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ABSTRACT. To further investigate the effect of single amino acid substitution on the structure and function
of the gramicidin channel, an analogue of gramicidin A (GA) has been synthesized in whighisTrp
replaced by Gly in the critical aqueous interface and cation binding region. The structure;ef33ly
incorporated into SDS micelles has been determined using a combination of 2D-NMR spectroscopy and
molecular modeling. Like the parent GA, GiyGA forms a dimeric channel composed of two single-
stranded, right-hande@f->-helices joined by hydrogen bonds between their N-termini. The replacement
of Trpis by Gly does not have a significant effect on backbone structure or side chain conformations with
the exception of Trp in which the indole ring is rotated away from the channel axis. Measurement of the
equilibrium binding constants an&iG for the binding of monovalent cations to GA and GHW5A channels
incorporated into PC vesicles usiffT| NMR spectroscopy shows that monovalent cations bind much
more weakly to the Ghg-GA channel entrance than to GA channels. Utilizing the magnetization inversion
transfer NMR technique, the transport of Nians through GA and Glyg-GA channels incorporated into
PC/PG vesicles has been investigated. Tha4Slybstitution produces an increase in the activation enthalpy

of transport and thus a significant decrease in the transport rate of thehas observed. The single-
channel appearances show that the conducting channels have a single, well-defined structure. Consistent
with the NMR results, the single-channel conductances are reduced by 30% and the lifetimes by 70%. It
is concluded that the decrease in cation binding, transport, and conductancesi®&lsesults from the
removal of the Trps dipole and, to a lesser extent, the change in orientation ofi.Trp

The role played by tryptophan residues in determining the act as transmembrane ion transporting channels, the tryp-
properties of integral membrane proteins has been the subjectophan residues can affect the binding and transport of cations
of much interest 1, 2). Within the lipid bilayer, the through ion-dipole interactions. The strategically located
tryptophan residues tend to be asymmetrically located, tryptophan residues at the aqueous interface initiate the
clustering at the interface between the polar headgroup regiortransport process by enhancing capture and stabilizing the
and the hydrophobic interior in a relatively uniform layer ion in the channel.
just below the surface. This suggests a possible structural Because of the difficulty in obtaining high-resolution
role for tryptophan residues in transmembrane sheets andstructural information for the very large protein channel
helices, where they may play a part in the stabilization of systems, smaller model channel systems have been studied
the transmembrane segments and perhaps in the orientatioto obtain structure/function information that could relate to
and bilayer insertion process. The inherent dipolar nature the large protein channels. Gramicidin A (GA3,15 residue
and ability to form hydrogen bonds are thought to be the polypeptide that forms monovalent cation specific channels
properties of the tryptophan residue responsible for this in model membranes, has been found to have structural
structural role. Furthermore, in proteins and peptides that features in common with other ion channeds-6). The three

major, naturally occurring gramicidin species (A, B and C)
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stranded, right-handegf>helices, joined by hydrogen bonds A 100 mM phosphate buffer solution, pH 6.5, was purchased
between their N-terminig, 9). Of the 15 residues in GA, from PGC Scientifics (Gaithersburg, MD)-a-Phosphati-
four are tryptophans that are located at, or near, the aqueouslylcholine (PC) from frozen egg yolk (100 mg/mL in
interface at positions 9, 11, 13, and 15. These tryptophanchloroform) was obtained from Sigma Chemical Company
residues are important in the insertion, folding, structure, and (Saint Louis, MO).L-a-Phosphatidylglycerol (PG) (sodium
function of the GA channell(0). The structures of GA, GB,  salt, 25 mg/mL in 90% chloroform/10% methanol) was
and GC are practically the samB);(however, the single-  purchased from Avanti Polar Lipids Company (Birmingham,
channel conductances (with Nas the permeant ion) for ~ AL). Dysprosium (IIl) nitrate, Dy(N@)s, was obtained from
the three channels differ (GA GC > GB) (11, 12). There Alfa Aesar (Ward Hill, MA). Sodium tripolyphosphate,
have been many other single channel conductance studiedNasP;010, Wwas purchased from Aldrich Chemical Co. (Mil-
on GA analogues in which the tryptophan residues are waukee, WI).
replaced by residues that have less polar and more polar side The sample of Ghs-GA incorporated intod,s—SDS
chains 8 and references therein). In general, it is the position micelles used for thtH 2D-NMR experiments was prepared
of substitution (i.e., 9, 11, 13, or 15), orientation, and in the following manner €. A 50 mM solution of the
magnitude of the dipole moment of the side chain that analogue dissolved id,-TFE was combined with 275 mM
determines the effect on conductance. One must determineaqueousl,s-SDS solution (89% pH 6.5 buffer/11%0, v/v)
the complete structure of the gramicidin channel to define to a final concentration of approximately 5 mM GhGA
the relative orientations of the side chains since near (¢.g., and 250 mMd,s-SDS in 80% pH 6.5 buffer/10% f®/10%
i+1) and far (e.g.i, i+6) interactions are important within  d-TFE. The sample was then sonicated (low power) for 5
the helix. min to facilitate incorporation of Glg-GA into thed,s-SDS

