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ABSTRACT. Tryptophan residues often are found at the hpédjueous interface region of membrane-
spanning proteins, including ion channels, where they are thought to be important determinants of protein
structure and function. To better understand how Trp residues modulate the function of membrane-spanning
channels, we have examined the effects of Trp replacements on the structure and function of gramicidin
A channels. Analogues of gramicidin A in which the Trp residues at positions 9, 11, 13, and 15 were
sequentially replaced with Gly were synthesized, and the three-dimensional structure of each analogue
was determined using a combination of two-dimensional NMR techniques and distance geometry-simulated
annealing structure calculations. Though FrpGly substitutions destabilize th#8-3-helical gA channel
structure, it is possible to determine the structure of analogues with~T@ly substitutions at positions

11, 13, and 15, but not for the analogue with the Fri5ly substitution at position 9. The Gly, Glyis-,

and Glyis-gA analogues form channels that adopt a backbone fold identical to that of native gramicidin
A, with only small changes in the side chain conformations of the unsubstituted residues. Single-channel
current measurements show that the channel function and lifetime of the analogues are significantly affected
by the Trp— Gly replacements. The conductance variations appear to be caused by sequential removal
of the Trp dipoles, which alter the ietdipole interactions that modulate ion movement. The lifetime
variations did not appear to follow a clear pattern.

A common feature of membrane-spanning proteins is the single-stranded, right-handeif;® helices joined by hydrogen
presence of amphipathic residues, such as tryptophan andonds at their N-terminil(0—12). Because of the wealth of
tyrosine, at the aqueotipid interface (). This commonal- information available about gA channel structure and func-
ity suggests that that these residues play important roles intion, the family of linear gramicidins provides an excellent
the structure and function of membrane protei@)s Wwhere system for elucidating many different aspects of ion channel
they may be instrumental in the mechanisms of insertion andstructure and functionl1@).
anchoring of transmembrane segments into the lipid bilayer Previous studies suggest a role of Trp in insertion and
(1, 3—8). To gain further insight into the importance of Trp  anchoring of the bilayer-spanning channel within the bilayer
residues, we examined how Trp> Gly substitutions (5, 6, 8, 14—23). In addition, though structurally similat®),
modulate the structure and function of gramicidin channels, electrophysiological studies show that the single-channel
in which 25% of the amino acids are Trps. Gramicidin A conductances of channels formed by gA and its two naturally
(gA)! is a 15-amino acid ion channel-forming polypeptide, occurring analogues (gB and gC with Phe and Tyr at position
with the following sequencey: 11, respectively) differ, pointing to an additional role of Trp
in determining the channels’ ion permeabilit4f. The
conductance changes rank order with the dipole moment of
the residue at position 11 (2.08 D for Trp, 0.0 D for Phe,
and 1.4 D for Tyr), suggesting that these residues participate

gA and many amino acid-substituted gA analogues form in Iong-r.ange ion—dip'ole': interactions possibly critigal in io'n
bilayer-spanning channels that are antiparallel dimers of two conduction 45, 24). Similar results have been obtained using
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a series of gA analogues with Phefluoro-Phe and Trp—~
fluoro-Trp substitutions 25—30). However, though the

screened again3—36). Once a suitable gramicidin:SDS
ratio was found, the analogues were incorporated into
overall channel structure is not affected by FrpPhe/Tyr deuterated SDS micelles at identical concentrations. In our
replacements at position 18, (15, 24), structural insights  previous study Z0), Gly;s-gA produced a single helical
into the consequences of nonaromatic Trp substitutions arespecies at the initial 1:50 gramicidin:SDS ratio (5 mM
limited (19). gramicidin and 250 mM SDS). GlygA, however, required

