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ABSTRACT. Cations often deform the structure of regulatory proteins to affect a functional response, but
for other protein functions a more passive effect is desired. For instance, it is shown here that in the
conductance of Naby the gramicidin channel there appears to be no significant structural deformation
of either the side chains or backbone upon™Niénding in the channel. This is based &N and3C
chemical shifts2H quadrupolar interactions, adtN—2H dipolar interactions obtained by solid-state NMR
spectroscopy of uniformly aligned lipid bilayer preparations of the gramicidin channel in the presence
and absence of Na This conclusion is despite some significant changes ifkg and3C; chemical

shift values which are argued here to be the result of indirect polarization effects upon cation binding
rather than reflections of structural and dynamic changes. The lack of structural deformation implies that
Na" moves to the carbonyl oxygens lining the pore of this channel for solvation rather than the carbonyl
groups moving in toward the channel axis. This forces the cations onto a helical path following the
positions of the carbonyl oxygens around the channel pore. Furthermore, an ideal binding site geometry
for Na" in the channel is avoided. Instead, adequate binding energy is provided by the channel to
compensate for the loss of hydration energy when the cations enter the channel. The avoidance of strong
binding ensures that efficient transport of the cations through the channel can be realized.

The binding of cations to a protein is often considered to (Urry, 1971) resulting in a 4 A diameter pore that supports
be accompanied by structural deformation. However,a Ca a single file column of water molecules. This is made
binding site in calbindin was recently shown to be “pre- possible by the alternating andL stereochemistry of the
formed”; i.e., the binding site geometry in the absence of amino acids which orients all of the side chains on one side
cations was essentially the same as in the presence’f Ca of the sheet, radiating toward the lipid environment. The
(Skelton et al., 1994). For monovalent cation binding to high-resolution structure of gramicidin in a bilayer environ-
prOteInS there is less structural information in the ||tera.ture, ment has been determined from orientation_dependent So"d_
but the atomic resolution crystal structure of the regulatory state NMR data of samples uniformly aligned with respect
protein, dialkylglycine dicarboxylase, in the presence and {5 the magnetic field direction (Ketchem et al., 1993, 1994,
absence of cations shows considerable structural change UPORggE). When monovalent cations enter the gramicidin
cation binding (Miller, 1993; Toney et al., 1993). No such .panne| all but two axial waters of hydration are stripped
atomic resolution structure is available for the proteinaceous ¢ o the cation’s hydration sphere, and it has been considered
mgﬂgg:gzz (c:giliggs c?:nguetl)?(.: irsol:’;’iﬁvirr’ sttha?s bﬁg‘ingeg; for decades that the carbonyl oxygens which line the channel

. SUTIN- Crys : pore provide the remaining solvation environment for these
proposed as a model for cation binding in ion carriers and ions (Andersen, 1984: Urry, 1975; Jordan, 1990; Roux &

channels (Badger et al., 1994). While conformational ST . .
. A Karplus 1993). Thallium ion binding sites near the channel
changes occur upon cation binding in these crystals, themouth have been characterized by X-ray diffraction of

changes are discrete. Previously published results on the ' ; .
polypeptide cation channel, gramicidin A (gAjuggested oriented bilayers t_o be 9.6 A_ fro_m the blla_yer center (O_Iah
the possibility of significant conformational changes in the €tal-, 1991). In this symmetric dimer the binding of a cation

backbone structure (Smith et al., 1990; Ketchem et al., 1994; [0 €ither monomer has the same affinity, but once a cation
Separovic et al., 1994). is bound, the symmetry is broken and the binding of a second