To determine the effect of tryptophan replacement on the micelles.
structure and function of the GA channel, we have completed For the monovalent cation binding studies, GI6A was
a systematic investigation for a synthetic analogue of GA in incorporated into PC vesicles using the method of Urry et
which Trpss is replaced by glycine (Gly-GA). The 3D al. (15, 17—21). The CD spectrum of Glg-GA incorporated
structure of this analogue incorporated into sodium dodecyl into PC vesicles was the same as that of GA incorporated
sulfate micelles, including backbone configuration and side into PC vesicles. It has been shown that the CD spectrum of
chain orientations for the full dimer channel, has been GA incorporated into PC vesicles represents/figehelical
determined by the combination of NOESY derived distance channel statel3—15, 17, 19—25). For the?5TI* ion binding
constraints and molecular modeling. For GIGA channels studies, in the absence of Nar K, samples were prepared
incorporated into vesicles, the thermodynamic parameters forto have 5 mM Glys-GA dimer, 100 mM PC, and varying
cation binding at the channel entrance have been determined’|* concentrations (0.050.5 mM) (19, 20). Samples used
using?%TI™ NMR spectroscopyl3—15), and the activation  for the Na and K" competition binding studies contained 5
enthalpy for cation transport has been determined using themM Gly;5-GA dimer, 100 mM PC, 15 mM TIN@ and
magnetization inversion transfer NMR techniqu®)( We varying concentrations of NaN@r KNO;3 (0.1-0.4 M) (14,
present here a comparison of the structure and transportl5, 19, 20).
properties of Glys-GA with those previously reported for The magnetization inversion transfer experiments required
GA (5, 13—16). We also examined the properties of Gly the synthesis of &Na" chemical shift reagent and prepara-
GA channels electrophysiologically. These results are in tion of large unilamellar vesicles (LUV). THéNa" chemical

overall agreement with the NMR results. shift reagent, Ny (Ps010),, was prepared by the reaction
between Dy(NG@); and NaP.O,o, as previously described
EXPERIMENTAL PROCEDURES (26—28). The method of reverse phase ether evaporation was

Materials. Gly;s-GA was obtained using an Applied used to prepare LUV1E, 29—31) composed of a mixture
Biosystems 431A Peptide Synthesizer (Foster City, CA). The of PC:PG in a 4:1 mole ratio. This method gave a high Na
amino acid sequence of the GhGA analogue was checked encapsulation{30%) in the inner aqueous solution. Incor-
with an Applied Biosystems 473A Protein Sequencer (Foster poration of Glys-GA into the LUV (6, 30, 31) was achieved
City, CA). Two HPLC runs were used to purify the analogue. by the addition of a small amount of GlyGA dissolved in
The purity of the analogue>©8%) was assessed using TFE to the vesicle solution followed by agitation with a
electrospray ionizaton mass spectrometry (Mass Consortium,vortex mixer. The solution was then incubated 3ch at 65
San Diego, CA and the University of Arkansas Mass °C. After cooling to room temperature, a small amount of
Spectrometry Center). Circular dichroism spectra were D,O was added to the sample. Finally, the LUV solution
obtained with a Jasco J-710 Spectropolarimeter (Jasco, Inc.was diluted 1:1 with the chemical shift reagent bringing the
Easton, MD). ThéH and?*Na NMR spectra were obtained final concentrations of Ghg-GA, chemical shift reagent and
with a Varian VXR 500S spectrometer (Varian, Inc., Palo Na'to 2, 5, and 100 mM, respectively. TR#&Na" chemical
Alto, CA). The 2°5TI NMR spectra were obtained with a  shift reagent is membrane-impermeable, thus the final
JEOL FX 90Q spectrometer (JEOL USA, Peabody, MA). concentration refers only to the aqueous environment outside