To assess whether the functional differences caused bya 1:150 ratio (5 mM gramicidin and 750 mM SDS) to adopt
Trp substitutions could be due to structural perturbations a single helical species, and GhgA required an even higher
within the 8%3helical framework, we synthesized gA ana- concentration of detergent-(:250 gramicidin:SDS). At 5
logues in which the side chain dipoles (and bulk) at the Trp mM gramicidin, the SDS concentration required to have a
positions are altered and determined the structural conse-single helical species was so high that solution viscosity
guences, as well as the changes in function. We and otherdecame a problem, and the gramicidin concentration was
have reported the results of experiments using Frfhe decreased toe~3 mM to allow the use of a lower SDS
substituted analogues of gA (RheéPhas-, Phas, and Phes- concentration while maintaining the 1:250 gramicidin:SDS
gA and Phegi;13159A) which have been shown to form ratio (3 and 750 mM, respectively). GhgA failed to adopt
channels having different conductances and lifetinfés ( a single helical species even at the highest useable (900 mM
22, 31). In particular, we found that Trp~ Phe substitutions ~ to 1 M) SDS concentrations, rendering the analogue unsuit-
exerted little effect on the subunit structuB.(Other studies  able for study by NMR methods.
have shown that replacement of Ty gramicidin A with Solutions used fofH two-dimensional NMR experiments
Gly (Glyis-gA) results in a significant decrease in single- were prepared in the following manner. A 50 mM solution
channel conductance and channel lifetime with only small of the analogue dissolved uy-TFE was combined with a
changes in channel structur0f. To complete this study, 275 mM aqueoushsSDS solution (90% pH 6.5 buffer and
we now examine gA analogues with Trp Gly substitutions 10% DO, v/v). This yielded final concentrations of ap-
at positions 9, 11, 13, and 15 (Gly Glyi1-, Glyiz, and proximately 5 mM gramicidin and 250 mids-SDS (80%
Gly;5-gA, respectively). Three-dimensional structures could pH 6.5 buffer/10% [0O/10% d>-TFE). (An 825 mM SDS
be determined for three of these analogues incorporated intosolution was used for Gly-gA, yielding final concentrations
SDS micelles, and their corresponding channel function wasof 5 mM gramicidin and 750 mM SDS; a 780 mM SDS
assessed electrophysiologically. Here, we compare thesolution was used for Gly-gA, yielding final concentrations
structural and functional properties of the analogue channelsof 3 mM gramicidin and 750 mM SDS.) The samples were
to those of the native gA channel. sonicated at low power for 5 min to aid in the incorporation

of the gramicidin subunits into the micelles.

MATERIALS AND METHODS NMR Experiments for Structure DeterminatioNMR

Gramicidin Synthesis and Purificatiohe gramicidin A experiments were performed using a Bruker Avance 500
analogues were produced by solid-phase Fmoc peptideMHz NMR spectrometer (Bruker Biospin, Rheinstetten,
synthesis on an Applied Biosystems (Foster City, CA) 431A Germany) equipped with a room-temperature probe. The
peptide synthesizer. The amino acid sequence of eachspectra were recorded at 35 to facilitate the measurement
analogue was verified using an Applied Biosystems 473A of narrow line widths and were acquired in the phase
protein sequencer. The purity of each analogue was detersensitive mode using the StatéEPPI method 7). Solvent
mined to be>98% using electrospray ionization mass suppression was achieved using transmitter presaturation
spectrometry (Mass Consortium, San Diego, CA, or Uni- (38). The resonance assignments for all protons were made
versity of Arkansas Mass Spectrometry Center). In addition, using DQF-COSY 39), TOCSY @0), and NOESY 41)
all analogues used for electrophysiological studies were twice experiments.

purified using HPLC.

