influenced by fluorination. 5F-THgA
exhibits a substantial increase in this component that should
lead to stabilization of the cation in the binding site. All the
6F-Trp-gA analogues, however, show a reversal in this
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Electrostatic interactions over distances as great as 12
13 A have considerable functional significance in bilayer

channel fromStreptomyces didans the potential of such

electrostatic interactions has also been suggested, not with 21.

indoles, but with the dipoles ai—helices (). Four helices
at a tilt of approximately 45with respect to the bilayer

on channel conductance. In gramicidin A, it is clear that the

functional sensitivity to the orientation and magnitude of the 55

side chain dipoles makes it imperative that high-resolution
structural characterization be realized before strueture

function correlations such as those demonstrated here can

be achieved.
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