Deuterated sodium dodecyl sulfa£SDS), deuterium  of the LUV, whereas the Naachieves an osmotic balance
oxide (D;O), and deuterated trifluoroethanol (§FD,OH, between the inner and outer aqueous pools. The chemical
d,-TFE) were obtained from Cambridge Isotope Laboratories shift difference between the inner and out®Na® is
(Cambridge, MA). Thed,s-SDS was recrystallized twice  approximately 2000 Hz. Figure 1 shows thtNa® NMR
from 95% ethanol. TIN@ (Alfa Products, Morton Thiokol spectrum for a sample made with GhGA channels.

Inc., Danver, MA) was recrystallized twice from distilled When performing cation binding and transport studies, one
water and dried to a constant weight at 90 40 mm Hg. assumes that a single helical form of gramicidin is present
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Ficure 1: 28Na NMR spectrum of the sodium ions inside of the
vesicles (smaller signal on the left) and the sodium ions on the
outside of the vesicles in contact with the shift reagent (larger signal
on the right).
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monomer interactions). The root-mean-square-deviations
(RMSD) between the structures of GA and GIBA are
1.53 for all atoms except those of residue 15 and the
ethanolamine and 1.01 for all heavy atoms except those of
residue 15 and ethanolamine. Residue 15 was removed from
the comparison because the residue at this position is
different. The ethanolamine was removed from the com-
parison because it has a large degree of motional freedom
at the aqueous end of the channel. A value of 0.53 was
obtained for all backbone atoms.

205T| NMR Spectroscopy.he TI" ion is a convenient and
relevant ion for the study of the equilibrium binding to the
gramicidin channel because of the following: (1) The TI
ion is transported through the channel. The ionic radius of
the TI" ion is intermediate between Nand Cs, which are
also transported through the channel. (2) Theidh is more
tightly bound to the channel than are the alkali cations. The

in vesicles. While this appears to be true for GA and some tighter binding to the channel means the equilibrium binding
analogues, it has been shown that a number of others formconstant can be determined with higher precision. (3)
multiple helical species in SDS micelle3%-34), and one Thallium is particularly well suited for the NMR experiment

would assume in vesicles and bilayers also. Cation binding because of its intrinsic nuclear properties. Thallium has two

and transport studies performed in the presence of multipleisotopes?%3Tl (29.5% natural abundance) affiTl (70.5%

helical forms would be difficult to interpret. 1- and 2Bl

natural abundance), which have spir= Y,. The relative

NMR techniques have been developed to detect the presenceeceptivity of?%Tl is 0.1355 with respect to the proton with

of multiple helical forms of gramicidin analogues incorpo-
rated into SDS micelles3g—34). Using these techniques,

we have confirmed that only one helical form exists for
Gly15-GA incorporated into SDS micelles.

METHODS

2D-NMR Spectroscopy and Molecular Modeliidl. 2D-
NMR experiments were performed using a Varian VXR
500S NMR spectrometer. Th#H chemical shifts were
determined using the standard technique involving DQF-
COSY, TOCSY, and NOESY experiment35]. A spectral
width of 6000 Hz was used in both dimensions for each 2D
experiment. All spectra were recorded at°&5in the phase-
sensitive mode3p) using the States, Ruben, and Haberkorn
method 87). Water suppression was achieved by transmitter
presaturation.

The DQF-COSY spectrum was acquired in 31ihcre-
ments with 8192 or 16384 data points to achieve high

an assigned value of 1. This mak&&T| the fourth most
receptive spirt/, nuclide. Not only are the thallium isotopes
relatively easy to observe in the NMR experiment, the
spectral parameters of chemical shift, coupling constant, and
spin lattice relaxation time are exceptionally sensitive to the
chemical (i.e., electronic) environment in which the thallium
nucleus is placed3@). 2°5TI NMR spectroscopy (i.e., the
chemical shift) provides an excellent probe of the environ-
ment about the Tlion; therefore, the equilibrium between
free and gramicidin bound Tlcan be measured with high
precision.

The equilibrium constant,) for the binding of the Tt
ion to the gramicidin channel is determined from a theoretical
analysis of the relationship betwe®T1* chemical shift and
TI* concentration in the presence of a constant concentration
of Gly15-GA incorporated into lipid vesicles. The value of
AG for the cation binding process is derived from the
relationship betweeteq and temperatureAG = —RT In

digital resolution. One hundred twenty-eight transients were Keg). Details of this technique and the analysis of the

used pett; increment.

