Interchain hydrogen-bonding interactions may
facilitate translocation of Kⴙ ions across the
potassium channel selectivity filter, as
suggested by synthetic modeling chemistry
Juan C. Mareque Rivas, Harald Schwalbe, and Stephen J. Lippard*
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139
Contributed by Stephen J. Lippard, May 23, 2001

A 4-fold symmetric arrangement of TVGYG polypeptides forms the
selectivity filter of the Kⴙ channel from Streptomyces lividans
(KcsA). We report the synthesis and properties of synthetic models
for the filter, p-tert-butyl-calix[4]arene-(OCH2CO-XOBz)4 (X ⴝ V,
VG, VGY), 1–3. The first cation (Naⴙ, Kⴙ) binds to the four
-{OCH2CO}- units, a region devised to mimic the metal-binding site
formed by the four T residues in KcsA. NMR studies reveal that
cations and valine amide protons compete for the carbonyl oxygen
atoms, converting NOHVal䡠䡠䡠OAC hydrogen bonds to Mⴙ䡠䡠䡠OAC
bonds (Mⴙ ⴝ Naⴙ or Kⴙ). The strength of these interchain
NOHVal䡠䡠䡠OAC hydrogen bonds varies in the order 3 > 2 > 1. We
propose that such interchain H-bonding may destabilize metal
binding in the selectivity filter and thus help create the low energy
barrier needed for rapid cation translocation.
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P