Gramicidin A is a linear polypeptide that as a dimer forms cation to the other monomer is significantly weakened, hence

a transmembrane ion channel in lipid bilayers. This channel the characterization of “strong” and “weak” binding constants

is a helix formed from #-sheet type of secondary structure (Hinton et al., 1986; Urry et al., 1982). For cations to pass
through the channel, the single file column of water

t This work has been supported by the National Institutes of Health Molecules in the pore translates with highly correlated
(AI-23007). motions (Mackay et al., 1984; Skerra & Brickmann, 1987,
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allow for local ion-induced deformations of the backbone polarization with a 5us 9C° pulse width, 1 ms mixing time,
structure. However, amplitudes in just the nanosecond timeand 35«s Hahn echo delay. The chemical shift spectra were
scale consistent with cation translational motions are on theused to obtain not only the orientation-dependent chemical
order of only+6° (North & Cross, 1995). shifts but also the®®™N—2H dipolar interaction. The®N
Most of the functional models of the channel stem from chemical shift frequencies are given in parts per million
detailed computational studies, and experimental verification relative to 0 ppm for a saturated solution *SNH;NO; or
has lagged behind. These models typically suggest substangiven on a kilohertz frequency scale relative to an arbitrary
tial conformational changes upon cation binding that have 0 point. ?H spectra were obtained at 61.5 MHz using a
the carbonyl oxygens swinging into the channel lumen so quadrupole echo pulse sequence withggs Hwell time, 2.8
that four carbonyls and two water ligands solvate the cation us 90 pulse width, and 3Qus echo delays. The NMR
(Aqvist & Warshel, 1989; Roux & Karplus, 1991; 1993; spectra were processed on a Silicon Graphics workstation
Roux, 1993). The conformational changes can be as largeusing Felix software (Biosym/MSI). Molecular modeling
as 40 (Mackay et al., 1984; Venkatchalam & Urry, 1984) was performed using Insight Il software (Biosym/MSI).
or smaller (Fischer & Brickmann, 1983; Jordan, 1990; Aqvist
& Warshel, 1989; Roux & Karplus, 1991; Elber et al., 1995). RESULTS

Some of these models also suggest that it is not necessar
99 y Figure 1 shows both thN chemical shift and>N—2H

to have four carbonyls to generate an adequate solvation ; , 5 C
environment (Fischer & Brickmann, 1983; Jordan, 1990; dipolar interactions fo*N,..—Trp;rlabeled gramicidin A
in aligned lipid bilayers of DMPC. In Figure 1A the sample

Elber et al., 1995), further suggesting a helical path for the .
cation through the channel. The sophistication of the MD IS fully protonated, and the protons are decoupled from the
15N resonances (Ketchem et al., 1994). The resonance at

calculations of gramicidin has escalated dramatically since X L ] . .
the early 1980s when Hagler, Wilson, and co-workers were 145 ppm 1S from the Y site in the_ |_ndole S|de_cha|n and
remains unchanged upon the addition of considerable Na

the first to use an all-atom model of gramicidin in their MD
The resonance at 184.5 ppm (7.6 kHz), however, changes

calculations (Mackay et al., 1984). Since then, aqueous -~ N 0
solvation (Chiu et al., 1989), a molecular lipid environment PY 3 PPM upon the addition of N&so that 90% of the strong

(Woolf & Roux, 1994), and polarizability (Roux et al., 1095) Pinding sites are occupied, and it changes By1eppm when
have all been added among other complexities to these100% Of the strong binding sites are occupied along with

computations. Here, experimental evidence is presented thaf0”°_©f the weak binding sites. While this change is

rovides some structural detail for the catigpolypeptide significant, it is by no means a Iar_ge ghqnge, and there_fore
!Dnteractions. ypep Nat has only a subtle effect on this site in the polypeptide

backbone.?H splits the!>N resonance into a 1:1:1 triplet
MATERIALS AND METHODS (Figure 1B) such that the center line reflects the chemical
shift frequency for the nuclear site. In these spectra the two

Cambridge Isotope Laboratories. Fmoc blocking chemistry [fiPIets overlap significantly, but the assignment of the

was used, and solid-phase peptide synthesis was conducteffFSONances is unambiguous. Quantitativelly, the dipo!ar
on a Model 430A Applied Biosystems peptide synthesizer splitting can be measured from the spectra using the chemical

as described previously (Fields et al., 1989). By avoiding shift values observed in Figure 1A and the outer components

acid cleavage deuterated indole rings were successfullyo?c thle tr|plets._Nef|ther the chﬁmlcal shift nprth H
incorporated into the peptide. Peptides that were not greaterdiPolar interaction for i sites changes, even in the presence

than 98% pure were purified by HPLC using a semiprepara- of a NaCl concentration corresponding to 80% double
tive column (Fields et al., 1989). occupancy of the cation binding sites. Furthermore, only at