The TOCSY spectrum was acquired in 25éncrements
(64 transients/increment) with 4096data points. The data
for these experiments were acquired with a mixing time of
75 ms using the MLEV-17 mixing schema§g).

The NOESY spectrum was acquired in 512hcrements
(128 transients/increment) with 8182data points. A delay

chemical shift data have been published previoussy. (The
competition binding?®STI NMR technique used to determine
the equilibrium binding constants for the Nand K" have
been described in detail in previous papetd, 20). This
technique involves measuring tB®TI™ chemical shift, in
the presence of constantT¢oncentration and constant con-
centration of Glys-GA incorporated into the lipid vesicles,

of 2.7 s was used before the initiation of the pulse sequence.as a function of the concentration of competingia K*.
A mixing time of 40 ms was used to ensure that cross-peak Magnetization Imersion Transfer.The magnetization

volumes were within the linear region of NOE buildup.
The molecular modeling strategy (including generation of
distance constraints, DG/SA, relaxation matrix calculations,
and minimization) for the determination of the 3D structure
of the Glyis-GA dimer channel is the same as that used in
our previous determination of the structure of GA (6), thus

making direct comparison of these analogues meaningful.

The dimer structure of Glg-GA was modeled using a total
of 13 hydrogen bonds (3 monomemonomer connections)
and 530 NOESY-derived distance constraints (27 monemer

inversion transfer techniquel®@, 40—-52) was used to
determine the rates and rate constants for the transport of
Na'" through Glys-GA and GA channels incorporated into
PC/PG vesicles. The magnetization inversion transfer pulse
sequence [90 — t; —90° —tmx — 90,° — acquire)]
consists of three nonselective/2)x pulses with the transmit-

ter frequency placed on the desired frequency to be labeled
(i.e., the signal corresponding to the outer podfilia™ ions).

The interval between the first two pulsés,is equal to one-

half of the reciprocal of the chemical shift difference between
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Table 1: 295TI* Chemical Shifts as a Function of TRActivity at
307.15 K, Equilibrium Binding Constant&{y) for TI* as a
Function of Temperature, and teG of TI™ Binding to Glyis-GA
and GA Channels Incorporated into PC Vesitles

Gly15-GA GA
®) TI+ activity (x10%) 205T|+ chemical 205T|+ chemical
240 INSIDEX 5 activity = y[TI ] shift (Hz) shift (Hz)
204 4.87 535 3712
2 168 9.65 496 3476
g a2 19.02 432 3078
E o 37.32 374 2504
% 6o 46.30 369 2198
& 55.19 344 1964
32 24 72.75 322 1663
s —12 90.04 295 1431
2 -48 123.34 256 1029
—84 173.60 215 790
—120 . . , 214.03 198 666
0.00 0.02 0.04 0.06 0.08 0.10 253.75 166 554
Mixing Time (sec) 331.47 149 424
FiIGURE 2: (A) The 23Na NMR signal of the sodium ions on the 407.31 122 338
inside of the vesicles as a function of mixing time increasing from
the left to the right. (B) The theoretical fit of the inside and outside temperature (K) Keqg(M™Y) Keq(M™)
23Na NMR signals as a function of mixing time. The filled circles 303.15 138.2
are experimental data. The solid lines are computer fits of the 307.15 113.0 506
experimental data. 310.15 104.8 457
313.15 78.1 424
the inner and outeP3Na" signals. This chemical shift 317.15 57.8 363
difference must be made as large as possible since the value 325.15 38.8 259
of t; has to be considerably shorter than theof the two AGso7 15k (keal/mol) —29+0.1 —3.8+£0.5

exchanging sites. A total of 2530 mixing times were used

a Sample concentrations: 5 mM GiGA or GA dimer; 100 mM

at each of the nine temperatures for which the data werePC.

collected. The nature of the experiment is such that at short

mixing times, some of the inverted outsiégfdat signal is
transferred to the inner aqueota" pool of the vesicle