otassium channels are integral membrane proteins that
regulate the fast and selective movement of K⫹ ions across
the cell membrane (1). Recently, the landmark x-ray structure of
the K⫹ channel from Streptomyces lividans (KcsA) was reported
(2). This structure revealed carbonyl oxygen atoms from four
TVGYG sequences, residues 75 to 79, arranged in a 4-fold
symmetric structure called the selectivity filter and positioned in
a line to provide consecutive and closely spaced binding sites for
the passing ions. From a coordination chemistry perspective, the
rapid movement of K⫹ ions at ⬇106 s⫺1 across the cell membrane
is a succession of ion-binding and release events. The details of
how this chemistry is achieved are not fully elucidated.
The x-ray structure of KcsA is consistent with the notion that
interaction with main-chain carbonyl and T75 side-chain hydroxyl oxygens of four TVGYG units perfectly compensates for
the loss of K⫹-bound water molecules of the incoming hydrated
K⫹ ion. The pore is apparently constrained at a width sufficient
to prevent favorable interactions with the smaller Na⫹ ions,
which retain some bound water and thus cannot pass through the
filter. Such a difference could account at least in part for the K⫹
selectivity of the channel. The role that the side chains of
residues 75 to 79 play in defining the pore structure, and thus
channel function, must be important given that the TVGYG
sequence is almost universally conserved among K⫹-selective
channels and tolerates very few mutations (2, 3). In addition,
theories about potassium ion permeation across K⫹ channels
postulate that destabilization of metal binding caused by repulsion between ions in a multiply ion-populated selectivity filter (2,
4–6) accounts for their rapid movement. The Kd for binding the
first K⫹ ion to T75, on the cytoplasmic side of the selectivity filter
of KcsA, has not to our knowledge been determined. Nevertheless, it is reasonable to expect that its value will be smaller than
that for binding at Y78, which is located on the extracellular side
of the selectivity filter; with Ba2⫹ ions bound to T75, the latter
Kd is ⬇3 M (7).
The x-ray structure of KcsA is limited in resolution to only 3.2
Å, which prevents an accurate location of the main-chain atoms
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and cation occupancy along the selectivity filter. There is,
moreover, much to be understood about K⫹ channel gating (8)
and ion permeation (9). Little is known about possible structural
rearrangements that might modulate the nature and strength of
ion binding as the K⫹ ions pass through.
In the present report, we describe the first step in an approach
to elucidate aspects of these issues through synthetic modeling
chemistry and NMR spectroscopy. In particular, we have constructed a replica of a portion of the K⫹ channel selectivity filter
in which p-tert-butyl-calix[4]-(OCH2COOH)4 was used as the
molecular template. This molecule was chosen because it binds
monovalent ions in a fashion that reproduces geometrically (Fig.
1) the T75 K⫹-binding site in KcsA. To compare the geometries,
the coordinates of residues 75 to 79 of the x-ray structure of KcsA
(2) were overlaid on the energy-minimized structure of p-tertbutyl-calix[4]-(OCH2COCl)4 by using the computer program
INSIGHT II, revealing an excellent size match (Fig. 1 and Fig. 11,
which is published as supplemental data on the PNAS web site,
www.pnas.org). Metal binding at this site in calixarenes leads to
characteristic proton NMR chemical shift changes, offering a
powerful structural tool (10–14). Four VGY peptide sequences
were attached, one amino acid at a time, to p-tert-butyl-calix[4](OCH2COOH)4 with the intention of creating a structural mimic
of the region where cations are located in KcsA, namely, the
TVGY portion of the selectivity filter. The binding of Na⫹ and
K⫹ to p-tert-butyl-calix[4]-(OCH2CO-V-OBz)4 1, p-tert-butylcalix[4]-(OCH2CO-V-G-OBz)4 2, and p-tert-butyl-calix[4](OCH2CO-V-G-Y-OBz)4 3, investigated by NMR and IR spectroscopy, is described here.
Materials and Methods
General. All compounds were prepared under Ar unless otherwise indicated. Solvents were dried and purified under N2 by
using standard methods and were distilled immediately before
use. Starting materials were purchased from commercial sources
and used without further purification. p-tert-Butyl-calix[4]arene
tetraethyl ester was prepared by adaptation of a literature
procedure (10) and hydrolyzed to the tetraacid under basic
conditions. p-tert-Butyl-calix[4]arene tetraacid chloride was prepared from the tetraacid by reaction with excess (⬇10-fold)
oxalyl chloride in dichloromethane. NMR spectra were collected
on Varian 500 MHz or Bruker 600 MHz (Billerica, MA)
spectrometers. Chemical shifts were referenced with respect to
the residual CH3CN peak, ␦ 1.94 ppm. MS analyses were
performed on a Finnigan-MAT (San Jose, CA) spectrometer
Abbreviations: KcsA, potassium channel of Streptomyces lividans; MALDI–TOF, matrixassisted laser desorption ionization time of flight.
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Synthesis. p-tert-Butyl-calix[4]arene Tetra-valine Benzyl Ester 1. In a
typical reaction, valine benzyl ester hydrochloride (2.3 g, 10
mmol) was suspended in dry CH2Cl2 (60 ml), after which
N-methylmorpholine (4 ml, 40 mmol) was added to deprotonate
and solubilize the amino acid. To this solution was added
p-tert-butyl-calix[4]arene tetracarboxylic acid chloride (1.4 g, 1.5
mmol). The mixture was stirred at ambient temperature for 14 h.
Then 1 N HCl (aq.) (30 ml) was added. The organic layer was
separated and washed with water (2 ⫻ 20 ml), dried over MgSO4,
and evaporated under vacuum to give a yellowish solid. This solid
was washed with 10 ml of acetone to give a pure (by TLC, NMR,
and MS) white product (1.6 g, 66%). 1H NMR (CDCl3, 500 MHz,
293 K), ␦ (ppm) 7.28–7.34 [m, 12H, Ar(Bz)], 6.73 (s, 8H, ArH),
4.68 and 3.17 (d, J ⫽ 13 Hz, 4H, 4H, ArCH2Ar), 5.13 and 5.02
(d, J ⫽ 12.5 Hz, 4H, 4H, CH2-Bz), 4.86 and 4.54 (s, J ⫽ 13.5, 4H,
4H, OCH2CO), 4.6 (m, 4H, Val-C␣H), 2.11 (m, J ⫽ 6.5 Hz, 4H,
Val-C␤H), 1.07 [s, 36H, C(CH3)3], 0.77 and 0.81 [d, J ⫽ 6.5 Hz,
4H, 4H, Val-(C␥H3)2]. MALDI-TOF-MS (⫹ion, 2,5-dihydroxyMareque Rivas et al.