Oriented samples were prepared by codissolving 20 mg this highest level of N& occupancy is there a measurable

of gramicidin and 60 mg of DMPC (1:8 molar ratio) in 5% ¢ange in the*N,—2H dipolar splitting at this site.
methanol in benzene. Samples were dried once this solution Figure 2 shows an example of high-resolutih NMR
was spread on thin glass slips and then hydrated with anSPectroscopy of oriented samples in the presence and absence
aqueous solution to approximately 50% by weight water. The Of Na". Similar spectra obtained in the absence of Rave
Na'-loaded samples were prepared by hydrating with a 0.15 recently been published (Koeppe et al., 1996). Four carbon-
M NaCl solution for single occupancy and 2.4 M NaCl bound deuterons are present in this ethanolamine carboxy-
solution for double occupancy. The Nhinding constants ~ terminal blocking group. In addition to four quadrupole
were 36.9 M for the stronger binding site (Hinton et al., Splittings some powder pattern intensity can be observed in
1986) and 2.6 M for the weaker binding site (Urry et al., the spectra with the powder pattern “horns” observed at half
1982). The cation occupancies were calculated as beforethe frequency separation of the, components. This
(Smith et al., 1990; Separovic et al., 1994) from the addition @mbiguity is readily resolved when samples are tipped by
of a known amount of Nato these samples with a known 90° (Killian et al., 1992; data not shown); thefweps is
binding constant for N but the occupancies will really consistent with the horns of the powder pattern and just four
reflect sodium ion activities which are very difficult to ~ SPlittings are observed, albeit half as large. The resonance
estimate in such samples. However,'N#oes not interact assignments have not yet been achieved for these sites due
strongly with phosphatidylcholine (Akutsu & Seelig, 1981) to the complexity of the local dynamics which substantially
and the water content of these samples is near saturatiorfverages the quadrupolar interactions. However, it is seen
levels, and therefore, the occupancy estimates as definedhat significant changes in the quadrupolar splittings occur
above are considered to be reasonable. upon Na binding even at the level of 90% single occupancy.
15N NMR spectra were recorded with the bilayer normal  Table 1 presents both new and previously published results
parallel toB, at an'®N frequency of 40.58 MHz using cross on the effects of N& binding on the NMR observables.

Isotopically labeled amino acids were purchased from
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Ficure 1: N NMR spectra of®N, ; Trp;s-labeled gramicidin A in aligned hydrated lipid bilayers with the bilayer normal parallBj.to

The spectra were obtained at®l frequency of 40.58 MHz using cross polarization. {M)decoupled spectra showing the anisotrdfit

chemical shift for thé®N, and'5N,; sites. Chemical shifts in the absence of cations are observed at 184.5 ppgdiod 1145 ppm for [\.

In the presence of Nathe chemical shift for I is fixed while the chemical shift for Nchanges. (B) These samples have been exchanged

in D,O, and so the spectra show the superposition of the chemical shift interaction af%&l dipolar interaction between spin=

1 andl = 1/2 nuclei. The spectra are shown here on a kilohertz scale for the dipolar interaction; 7.6 and 6.0 kHz correspond to 184.5 and
145 ppm, respectively . The dipolar couplings fog &Fe shown on the right as the separation of adjacent resonance components in the
1:1:1 triplet and the angular interpretation represent angles between-tbebidnd and B.

by Mai et al. (1993) and Wang et al. (1992) and fi\.; by

Hu et al. (1993). For dipolar interactions the unique axis of
these symmetric interaction tensors lies along the internuclear
vector, and therefore, this vector or bond orientation can be
determined directly from the observed dipolar splittingops
(=v(3 cog 6 — 1)]. The magnitude of th&®N—2H dipolar
interaction, v, = 1.6125 kHz, is that determined from
crystalline dipeptides (Hiyama et al., 1988). This model
compound study showed that the-N and N-D bond
lengths were slightly different. This result is consistent with
the ™N—'H and '>N—2H data obtained on the gramicidin
channel and suggests that the-N bond length is slightly
B_ longer (~2%) than the N-H bond length.