DQF-COSY experiments were acquired using 52

Nondeuterated sodium dodecy! sulfate (SDS) was from increments and 8K data points with 128 transients per

PGC Scientifics (Gaithersburg, MD). Deuterated SEg-(

SDS), deuterium oxide (f), and deuterated trifluoroethanol
(CRCD,OH or d-TFE) were from Cambridge Isotope
Laboratories (Cambridge, MA},s-SDS was recrystallized

increment. TOCSY experiments were acquired usingt256

increments and 4K data points with 64 transients per
increment. Isotropic mixing was achieved using a mixing
time of 75 ms using the MLEV-17 mixing sequence. NOESY

twice from 95% ethanol and stored under vacuum for 24 h experiments were acquired using 51 2ncrements and 8K

prior to sample preparation. A 100 mM phosphate buffer
solution (pH 6.5) was purchased from PGC Scientifics.
After being incorporated into the SDS micelles, all Trp

data points using 128 transients per increment. The NOESY
experiments utilized a 70 ms mixing time, which was found
to be within the linear range of the NOE buildup?j. All

— Gly substituted analogues were screened for structuralNMR data were processed using the FELIX software

homogeneity using previously published methods of Hinton
(32, 33). Using nondeuterated SDS, the indole-NH NMR

available from Accelrys, Inc. (San Diego, CA).
Structure Determinationilhe three-dimensional structures

signals were recorded for each analogue. The presence ofvere determined from the experimentally determined NOE
only three peaks in the indole-NH spectral region-19 and hydrogen bonding restraints using CNS/ARES,(42)
ppm), one for each indole-NH, indicates the presence of aon a home-built Linux cluster. A summary of the restraint
predominant single-helix species. The presence of more thaninformation used in the calculations is provided in Table 1.
three signals would indicate the existence of multiple helical Distance geometry-simulated annealing protocols were used
conformers. If samples were structurally heterogeneous, thewith torsion angle dynamics. In ref0, the structures of
SDS concentration was increased, and the samples wergramicidin A and its Glys analogue (PDB entries 1JNO and



14014 Biochemistry, Vol. 45, No. 47, 2006 Jordan et al.

Table 1: Constraints Used for Structure Calculations of gA and Its  d€fined. A similar result has been observed elsewhere with
Trp — Gly Analogues other position 9 substitution4d 9). For this reason, we focus

gA GlyizgA  GlymgA  GlyirgA here on a comparison of the.three-d|men3|onal structures and
electrophysiological properties of Gly, Gly;s-, and Glyis-

" tamolscular 576 568 586 548 gA with native gA. o
intermolecular 22 22 23 23 Channel StructureThe channel structure of gramicidin
per residue 16.9 16.7 17.2 16.1 has been found to be similar in both SDS micelles and

no. of H bonds DMPC bilayers {2, 46). In fact, molecular dynamics
:mgﬂglggﬂlg: Zg zg zg Zg simulations coupled with solid-state NMR data have shown