p-tert-Butyl-calix[4]arene Tetra-valine-glycine-Tyrosine-Benzyl
Ester 3. N-methylmorpholine (0.7 ml, 7 mmol) was added to a

solution of tyrosine benzyl ester hydrochloride (1.352 g, 4.98
mmol) in dimethylformamide (0.4 ml). To this solution was then
added p-tert-butyl-calix[4]arene tetra-val-gly-OH (0.25 g, 0.166
mmol) followed by N-hydroxybenzotriazole (HOBt) (0.68 g, 4.98
mmol). This mixture was stirred for 15 min, after which dicyclohexylcarbodiimide (1.02 g, 4.98 mmol) was added. The resulting mixture was protected from light and stirred at ambient
temperature for 24 h. The solvent was evaporated on a rotary
evaporator and the viscous material partially redissolved in
CH2Cl2 (25 ml). The solution was filtered and the filtrate washed
with 2 N HCl (aq) (15 ml), followed by 5% NaHCO3 (aq) (2 ⫻
10 ml). The organic layer was separated and solvent removed.
The viscous pale yellow material was washed with acetone (40
ml) to give a white solid. This white solid was further purified by
reversed-phase column chromatography by using C18 silica
PNAS 兩 August 14, 2001 兩 vol. 98 兩 no. 17 兩 9479
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operated in the electrospray ionization mode or a PerSeptive
Biosystems (Framingham, MA) Voyager matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) spectrometer. IR spectra were recorded on a Bio-Rad FTS-135 Fouriertransformed IR instrument. Molecular modeling was performed
on a Silicon Graphics (Mountain View, CA) computer with the
INSIGHT II computer program.

CHEMISTRY

Fig. 1. View of the VGYG portion of the selectivity filter structure, drawn with
coordinates from Doyle et al. (2), overlaid on that of p-tert-butyl-calix[4]arene(OCH2COCl)4 showing how the four -{OCH2CO}- calixarene units mimic the four
T75 residues (see text). In some K⫹ channels, T75 is replaced by a serine. Red, blue,
and black colors designate oxygen, nitrogen, and carbon atoms, respectively. Ion
and water locators (green and red) are assigned as in the x-ray structure, but we
do not claim identical locations in our synthetic model compounds.