To compare these different data types, all backbone
observables have been interpreted using an assumed model
for structural deformation in the gramicidin channel, in which
the carbonyl oxygens rotate about the<C, axis toward

UL the channel axis. This is the axis about which the local
-100 -50 0 50 100 motions have been shown to occur (Lazo et al., 1995).
Consequently, the structural deformations are modeled as a
kHz change in the time-averaged orientation of the peptide plane

Ficure 2: 2H NMR spectra obtained at 61.5 MHz of ethanolamine- pivoted about the axis joining{&arbons in the plane. The

d, labeled gramicidin A in aligned hydrated lipid bilayers with the ang'es in Table 1 associated with the Changes in chemical

bilayer normal parallel t®,. The quadrupole splittings are averaged ; ; ; .
by complex dynamics that have thwarted attempts to make the shift values are calculated using the equations:

assignments. However, the presence of &) has clearly induced

significant, but possibly small changes in the quadrupolar splittings Ogps= 011 co& 011+ 0y cog O,y + Oag co< 035
as compared to the spectra taken in the absence of(ANa

While the side chains are affected only slightly by the Zco§ 0; =1

presence of Ng some of the backbone data show significant

changes. To quantitatively interpret these observables in theln the absence of cations the structure is known (Table 2),
presence and absence of'\the nuclear spin tensor element and hence the angle8;, between the magnetic field and
magnitudes and their orientation with respect to the molecularthe chemical shift tensor are known. Therefore, a change
frame must be known. The chemical shift tensors used for in gops in the presence of Nawith a defined model for
interpreting thé®N, and*C, chemical shifts are as described structural deformation and with a known orientation of the
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Table 1: Orientational Constraints Observed in the Absence and Presencé af 8ancentrations Sufficient To Achieve 90% Single
Occupancy (SO) and 80% Double Occupancy (DO) of the Channel

chemical shift &1 ppm)

backbone dipolar 40 Hz)
site$ 13c,b 5N T5N—2H
Leus—Trpis
—Na* -8.7 183.3 3011
90% SO —4.7 () 181.7 (1.8) 3020 ¢0°)
80% DO 178 (8) 3007 ¢0°)
Trpiz—Leuwys
—Na* -6.7 132.8
90% SO —6 (~0°) 131.5 (%) 2165
80% DO 130.6 (2
Leulz—Trplg
—Na* -8 184.5 3034
90% SO —4.7 (4.5) 181.5 (4) 3036 (~0°)
80% DO 178.5 (7) 2985 (1.8)
Trpui—Leur
—Na* ) 134 2228
90% SO —6.7 (~0°) 133.5(0.8) 2232 ¢0°)
80% DO 132 (2)
Leulo—Trpll
—Na* ) 185 3032
90% SO 0 (8.5 182 (6)
80% DO 177 (119 2840 (5)
Trpe—Leuro
—Na* 144
90% SO
80% DO 145.5 (3
Valg—Trpg
—Na" 203.5
90% SO
80% DO 203.840°)
VaI7—VaI3
—Na* -10.7 145.8
90% SO —10.7 (~0°)
80% DO 146.340°)
Vals—Valy
—Na* 198
90% SO
80% DO 198 (9)d
Alas—Vale
_Na+
90% SO
80% DO
Lew—Alas
—Na* -8 198
90% SO —8 (~0°)
80% DO 198 (0)d
Alaz—Lew
—Na* -9.3
90% SO —-9.3(~0°)
80% DO
Glyz—Alag
—Na* -7.3 198
90% SO —-7.3(0°)
80% DO 198 (0)d
Vall—GIyg
—Na* 114.4
90% SO
80% DO 113.7£0°)
formyl —Val;
—Na* 19¢
90% SO
80% DO 198 (0)d
side chemical shift £1 ppm) quadrupolar£1 kHz)
chain site$ 13CysP 5N 01 € &o C3 72
indole—Trpss
—Na* ) 139
90% SO —6 (0°) 139 (0)
80% DO
indole—Trpi3
—Na* 2.7 145 108 32 204 -81 28
90% SG —-2.7 (®) 144 (~0°) 110 () 30 (~0°) 206 () -82 (~0°) 26 (~0°)
80% DO
indole—Trpy1
—Na* -2 144 7 43 192 —99 39
90% SC =2 (0°) 144 (0) 83 (1) 44 (~0°) 198 (2) —102 () 39 ()
80% DO 144 (0)
indole—Trpg
—Na* 5.3 145
90% SO 5.3 (0 145 (@)