the backbone structure of both channels to be identical after
_ ) the structures are allowed to relak7}. The Trp side chain,
INGS8, respectively) were calculated using DSPACE 4.0 however, appears to be more mobile than those of the other
(Hare Research Inc., Woodinville, WA). To be consistent, Trp residues, undergoing spontaneous transitions between
the structures of these two channels were re-determined usingyg states 47).
newly acquired NMR data and CNS/ARIA. The structures  \ye sought to assess any structural differences caused by
of both gA and Glys-gA determined by the two different 1y — Gly substitution using the three-dimensional structure
methods were very similar (rmsd of1.0 A); small differ-  of each analogue incorporated into SDS micelles. The
ences were found primarily in the nonaromatic side chains. packbone-NH regions of the NOESY spectra for gA and its
For calculation of the homodimer structures, each subunit jy,, Gly;s, and Glys analogues exhibit similar character-
was first modeled as a monomer. NCS (noncrystallographic jsiics and are shown in Figure 1. On the basis of this
symmetry) and symmetry restraints were then used with jnformation, we calculated minimized average structures of
modified DGSA protocols in the calculation of the structure ga and each of the Trp- Gly analogues, as shown in Figure
of the symmetric dimers. 2. The structures are accompanied by superpositions of the
Single-Channel StudieSingle-channel conductance mea- 10 |owest-energy conformers obtained for each analogue in
surements were performed in planar lipid bilayers formed Figyre 3. (rmsd statistics for the 10 lowest-energy structures
from a solution of DPhPC (Avanti Polar Lipids, Alabaster, of each analogue are summarized in Table 2.) Figure 4
AL) in n-decane (99.9% pure from ChemSampCo, Trenton, (nanels A-C) shows transverse overlay plots of each
NJ) (2-2.5 wt %/volume) at 25k 1 °C using the bilayer — analogue with native gramicidin A. To improve the clarity,
punch method43). The electrolyte solutions were unbuffered the formyl and ethanolamine capping groups are excluded.
1.0 M KCI. Aliquots of the Gly analogues dissolved in  Ethanolamine is known to exhibit extensive conformational
ethanol were added to the aqueous phases on both sides Gfexipility (12), and formyl groups, residing at the NH
the bilayer during stirring. Current signals were recorded terminal interface, are far removed from the areas of interest
using a Dagan 3900 Patch Clamp amplifier (Dagan Corp., and exhibit no structural effects from the substitutions.
Minneapolis, MN), filtered (106200 Hz) with an eight-  Results of rmsd analyses of the backbones and side chains
pole low-pass Bessel filter, and digitized at 5 times the filter of each analogue compared to native gA are summarized in
frequency, and the single-channel current transitions wereTaples 3 and 4, respectively. These data indicate a high
detected using a transition-based algorith#3)( Single-  gegree of structural homology to native gA, despite the Trp
channel current transition amplitude histograms were con- — Gy supstitutions.
structed on the basis of the magnitude of the difference in  Efects of Trp—~ Gly Replacement on Channel Structure.
current levels before and after a current transitié®) guch As seen in Figure 4 (panels4C) and like gA, each analogue
that the transitions associated with each channel type appeagygied here forms dimers composed of two single-stranded,
as a single peak in the histograms. The average channefighi-handed %2 helices with the monomers being joined
lifetime (r) was estimated by fitting single-exponential 1,y hydrogen bonds at their N-termini.
distributions,N(t) = N(0) exp(-t/z), whereN(0) is the total Gly1s-gA exhibits several small deviations (overall rmsd
number of channels ad(t) denotes the number of channels 4 <1 5 A) from the structure of native gA resulting from
with a duration longer than time to the duration distribu-  amoval of the Trp “anchor’ at the chanredolution
tions @4, 45). interface (8, 20). The most significant structural change in
RESULTS AND DISCUSSION Glyis-gA is in th_e positi(_)n qf the_ T sidg chain (Figure
4A), where the indole ring is oriented slightly away from
In this study, we have determined the three-dimensional the channel axis, resulting in a small deviation in the position
structures of native gAlQ) and its Gly;-gA, Glyiz-gA, and of the Leuo side chain.
Glyis-gA (20) analogues using solution NMR methods and  The backbone fold is also conserved in GlgA (Figure
distance geometry-simulated annealing. For all FriGly 4B), though several small side chain deviations from native
substituted analogues, the substitution increased the anagramicidin A are evident. Significant changes (rmsd-df.5
logue’s conformational flexibility and/or heterogeneity, but A) are limited to thep-Leu residues flanking the replaced
as in previous studies32, 33), most analogues adopted a site -Leu, andb-Leus). Smaller changes (rmsd &f1.5
single conformation as the gramicidin:SDS ratio was in- A) are observed in the ring position of Tgpwith the dipole
creased, thus enabling the determination of their structuresdirection oriented away from the channel lumen. Though
by solution NMR. Even at the highest useable SDS concen-small, this reorientation involves a dipole, meaning that the
tration (~900-1000 mM), however, the conformational repositioning of Trps could have some effect on channel
heterogeneity of GltgA precluded assignment of the function through long-range (electrostatic) ieside chain
NOESY spectrum, and individual species could not be interactions 24).
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FiGurRe 2: Minimized average structures of Gly-substituted gA analogues. Pan&lsshow Glys-gA, Glyiz-gA, and Glyi;-gA, respectively.
The site of substitution is highlighted in green.