benzoic acid): Found, 1637.59 (H⫹), Calcd, 1637.91 (H⫹);
Found, 1659.2 (Na⫹), Calcd, 1659. 89 (Na⫹).
p-tert-Butyl-calix[4]arene Tetra-valine-OH. The calixarene tetravaline benzyl ester (1.6 g, 0.96 mmol) was added to a suspension of 10% Pd兾C (0.1 g) in oxygen-free methanol (40 ml). The
mixture was stirred at room temperature under a H2 atmosphere
for 26 h. The solution was filtered to remove the solids, and the
filtrate was evaporated to afford the crude product. 1H NMR
(CDCl3, 500 MHz, 293 K), ␦ (ppm) 6.68 (s, 8H, ArH), 4.9 (br),
4.63 (br), 4.51 (br), 3.1 (br), 2.04 (br), 1.04 (s), 0.88–0.74 (br).
Electrospray ionization-MS (-ion, MeOH兾NEt 3 ): 1276.7.
MALDI-TOF-MS (⫹ion, 2,5-dihydroxybenzoic acid): Found,
1277.76 (H⫹) Calcd, 1277.72 (H⫹); Found, 1299.30 (Na⫹), Calcd,
1299.70 (Na⫹).
p-tert-Butyl-calix[4]arene Tetra-valine-glycine-Benzyl Ester 2. Nmethylmorpholine (0.8 ml, 7.82 mmol) was added to a solution
of glycine benzyl ester hydrochloride (1.57 g, 7.82 mmol) in
dimethylformamide (1.6 ml). To this solution was then added
p-tert-butyl-calix[4]arene tetravaline (0.5 g, 0.391 mmol) followed by N-hydroxybenzotriazole (HOBt) (1.06 g, 7.82 mmol).
This mixture was stirred for 15 min, after which dicyclohexylcarbodiimide (1.62 g, 7.82 mmol) was added. The resulting
mixture was protected from light and stirred at ambient temperature for 18 h. The solvent was evaporated and the viscous
material partially redissolved in CH2Cl2 (30 ml). The solution
was filtered and the filtrate washed with 2 N HCl (aq) (20 ml),
followed by 5% NaHCO3 (aq) (2 ⫻ 10 ml). The organic layer was
separated and solvent evaporated. The thick viscous pale yellow
material was washed with acetone (40 ml) to give a white solid
(0.52 g, 71%). This crude material was purified by reversedphase column chromatography by using C18 silica eluting first
with CH3CN兾H2O (7:1) and finishing with 100% MeOH. 1H
NMR (CDCl3, 500 MHz, 293 K), ␦ (ppm) 8.1 (br, 4H, Gly-NH),
6.71 (br, 4H, Val-NH), 7.32–7.26 [m, 20H, Ar(Bz)], 7.11 (br, 4H,
ArH), 5.10 [m, 8H, OCH2(Bz)], 4.67 and 4.31 (br, 4H and 4H,
OCH2CO), 3.90 and 3.45 (br, 4H and 4H, Gly-C␣H2), 3.2 and
4.51 (d, J ⫽ 14Hz, 4H and 4H, ArCH2Ar), 2.10 (m, 4H,
Val-C␣H), 1.15–1.05 [br, 36H, Ar-C(CH3)3], 0.89, 0.88 [d, J ⫽ 6.5
Hz, 12H, 12H, Val-CH(CH3)2]. MALDI-TOF-MS (⫹ion, 2,5didydroxybenzoic acid): Found, 1889.36 (Na⫹), Calcd, 1889.32
(Na⫹).
p-tert-Butyl-calix[4]arene Tetra-val-gly-OH. p-tert-Butyl-calix[4]arene tetra-val-gly-OBz (0.1 g, 0.054 mmol) was added to a
suspension of 10% Pd兾C (0.01 g) in degassed methanol (20 ml).
The mixture was stirred at room temperature under H2 atmosphere for 8 h. The solution was filtered to remove the Pd兾C and
the filtrate evaporated to give a pure white solid (0.05 g, 63%).
Electrospray ionization-MS (-ion, methanol兾NEt3): 1504.7;
MALDI-TOF-MS (⫹ ion, 2,5-dihydroxybenzoic acid): Found,
1506.6 (H⫹), Calcd: 1506.83 (H⫹); Found, 1528.8 (Na⫹); Calcd,
1528.82 (Na⫹).

Fig. 2.

1H

NMR spectra (500 MHz, CD3CN, 283 K) of 3 in the absence of metal ions (Top) or presence of K⫹ picrate (Middle) presence of Na⫹ picrate (Bottom).

eluting first with CH3CN兾H2O (7:1) and then with 100% MeOH.
1H NMR (CD CN, 500 MHz, 293 K), d 8.27 (br, 4H, Val-NH),
3
7.81 (br, 4H, Tyr-NH), 7.32–7.22 (m, ArH), 7.11 (br, 4H,
Gly-NH), 6.90 and 6.61 (d, J ⫽ 9Hz, 8H, 8H,Tyr-ArH), 6.81 (d,
4H, ArH), 5.04 (m, 8H, OCH2(Bz)), 4.65 (d, J ⫽ 13 Hz, 4H,
ArCHAr), 4.51 (m, 4H, Tyr-C␣H) 4.31 (d, 6.5Hz, 4H, Val-C␤H),
3.81 and 3.44 (dd, J ⫽ 15 Hz, 5.5 Hz, 4H, 4H, Gly-C␣H2), 3.13
(d, J ⫽ 13 Hz, 4H ArCH2Ar), 2.95 and 2.84 (dd, J ⫽ 14 Hz, 6.5
Hz, 4H and 4H, Tyr-C␤H2), 2.18 (m, J ⫽ 6.5 Hz, 4H, Val-C␣H),
1.08 [s, 36H, Ar-C(CH3)3], 0.86 and 0.83 [d, J ⫽ 6.5 Hz, 12H,
12H, Val-(C␥H3)2]. MALDI-TOF-MS (⫹ion, 2, 5-dihydroxybenzoic acid): Found, 2542.01 (Na⫹); Calcd, 2542.03 (Na⫹); Found,
2558.22 (K⫹), Calcd, 2558.14 (K⫹).
Results
NMR and IR Metal-Binding Studies. Addition of Na⫹ or K⫹ ions† (15)
to acetonitrile solutions of 1–3 altered the calixarene aromatic,
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†Compounds 1-3 bind K⫹ less well than Na⫹ in acetonitrile. This difference is reflected in the