RESULTS AND DISCUSSION
The transport of a monovalent cation through the grami-

by the mechanism of ion transport through the gramicidin cidin channel involves five steps (60): (1) diffusion through
channel. This causes a decrease in the signal intensity ofwater to the entrance of the channel; (2) binding to the
the inner?®Na" NMR signal. The innef*Na* NMR signal channel entrance; (3) movement through the channel; (4)
for a typical magnetization inversion transfer experiment is interaction with the binding site at the opposite end of the
shown for Glys-GA in Figure 2A. The magnetization symmetric dimer channel; (5) diffusion away from the
inversion transfer data were analyzed using the method ofchannel. The binding step involves the removal of some of

Muhandiram and McClung5@) with the CIFIT computer
program of Bain et al. §4—56), shown in Figure 2B, to

the water molecules from the hydration sphere of the cation
replacing them with backbone carbonyl oxygen atoms that

determine rates, rate constants and the activation enthalpyline the channel. This is an equilibrium binding process, and

of Na* transport.

Electrophysiology.Single-channel measurements were
performed at 25+ 1 °C using the bilayer punch method
(57) in planar lipid bilayers formed from a solution of DPhPC
in n-decane (2-2.5wt %/vol). The electrolyte solutions were
unbuffered NaCl, KCI, or CsCl. Aliquots of GlyGA

the equilibrium constants for NaK*, and TI" have been
measured using th&TI™ chemical shift technique. Table 1
contains the?%sTI™ chemical shift data at 307.15 K, equi-
librium binding constantsey) andAGgzo7.15<for TI* binding

to Gly;s-GA and GA channels. Table 2 presents the results
from the Na and K' competition binding experiments:

dissolved in ethanol were added to the aqueous phases 0A%TI* chemical shifts as a function of Nand K" activity

both sides of the bilayer while stirring. In the heterodimer

at 317.15 K, equilibrium binding constant¥() and

experiments, Gly15-GA and the reference GA were added AGso7.15¢ for the binding of Na and K' to Gly;s-GA and

either asymmetrically, to one side of the bilayer, or sym-
metrically, to both sides of the bilayer. The nominal aqueous
concentration of Glys-GA varied between 162 and 101!

M, similar to the concentration of GA. Curent signals were

GA channels. The kinetics of ion transport through the
gramicidin channel, related to steps£2, have been deter-

mined using the magnetization inversion transfer technique.
Rates, rate constants, and the activation enthalpies 6f Na

recorded using a Dagan 3900 Patch Clamp amplifier (Dagontransport through the Giy¥GA and GA channels are shown

Corporation, Minneapolis, MN), filtered with an 8-pole
Bessel filter, and digitized at 5 times the filter frequency
(57, 58). The average channel lifetime)(was estimated by
fitting single exponential distributions to the duration dis-
tributions. This was done using the equatid(t) = N(0O)
exp(—t/t), whereN(0) is the total number of channels and
N(t) denotes the number of channels with a duration longer
than timet (58, 59).

in Table 3.

The relative ease with which GA can be modified by single
amino acid replacement provides the opportunity to inves-
tigate how changes in side chain polarity affect the 3D
structure of the channel, as well as cation binding and
transport. The replacement of the tryptophan residue at
position 15, which is at the aqueous interface, with glycine
reduces the size of the side chain at that position and removes
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Table 2: 295TI* Chemical Shifts as a Function of Nar K+
Activity at 317.15 K in the Presence of GlyGA Channels
Incorporated into PC Vesicles

Table 4: Channel Characteristics of GNsA and GA Channels in
1M NacCl, 1M KCI and 1M CsC

channel conductance (pS)

channel duration (ms)

205T|+ 205-|—|+
Na' activity (x10?)  chemical K™ activity (x10?)  chemical peptide I\%a,\él ig Clis’\él Nla,\él:l ig és,\él
activity = y[Na*]  shift (Hz)  activity = y[K*]  shift (Hz)
Gly:=GA 8.5 17.3 34.8 209 207 125
7.58 192.9 7.33 195.3 GA 150 275 464 680 743 674
10.95 190.4 10.44 173.3
14.40 163.6 13.18 168.5 * At +200 mVv.
17.10 173.3 15.82 163.6 _ .
19.90 158.7 18.21 151.4 the movement of Naions through the Ghg-GA channel is
25.60 156.2 22.96 124.5 significantly slower than through the GA.
SIVIEGA oA To discover if the slower movement of ions through the
KV(M,l) Keq (M~1) Gly;5-GA channel is solely the result of the removal of the
e e .
tem?}%rat”re o 5 e P 3 e tryptophan dipole or whether the removal of the tryptophan
residue also changes the structure of the channel in such a
g%ig g'g ig? gs'i Zg'é manner as to diminish ion transport, we have determined
31315 5.0 756 272 43.3 the 3D structure, including backbone and side chain con-
317.15 3.8 7.2 23.4 39.9 formations, of Glys-GA. Figure 3 shows an overlay of the