Gly11-gA (Figure 4C) exhibits structural deviations smaller of the R and S methylene groups of this residue.) Again, it
than those observed in Gly and Glyis-gA. For substitutions  is possible that the reorientation of Tg@nd Trp exerts an
involving position 11j andi £ 1 interactions have the ability  influence on channel function due to the movement of Trp
to cause changes that can propagate the full length of thedipoles and alterations of side chailipid interactions.
helix through long-range interactiorisf 5—7). Indeed, there ~ Overall, the structural effects of Trp> Gly replacements
are minor (rmsd of<1.5 A) changes in the positions of the on the gA channel are modest. The small changes observed
Trpis, Trps, andbp-Leuw, side chains. (Though the different in these structures maintain a net Trp dipole situated axially
D-Leu, side chain position could be dueite- 7 interactions, with the indole NH group pointed toward the interface region,
it more likely is due to ambiguous chemical shift assignments suggesting that the net dipole orientation in the remaining
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FiGure 3: Superposition plots of the 10 lowest-energy conformers
calculated using ARIA 1.2.

Table 2: Structural Statistics for the 10 Lowest-Energy Structures
of gA and Its Trp— Gly Analogues

gramicidin A GlyisgA GlyizgA Gly11-gA

rmsd
bonds (A) 0.022 0.023 0.022 0.022
angles (deg) 3.180 3.516 3.285 3.287
impropers (deg) 8.489 8.780 9.054 9.000

a All values calculated using ARIA 1.28).

Trps is likely to be minimally changed. The more significant
structural differences seem to be in the orientation of the
D-Leu side chains.

Previous studies 8( 32, 33) detailing the structural
consequences of single-site substitutions can be combine
with the results presented here to gain insight into the
structural and functional importance of Trp residues in
gramicidin channels. Trp residues located at positions 11,
13, and 15 seem to have a modest contribution to the overall
conformation of the (bilayer-spanning or micelle-incorpo-
rated) gramicidin A channel. Though the tendency to form
non3%helical conformers becomes stronger as Trp residues
closer to the N-terminus are replaced with Gly (or Ala), the
predominant conformation is th#&-3 helix. Only at position
9 does a Trp—~ Ala, Trp— Gly, or Trp— Phe substitution
cause a major shift in the conformational preference, with
an almost complete obliteration of tfi&helical conformer

of (A) gramicidin A, (B)s@k, (C) Gly;3-gA, and (D) Gly;-gA as

completely alter gramicidin’s ability to fold int@5- helices.
This qualitative difference could be due to the more buried
(12) and less water accessibW8] position of Trp. Indeed,
molecular dynamics simulations show that Jiip more
mobile than the other Trp<t)).

In addition to direct effects of Trp substitutions, indirect
effects may also be observed. Replacement ofoithesu
“spacer” residues in the gA sequencel{etyo, -12, and 14)
imposes significant changes on the gramicidin channel
structure 49). The bulky Leu residues seemingly lock the
Trp rings in positions optimal for ion transport and channel
stabilization B0). Taken together with the consistent posi-
ioning of the Trp rings in gA and its Phe (PbePhas, and

hay) and Gly (Glyis, Glyis, and Glyi;) analogues, it appears
that thep-Leu residues at positions 10, 12, and 14 affect the
ability of gA to form a stable helical species by modulating
the orientation and dynamics of the Trp rings. These
influences may also be affected by the lipid bilayer environ-
ment. However, previous studies have shown that in identical
environments, even minor changes in the primary sequence
at any one of the spacer residues have a profound effect on
the ability of the peptide to adopt a single helical species
(49).