more significant H⫹ NMR chemical shift changes caused by Na⫹ than by K⫹ binding to 1-3.
The observed trend may be caused by the fact that Na⫹ binds best to p-tert-butyl-calix[4](OCH2COOR) (R ⫽ alkyl) (10). It must be noted, however, that metal-binding affinities in
organic solvents and water may be reversed.

9480 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.161257798

methylene, tert-butyl, and OCH2CO 1H NMR resonances (Fig. 2
and Tables 1–9, and Figs. 5 and 7, which are published as supplemental data on the PNAS web site, www.pnas.org). These chemical
shift changes indicate cation binding within the eight-oxygen pocket
provided by the four -{OCH2CO}- units appended to the calixarene
framework. In addition, metal binding to 1-3 caused the four
equivalent valine NOH resonances to be shifted upfield by 0.95–1.1
ppm. We assign such chemical shift changes to a structural rearrangement that involves replacement of NOHVal䡠䡠䡠OAC hydrogen
bonds by M⫹䡠䡠䡠OAC bonds (M⫹ANa⫹ and K⫹)‡ (16). These amide
proton resonances also exhibit an almost linear upfield shift on
heating, a phenomenon characteristic of hydrogen bond breakage
(Fig. 7, which is published as supplemental data on the PNAS web
site, www.pnas.org) (17–20). Thus, in the absence of a metal ion, the
valine amide protons of 1-3 are hydrogen bonded to carbonyls in the
adjacent chains, forming a cyclic (..ONH䡠䡠䡠OACO. . . )4 network
(Fig. 3). This interaction is not static and can be disrupted by
molecular motions, explaining the observed upfield shifts on heatof NOH䡠䡠䡠OAC hydrogen bonding with M⫹䡠䡠䡠OAC binding interactions was
proposed for 1 while the present study was in progress.

‡Switching

Mareque Rivas et al.

Downloaded by guest on May 5, 2021

Mareque Rivas et al.