backbone, residues-B and residues-915 of Gly;s-GA and

GA. Like GA, the Glys-GA channel is composed of two
single-strand, right-hande@®3-helices joined by hydrogen
bonds between their N-termini. The removal of FErn
Gly;5-GA creates a small difference in the backbone structure
at the C-terminus near the ethanolamine (ETA). The other,
notable difference between the two structures involves the
orientation of the Trp, side chain. In Glys-GA, the Trp;
side chain is oriented away from the channel axis, as shown
in Figure 4. The cation binding site for GA has been
identified as a “pocket” formed by residues-105 (24, 61—

AGgo7.1sk(kcal/mol) 1.1+ 0.1 -1.6+ 0.1 —2.1+0.1-2.4+0.1

a Equilibrium binding constantgy) as a function of temperature,
and theAG of binding for Na” and K" to Gly;s-GA and GA channels
incorporated into PC Vesicles. Sample concentrations: 5 mMsGly
GA or GA dimer; 100 mM PC; 15 mM Ti.

Table 3: Rates, Rate Constants, and Activation Enthatgy*] for
the Transport of Nathrough Glys-GA and GA Channels
Incorporated into PC/PG Vesiches

Glyi1s-GA GA
rate constant,

rate constant,

temperature  rate K x 103 rate Kk x 103 64). The binding of a cation in this “pocket” involves the
(K) () (MmL2stmolY) (s (mL2simol™?) carbonyl oxygen atoms of the amino acid residues and the
287.93 53.29 9.07 141.17 26.00 long-range ior-tryptophan dipole interactions. The position
290.60 63.99 10.83 158.69 29.24 of the Trp; dipole being further away from the channel axis
293.33 76.08 12.84 172.17 31.82 may also contribute to the weaker cation binding for Gly
296.09 86.18 14.62 187.27 34.84 : .
508 88 99.01 16.74 504 25 38.44 GA compared to GA. The importance of the ion-tryptophan
301.89 109.87 18.70 223.33 42.79 dipole interaction on cation binding and transport has been
304.61 123.12 21.24 235.95 46.00 investigated and reduction of the total dipole moment of the
208-26 13(?)-24 53-35 549-72 52-03 binding “pocket” by successive Tt Phe substitutions does
10.25 140.37 54 e 56.14 diminish the single-channel conductances of the gramicidin
AH¥ (kcal/mol) 7.5+ 0.2 5.4+ 0.3

channel 11, 65). This effect is directly related to the
sequential loss of the indole ring dipoles, each of which
promotes both cation entry and permeation due to the ion
dipole interaction. Conversely, the fluorination of the indole
a critical dipole from the channel entrance. The capture andring, which increases the dipole moment, has been found to
binding of a cation at the channel entrance is primarily the increase the single-channel conductar@@-69).

result of the interaction between the ion and the carbonyl As would be expected from the NMR results, which show
oxygen; however, this is modulated by the long-range ion- only one major conformer, GlyGA forms predominately
tryptophan dipole interaction. Removal of the tryptophan side one type of channel in DPhPC bilayers in both 1.0 M NaCl
chain at the channel entrance would be expected to reduceand KCI. Figure 5 shows results obtained witht™Nend K"

the strength of the binding interaction. This is what we as permeant ions. Table 4 summarizes the results obtained
observe with the?*STI* chemical shifts, the equilibrium  with 1.0 M NaCl, KCI, and CsCI. For both Naand K", the
binding constants and th&Gso7.151 Of binding for T, Na*, conductance of Ghg-GA channels is reducee30%, as
and K" with Gly;5-GA (see Tables 1 and 2). In Table 1 it compared to GA channels and the lifetimes are reduced by
can be seen that tH&TI™ chemical shift is much less with  ~70%.