Effects of Trp— Gly Substitution on Single-Channel
ConductanceAs expected from the conservéd-helical

(8, 33). Thus, whereas drastic substitutions at Trp positions structure, Trp— Gly substituted gA analogues form ion-
11, 13, and 15 have little effect on the overall channel conducting channels (at least in the case ofiG)\Glyis,
structure, even subtle substitutions at position 9 seem toand Glyis-gA; technical difficulties have prevented the
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Ficure 4: Transverse sliced overlay plots of Gly analogues with native gramicidin A. Parglsshow Glyis-gA, Gly;3-gA, and Glyis-
gA, respectively, colored blue overlaid on native gA colored red. The site of replacement in the Gly analogues is highlighted in green.

Table 3: Residue-By-Residue Backbone Root-Mean-Square Table 4: Residue-By-Residue Side Chain Root-Mean-Square
Deviation$ (angstroms) for Each Gly Analogue Relative to gA Deviations (angstroms) for Each Gly Analogue Relative t¢ gA
residue Glys-gA Glyiz-gA Gly11-gA residue Glys-gA Glyiz-gA Glyi1-gA
1 1.00 0.94 0.91 1 1.20 1.20 1.40
2 0.83 0.77 0.53 2 —b —b —b
3 0.43 1.09 0.45 3 0.79 1.05 0.76
4 0.89 0.83 0.70 4 1.07 1.48 2.20
5 0.65 1.01 0.52 5 1.00 1.26 0.74
6 0.44 0.21 0.34 6 0.59 0.11 0.31
7 0.54 0.27 0.09 7 0.66 0.20 0.19
8 0.31 0.38 0.16 8 0.56 0.63 0.41
9 0.45 0.33 0.24 9 0.57 0.64 1.10
10 0.54 0.73 0.31 10 2.22 1.56 1.30
11 0.35 0.62 0.38 11 1.87 0.58 -
12 0.79 0.84 0.33 12 151 1.67 1.90
13 0.50 0.64 0.38 13 0.34 - 0.46
14 0.98 1.07 0.26 14 1.94 2.07 0.50
15 0.75 0.46 0.39 15 - 1.57 1.10
a All rmsd values calculated using Crystallography and NMR System 2 The sites of substitution are omitted due to the presence of different
(42). residues at these locations. All rmsd values calculated using Crystal-

lography and NMR Systen#p). ® Glycine residues with no side chain.

recording of Gly-gA channel activity). To compare the
effects of the Trp— Gly substitutions on channel function, results for Gly;-gA. The results are summarized in Table
the functional characteristics of each analogue were deter-5. In each case, the analogue forms a single type of
mined using single-channel electrophysiology. As expected, conducting channels, which can be seen in the single major
channel function is affected to a greater extent by replace-peak in the current transition amplitude histograms (panel
ments closer to the N-terminus of the chanrid, (18, 32, B) and the single-exponential lifetime distribution (panel C).
33, 51) in a rank order that is the opposite of that for the |n addition to the results for Gly and Glyi-gA channels,
substitution-induced changes in the analogue’s propensityTable 5 summarizes the results for channels formed by gA
to fold asf®3-helical subunits. and Glyis-gA and, for comparison, channels formed by
Figure 5 shows a single-channel current trace, a single-Phas-, Phes, and Phe-gA. For all analogues, the current
channel current transition amplitude, and lifetime histograms voltage characteristics in 1.0 M KClI are approximately linear
for channels formed by Gly-gA; Figure 6 shows similar  (Figure 7).
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Table 5: Single-Channel Conductances and Average Lifetimes of

and single-exponential fit-{-), with 1.0 M KCI at 200 mV. J’cr:p-Substituted gA Analogues in 1.0 M KCI at 200 mV and 251
The electrophysiological results using FrpGly substitu- conductanc®(pS) lifetime® (ms)

tions largely mirror those obtained with T#p Phe substitu- gA 2754+ 0.3 740

tions (see also ref5). Substitution of the Trp side chains Gly15-gA 17.3+ 0.4 210

with side chains with smaller dipole moments results in lower Gly:-gA 19.0+0.8 1010
conductance relative to that of the native gA channels. Skg;gﬁ %ggi 8; 1;38
Substitutions at positions 15 and 13 have nearly the same  ppq, ga 2454+ 0.6 1140

effect, with the conductance values of Glyor Phes-gA Pha;-gA 19.3+0.7 1920
channels being slightly lower than those of the {zlyor 2Mean = standard deviatior?. The uncertainly in the lifetimes is