80% DO
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Table 1 (Continued)

terminal
blocking quadrupolar£1 kHz)

group A B C D

ethanolamine
—Na" 91.2 195 7.9 3.7
90% SO 88.0 21.7 14.4 5.2
80% DO

a Angles in parentheses are calculated as a change in time-averaged orientation abqutGheuds.® Data are from Smith et al. (1990) and
Separovic et al. (1994) using 0.16 M NaCl, and since these authors have prepared samples with a molar concentration of gramicidin that is
approximately half of what we have used, the'Neccupancy is slightly greater than 90% single occupancy. Data were reported in the literature
as chemical shift anisotropy (CSA) and are reported here as valuggeD.67 x CSA). The uncertainty in the data for CSA was reportee-as
ppm, which is equivalent te-1.3 ppm for theo; presented heré.Angles calculated as a change in time-averaged orientations with resg&ct to
dObserved as a single resonancé®, 35 7labeled gramicidin A¢ For the?H and**N data 0.6 M NaCl was used, implying a somewhat greater
occupancy than 90% single occupanc@uadrupolar splitting observed for the four carbon-bound deuterons in the ethanolamine group.

Table 2: Torsion Angles for the Structural Model Used for the Calculation of Deformation Angles

residue ¢ Y ) 21 212 A3
Val; —107.66 120.58 171.28 177.44

Gly, 151.13 —129.35 176.09

Alas —114.83 143.93 —174.09

Lew 121.58 —135.93 —173.31 —157.28 151.92

Alas —116.08 124.83 —178.79

Valg 146.7 —118.17 176.16 58.90

Val; —120.19 125.72 164.60 —151.41

Valg 151.68 —120.34 177.77 60.42

Trpo —110.55 128.31 —173.03 —74.17 —-81.81 171.03
Leo 129.24 —128.14 176.29 —72.61 —70.72

Trpu; —108.76 151.52 168.2 —70.63 —90.81 —173.86
Lew 114.43 —119.08 174.6 —176.82 —59.47

Trps —99.98 153.38 167.11 —63.75 —85.09 175.97
Leus 111.18 —115.44 178.48 —176.07 -71.77

Trps —108.46 127.38 —177.86 —60.64 —90.06 175.96

a Ketchem, Roux, and Cross, unpublished results.