Gly1s-GA than with GA, indicating weaker binding with Current-voltage characteristici{V characteristics) of
Gly15-GA. The equilibrium binding constants are less fof,TI  Gly;5-GA channels were determined using both"Ndad K*

Na', and K" with Gly;s-GA than with GA, and the values as the permeantions (at 0.5, 1, and 2M NaCl or KCI). Figure
of AGgzp7.15¢ for these ions also indicate weaker binding to 6 shows the—V characteristics of Ghg-GA channels as
Gly1s-GA. The rates, rate constants, and activation enthalpieswell as those of native GA channels. TikeV characteristics

for the transport of Naions through the Gh-GA and GA of Gly15-GA channels show similar trends to those of native
channels are shown in Table 3. Obviously, with decreased GA channels, though the ion permeability is reduced in
rates and rate constants and an increased activation enthalpyGly;s-GA relative to native GA channels. The concentration

a Sample concentrations: 2 mM GiGA; PC:PG mole ratio of 4:1;
100 mM Na.
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Ficure 3: Divergent stereoviews showing the heavy-atom superposition of the final DISCOVER minimized structureg-&45(yed)

and GA (blue). The top image is a side view showing the heavy atoms of the backbone, including formyl and ethanolamine capping groups,
for one-half of the channel (monomer). The middle and bottom images are end-on views showing all atoms for resjdihesugal

D-Valg and residues Tgpthrough Trps, respectively. The formyl groups are aligned in all three figures.

dependence of the changesiinV characteristics is com-  of Trpy; may be involved, as this would alter the electrostatic
parable for the two channel types. interactions between the permeant ions and the side chain
The reduced conductance is in general agreement with thedipoles. The aromatic residue at position 11 seems to be
expectations from Trp~ Phe substitutions66), although particularly important in terms of modulating channel func-
the conductance change for Nis larger than that observed  tion (65).
with Trp — Phe substitution. The decrease in channel The reduced conductance is in general agreement with the
lifetime, however, is much larger than would have been reduced ion permeation rates deduced from the magnetization
expected from the Trp> Phe substitutions5), which could inversion transfer results (Figure 2 and Table 3) and could,
indicate that the Trp residues’ impact on channel function in principle, result from changes in any of the rate constants
is the result of their having a dipole moment and their ability describing the steps in ion permeation. To understand the
to form hydrogen bonds with acceptors at the bilayer/solution basis for the reduced ion permeability of the (GBA
interface. The aromatic character of the side chain also maychannels, heterodimer experiments were performed in which
be important 70) in the sense that the planar aromatic ring GA was added to only one side of the bilayer (which is the
might have favorable interactions with the interface, which electrical reference), whereas GNGA was added to each
would be consistent with the results of Wimley and White of the agueous phases. At bat200 or—200 mV, two peaks
(7). It cannot be excluded, however, that the reorientation were observed in the current transition amplitude histograms
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Ficure 4: Divergent stereoview showing the orientation of the;Tigde chains in Ghy-GA (red) and GA (blue) with respect to the
channel. To simplify visualization, only a monomer is shown, and the channel is represented by a two-thread ribbon.
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Ficure 5: Single channel characteristics of GNGA in 1M NacCl (left panels) and 1 M KCI (right panels) solution. Top panels show
one-min current traces, the middle panels show the normalized single-channel duration histograms (survivor plot plus the best single-
exponential fit), and the bottom panels give the current transition amplitude histograms. The survivor plots are fitted with a single-exponential
distributionN(t)/N(0) = exp(-t/t), whereN(0) is the total number of channelN(t) the number of channels with a duration longer than

andt the average channel lifetime. 1.0 M NaCl or KCI, 200 mV.

(Figure 7, top and middle panels): one representing homo-ability of Na* and K" to displace Tt in the channel (Table
dimeric Glyis-GA channels, where a Gl¥GA monomer 2) suggest that a major reason for the reduced ion perme-
from one monolayer associates with a (gl¢A from the ability is that the energy barrier for Nantry into the Glys-
other monolayer, and a heterodimer peak, where asGly GA subunit is higher than that for entry into the GA subunit
GA monomer from one monolayer associates with a GA (65, 72).