PhasgA channels. These results are similar to those obtained~10%.
with Na™ as the permeant ion in the Trp to Phe substituted
channels, where the conductance of Rlg& channels is results with Trp— Phe substitutedl§, 59) and fluoro-Trp
also higher than that of PhegA channels15). Substitutions gA analogues 18, 19, 30). Like Gly substitutions, Phe
at position 11 have much more pronounced effects, whethersubstitutions cause only minor perturbations in channel
the substituted residue is a Gly or a Phe. At all positions structure 8), suggesting that the conductance changes
that were tested, the relative conductance variations areprimarily reflect the sequential loss of Trp dipoles, each of
greater with the Trp— Gly substituted channels than with  which promotes cation entry, binding, and permeatib? (
the Trp— Phe substituted channels. 15, 59). The stronger effects of the Trp Gly substitutions,

lon movement through gA channels involves a series of as compared to Trp> Phe substitutions (Table 5), suggest
sequential steps: ion entry, ion translocation through the that short-range ionpeptide backbone interactions also may
channel, and ion exit. Trp substitutions can alter all of these be involved. In either case, whether T+p Gly or Trp —
steps through long-range ietlipole interactions between Phe substitutions, the stronger effect of {krpubstitutions
the permeating ion and the indole side chain, as well as short-is likely to reflect the fact that the more buried (N-terminal)
range interactions between the permeating ion and the peptidel'rp residues will have an increasingly important effect on
backbone lining the pore. The gramicidin channel possesseghe central barrier to ion translocation through the channels
two binding sites for monovalent cations, one in each subunit (30, 59).
~10 A from the channel centeb2), which are encompassed Effects of Trp— Gly Replacement on Channel Lifetime.
by residues 1615 (53—-56). lon binding is believed to  In contrast to the conductance changes caused by—Trp
involve the carbonyl oxygen atoms of these residieg ( Gly substitutions, the single-channel lifetimes (Table 5) do
58), with additional stabilization conferred by iemlipole not follow any obvious trend. Importantly, the results
interactions with the Trp side chains, as suggested by theobserved with channels formed by Ttp Gly analogues
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Ficure 7: Current-voltage relations for channels formed by gA

(m), Gly;5-gA (v), Gly13-0A (4a), and Glyi;-gA (@), with 1.0 M
KCI.

differ from those observed with channels formed by Ftp

Phe analogues. This divergence suggests that alteration of
channel lifetimes cannot result solely from the removal of
the Trp residues; the identity of the substituted residue is
important as well. Given the complex variation of lifetimes

with multiple Trp— Phe substitutionsl§), we refrain from
analyzing the lifetime variations further.

ConclusionsTrp — Gly substitutions at positions 15, 13,

and 11 progressively destabilize tp&3>-helical gA channel
fold, with little effect on theS%3helical structure, once

formed. Though the substitutions have little effect on channel
structure, they cause large changes in channel function,
providing further support for the importance of the amphi-
pathic Trp side chains for gA channel structure and function.
When comparing the changes observed with channels formed
by Trp — Gly analogues to those observed with channels 17.
formed by Trp— Phe analogues, we conclude that the
changes in function cannot be due solely to the removal of
the bulky, dipolar Trp side chains. Given the much more

pronounced changes in ion permeability with Frp Gly

versus Trp— Phe substitutions, we tentatively conclude that
changes in iorrpeptide backbone interactions, caused by the
increased backbone flexibility conferred by the Gly residues
and altered side chairside chain interactions caused by the

removal of the bulky Trp residues, are important for directing

gA channel function.
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