chemical shift tensor with respect to the structural deforma- is 0° without Na" present (Fields et al., 1988), and therefore
tion axis leads to an angle of rotation about the-C, axis. the small changes in orientation must reflect local changes.
Similarly, deformation angles can be calculated on the basis This is confirmed by the lack of significant changes induced
of the changes in the dipolar interactions. Furthermore, theby Na' in the nuclear spin interactions for all sites in the
spectra of the gramicidin dimer represent the time averagepolypeptide backbone except for the peptide planes of
of both monomers. Therefore, with single occupancy, the Leu;s—Trpis, Leto—Trpis, Leuo—Trps;, and the ethanola-
observed data and interpreted deformation angles representine blocking group.
the average of occupied and unoccupied monomer structures. There are three plausible explanations for the changes in
Consequently, the double occupancy data represent a mor@bserved chemical shifts. A change in orientation of the
accurate view of the cation influence on structure. However, interaction tensor with respect to the field due to a change
angles from both chemical shifts and dipolar interactions in structure will alter the value of the observables (Smith et
represent maximal structural deformation, since they do notal., 1990; Ketchem et al., 1994; Separovic et al., 1994).
take into account other possible interpretations of the changessimilarly, a change in dynamic amplitudes that lead to a
in the nuclear spin interaction observables. different time averaging of the spin interaction tensors will
also alter the value of the observables (Cross, 1994). A third
DISCUSSION possibility is that the electron density around the observed
The data in Table 1 show that when NaCl solution is used nucleus could change as a result of cation binding, causing
to hydrate gramicidin A/lipid preparations, only local effects & change in the tensor element magnitudes or tensor element
on the gramicidin A channel are observed. The side chainsorientations with respect to the molecular frame (Wang &
are largely unaffected, but there are small changes iAHhe  Ellis, 1991). While chemical shift interactions are particu-
quadrupolar splittings for some of the indole deuterons. The larly sensitive to such changes in electron density, dipolar
fact that some of these changes represent an increase ifteractions are less sensitive.
guadrupole splitting upon cation binding means that there is Changes in botf°N and?*3C; chemical shifts suggest the
no change in the global orientation of the channel with possibility of significant structural or dynamic changes for
respect to the lipid bilayer. Because the motionally averaged a few peptide planes, while theN,—2H dipolar interactions
tensors are all aligned so that the unique axis is parallel to suggest neither for these same sites. Clearly the deformation
the global motional axis, which is the bilayer normal, an model used in the Results section is not the complete story,
increase in the observed nuclear spin interaction magnitudebecause no one deformation amplitude for each peptide plane
would either mean a change in the local orientation of the is consistent with all of the data for that plane. The
ring with respect to the field or a decreased angle betweendeformation amplitudes are different as determined®by
the global motional axis and the magnetic field. This angle and3C chemical shifts in a single peptide plane. Therefore,
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we could consider a change in thetorsion angle; in this
way different amplitudes on either side of the peptide bond
could be used. However, this does not take into account
the ®N—2H dipolar results which are from the same side of
the peptide bond as tH&N chemical shift. Consequently,
a change in the torsion angle does not account for all of
the experimental observations. In fact, there does not appea
to be any reasonable deformation or motional averaging
model that accounts for these observations. In part, this is
due to the near alignment of the unique axis of the dipolar
interaction tensor and the domin&pitl chemical shift tensor
element. In other words, it is difficult to develop a model
that avoids influencing th®N—2H dipolar interaction while
significantly affecting the!>N chemical shift. Instead, a
general trend can be described in which tf@; chemical
shift is influenced the most, thEN chemical shift, inter-
mediate, and th®N—2H dipolar interaction, the least. Such
a gradient is qualitatively consistent with indirect polarization
resulting from ion-induced polarization of the carbonyl
oxygens that solvate the cations in the channel binding site.
Polarization induced by cations on a catalytic surface has
been experimentally characterized (Wang & Ellis, 1991).
Moreover, computational efforts to account for Kinding
energetics and ion selectivity in valinomycin, an ion carrier,
suggest substantially increased partial charges on the carbony
oxygens (Agvist et al., 1992). Such changes in electron
density would result from ion-induced polarization effects.
Here we propose that a change in electron density at the
oxygen is alleviated by a gradient of electron density changes,
greatest at the carbonyl carbon and less at the afiile
site as reflected by changes in the chemical shift observables
But while the chemical shift tensor elements reflect the
electron densities of the observed nuclei the dipolar interac-
tion is influenced to a lesser extent, and moreovertNe-
°H dipolar interaction is even further removed from the
electrostatic interaction between the carbonyl oxygen and
the cation. Ficure 3: Refined backbone structure of the gramicidin channel
Based on this complete analysis of all of the NMR data in four views varying from the end to side views. Red identifies
and with the exception of the Ley+Trpi: peptide plane, the carbonyl oxygens and blue the amide nitrogens. Only the
there appears to be no significant change in polypeptide carbonyl chemical shifts of residues 10, 12, and 14 are affected

. . . (deep red) by the presence of Nim the channel. The othéfC,;
structure even at the highest cation loading of the channel. sjieq'show no change in chemical shift and are represented in pink.