monomer from the other monolayer. The different positions  The current transition histograms obtained when GA is
of the heterodimer peaks &t200 and—200 mV indicate added symmetrically to both chambers are given in the
that the energy barrier for the GlyGA/GA heterodimeric bottom panel of Figure 7. Four peaks were observed: two
channels is asymmetric, so that the permeating ions experi-homodimeric peaks; one each for the GIEA and GA
ence a different profile as they traverse the channels in thechannels and two heterodimeric peaks; one each for GA/
Gly15sGA — GA and the GA— Gly15-GA directions. The Gly15-GA and Glyiss-GA/GA channels, corresponding to the
different current amplitudes taken together with the reduced different heterodimeric peaks in the asymmetric experiments
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Ficure 7: The current transition amplitude histograms obtained
in heterodimer experiment with GlyGA and GA in 1 M NaCl
(200 mV). Glyis-GA was added to both aqueous phases, whereas
GA was added only to the front of the chamber. The top and middle
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FIGURE 8: The current transition amplitude histograms obtained
in heterodimer experiment with symmetric addition of (gIGA

and des-ValGA~ in 1 M CsCl. There are total of 923 transitions,
but only two peaks are seen in the histogram: one-@tpA,
representing des-ValGA~ channels, with 231 transitions (25%),
and one at~7 pA, representing Gly-GA channels, with 620
transitions (67%). Each of the major peaks represents a single
channel type, as evident by their lifetime distributions (results not
shown). We thus can account for 851, or 92% of the transitions,
and no other peak encompasses more than 2% of the transitions,
which indicates that heterodimers do not form between these two
analogues. 1.0 M CsCl, 200 mV.

the des-ValGA~ (an enantiomeric GA analogue in which
the chirality of each residue in the sequence is shifted and
p-Val; is deleted). Des-ValGA™ forms only left-handegs-3
helical channels, which are terminated with amnesidue.
Thus, if Glyi5-GA could form left-handed channels, they
would present themselves as a distinct channel type in
heterodimer experiments with des-%&A~. To optimize
channel detection, these experiments were performed with
Cs" as the permeant ion. There was no evidence for
heterodimers between GlyGA and des-VatGA~. The
amplitude histogram (Figure 8) shows only the two peaks
expected for the two symmetric, homodimeric channels.
Upon the basis of the number of channels in each major peak
in the histogram and a maximum of 2% of heterodimeric
channels (see legend to Figure 8), we estimate that less than
2.5% of the Glys-GA subunits could have folded as left-
handeds® helices (cf. ref73). Therefore, it can be concluded
that the Trp— Gly substitution at position 15 is of little

4

panels show the results obtained under these asymmetric conditionsgonsequence for the channel’s folding, as could be deduced

where the GA-containing solution is the electrical reference and
the applied potential i3-200 mV (current in the GhgGA — GA
direction) and —200 mV (current in the GA— Gly;5—GA
direction), respectively. The bottom panel shows the current
transition amplitudes when both GA and GNGA are present on
both sides of the bilayer. The current transitions amplitudes for
Gly15-GA and GA homodimeric channels are 168.05 and 2.91

+ 0.06 pA, respectively, and the currents for GA/GIBEA and
Gly;5-GA/GA heterodimeric channels are 2.800.06 and 2.44t
0.05 pA.

from the fact that Glys-GA forms channels as readily as
the parent GA.

CONCLUSION

An analogue of GA has been synthesized in which the
tryptophan residue at position 15 has been replaced by
glycine. The Glys-GA analogue incorporated into SDS
micelles forms a single helical species unlike theAGA
analogue that adopts multiple helical forms in SDS micelles

in the top two panels. Though unnecessary in this case, whergunpublished results). The removal of the tryptophan “an-

the channel structure is determined directly from the NMR
results, the presence of heterodimers shows thais@&H
channels are right-handed head-to-hg&d helical dimers
(59).

Given the importance of the Trp residues in determining
the gramicidin channel folding7@), an investigation was
made of whether Glg-GA could form heterodimers with

chor” (74) at the critical aqueous-micelle interface does not
significantly alter the structure of the channel since the
peptide backbone structure is not perturbed and only the
orientation of Trp; is altered relative to the parent GA
channel. However, the removal of the tryptophan dipole at
the channel entrance has a significant affect on the energetics
and kinetics of cation binding and transport through the
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Gly;5-GA channel. Thus, we conclude that the absence of
ion—dipole interactions and, perhaps, aromatic side chain

interactions with the interface, together with the change in
orientation of the Trp side chain is responsible for the
increased barrier for ion entry and exit from the channel.
The changes in barrier height and well depth also will alter
the alkali metal cation interactions with"Tand may weaken
cation binding.

SUPPORTING INFORMATION AVAILABLE

Chemical shifts for alfH in Gly;s-GA are provided as
supplementary information. This material is available free
of charge via the Internet at http://pubs.acs.org.
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