For this Leyo carbonyl site the dipolar data are consistent Only the amide!N chemical shifts of residues 11, 13, and 15 are
with a 5 rotation of the carbonyl toward the channel axis, affected (dark blue) by Ng and the othetN sites are represented
but even here it is possible that the change in dipolar splitting ?g rﬁé slé%':édsr&ie n?‘feu?(')l;(e- Trgﬁ eitgarg?slgirr?ir)]eatisth%nlé &?mﬁ:m
is the result of an increase in dyr_lamlc amphtude, Wh'.c h bepcause its structure is izc%mplpetely defingd. The ethanolamine
would reduce the magnitude of the time-averaged interaction. yich is in the vicinity of the Lew, carbonyl is almost certainly
Or, itis possible that this large effect is the result of an even involved in the solvation of N&in its binding site.

larger electron density change that influences *fine—2H

bond length and hence the static dipolar interaction magni- only peptide planes influenced by Nare those near the
tude. Such cation-induced bond length changes have beerthannel mouth and C-terminus of the polypeptide with the
observed in an NMR study of a Geromoted silver catalyst  carbonyl oxygen oriented toward the bilayer surface. There-
(Wang & Ellis, 1991). We suggest that for those sites which fore, it appears that by binding to the carbonyl oxygent Na
show a significant difference in chemical shift, but not in has indirectly polarized, by through-bond effects, theaad

the dipolar data, the chemical shift tensor has changed as &\, atoms of the peptide planes. This result elevates the

result of polarization due to Nebinding. A direct polariza- importance of polarizability effects for molecular dynamics
tion effect on the'®C; and '*N sites is ruled out because studies, as has recently been noted by Roux et al. (1995).
nitrogens, such as those of Lg@and Ley,, are unaffected Gramicidin facilitates cation conductance by lowering the

by Na' despite their close proximity to the cation that is energy barrier for cation passage across membranes. Even
interacting with the Lei carbonyl oxygen, the favored site  so, most of the waters of hydration are stripped from the
for Nat binding. As seen in Figure 3 only those nitrogens cation as it enters the channel, and therefore, the channel
that are in the same peptide plane with the affected carbonylmust replace this solvation environment so that a large
carbons are influenced by Nabinding. Nitrogens in potential energy barrier is not formed at the channel entrance.
neighboring peptide planes are unaffected. Furthermore, theNeither should the solvation of the cation be optimal, because
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strong cation binding or the development of a deep potential
energy well along the conductance pathway would hinder
conductance. The observed binding constant is 3%, M
reflecting a relatively weak binding site but still adequate
for attracting cations from outside the channel (Chiu &
Jakobsson, 1989). The absence of structural deformation is
consistent with a relatively weak binding site. Correlations
between the influence of cation binding on protein structure
and functional roles in G4 binding proteins have recently
been suggested (Skelton et al., 1994). For regulatofy Ca
binding sites, strong binding and deformation are induced
upon cation binding to provide a response mechanism for
this secondary messenger function. OtheP*Chinding
proteins are involved in Ga uptake, transport through the
cell, and C&" homeostasis. For calbindin, a calcium binding
protein, this “buffering” activity induces very little structural
deformation upon C4 binding. In essence Cais binding

to a “preformed” binding site (Skelton et al., 1994). Grami-
cidin appears to show a similar functional response to cation
binding for monovalent cations. The binding of N the
channel provides sufficient energy to make up for its loss in

hydration energy, but the binding is not so strong that high FiGure 4: Side view of the refined gramicidin channel showing

ductance cannot be achieved. In fact! N@pears to the helical array of carbonyl oxygens (red). Since the cation passes
conauct B L s ! p . through the channel off axis, it will follow this path of carbonyl
be binding to “preformed” binding sites in the channel. While dipoles that are essential for its solvation in the channel.

the backbone is dynamic, the arrangement of channel atoms
in the absence of Nais as good as can be achieved within ACKNOWLEDGMENT
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