binding will be strongest in 1 and weakest in 3. Correspondingly,
cation release will be easier in 3 than in 2 and 1 (see below). In
2, and even more so in 3, the glycine amide proton resonances
move downfield on addition of Na⫹ ion and appreciably upfield
on heating (Figs. 9 and 10, which are published as supplemental
data on the PNAS web site, www.pnas.org). In 3, the tyrosine
amide resonances exhibit identical Na⫹ and temperature dependencies. This result indicates that Na⫹ promotes the involvement
of the glycine amide in hydrogen-bonding interactions in 2 and
3 and of the tyrosine amide in 3, probably because of motions
triggered by the metal ion-induced H-bond breakage at the
valine site.
Chemical shift changes in the 1H NMR spectrum of 3 caused
by addition of Na⫹ ions occur not just in the calixarene-derived
and valine amide proton resonances, as for 1 and 2, but also in
the rest of the VGY-OBz sequence (Figs. 2 and 4). Within the
VGY-OBz units, the resonances shifting the most are the glycine
C␣-H, followed by the tyrosine C␣-H and the COOCH2Ph
protons at the C terminus. These chemical shift changes may
indicate partial positive charge adjacent to these sites, as would
occur by partial metal ion occupancy. This feature might be
interpreted as the result of a doubly cation-populated calixarene
molecule. This possibility would be allowed by the 5- to 10-fold
metal excesses used in the metal-binding studies. MALDI and
electrospray ionization MS, however, are consistent with the
PNAS 兩 August 14, 2001 兩 vol. 98 兩 no. 17 兩 9481
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ing. Addition of the metal ion breaks the hydrogen bonds to the
carbonyl oxygen atoms, also affording upfield-shifted amide proton
resonances.
The structural rearrangements required for such H-bonding兾
M⫹-binding switching are sensible as judged by examination of
molecular models and seem to be facilitated by the flexibility of
the -{OCH2CO}- units. Thus, in 1–3, NOHVal䡠䡠䡠OAC hydrogen
bonding and M⫹䡠䡠䡠OAC binding (M⫹ ⫽ Na⫹ and K⫹) are in
equilibrium and compete with one another. Any weakening of
the NOHVal䡠䡠䡠OAC hydrogen bonds will favor M⫹䡠䡠䡠OAC binding. We could estimate the approximate energetics of the
hydrogen bonding contributions to this effect by examining the
solid-state IR spectra of 1–3. The compounds exhibit a broad
NOH band that shifts by 60–80 cm⫺1 to higher wavenumbers on
addition of Na⫹ or K⫹ ions. This shift corresponds to a hydrogen
bond energy of ⬇2–3 kcal兾mol (21). Thus interchain hydrogen
bonds destabilize metal ion binding by ⬇8–12 kcal兾mol (see
below).
Another important observation is that, in the absence of metal
ions, the valine amide proton resonances appear at 7.67 ppm in
1, at 7.98 ppm in 2, and at 8.25 ppm in 3 (Fig. 7, www.pnas.org).
We assign such downfield shifts to an increase in the valine
NOH䡠䡠䡠OAC hydrogen bond strength arising from the formation of new interchain hydrogen bonding interactions further up
the model filter in going from 1 to 3. As a consequence, cation
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Fig. 3. Illustration of interchain NOHVal䡠䡠䡠OAC hydrogen bonding by M⫹䡠䡠䡠OAC-binding alternation in 1–3 [M⫹ ⫽ Na⫹ and K⫹; R ⫽ CH(CH(CH3)2)COCH2Ph for
1; R ⫽ CH(CH(CH3)2)CONHCH2COCH2Ph for 2 and R ⫽ CH(CH(CH3)2)CONHCH2CONHCH(CH2C6H5OH)COCH2Ph for 3]. Upper, side view. Lower, end view.

Fig. 4. Schematic representation of interchain hydrogen bonding and metal binding proposed for 3 on the basis of proton
chemical shift changes [R ⫽ CH(CH3)2, R⬘ ⫽ CH2-C6H4-OH]. The
significant chemical shift changes observed up to the tyrosine
amide proton suggest movement of the metal from the
-{OCH2CO}- to the glycine site (see text).
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binding of only one cation. In addition, metal concentrations
used were in the micro- to millimolar range, orders of magnitude
lower than required for double ion occupancy in natural K⫹
channels. Another possible explanation for the observed metalinduced 1H NMR chemical shift changes in 3 is ion translocation
along the {OCH2CO-VGY}4 unit. Considering that the stronger
NOH䡠䡠䡠OAC H-bonding in 3 weakens ion binding, this hypothesis is reasonable and can be tested. Overall, the largest chemical
shift changes in 3 match well the positions of a metal ion and a
water molecule placement in the x-ray structure of the selectivity
filter of KcsA (2). The metal ion is delocalized between T75- and
V76-binding sites, and the water molecule binds at the G77 site.
Discussion
The present study demonstrates that a calix-[4]-arene framework
affords a suitable template for the assembly of four peptide units
to model features of the selectivity filter of the potassium
channel. Two key findings are (i) that lengthening the polypeptide chains stabilizes interchain H-bonds between peptide amide
functionalities and (ii) that metal binding competes with such
hydrogen-bonding interactions.
Motions that permit the carbonyl oxygens to move toward or
away from the pore can promote rapid binding and release of
metal ions, respectively. This cation binding-release mechanism
would have a low activation energy barrier if K⫹-binding and
H-bonding interactions compensated one another. We propose
that such a mechanism may be operative in natural K⫹ channels.
The most likely site would appear to be G77, corresponding to
the narrowest and most flexible point of the selectivity filter. The
G77 amino acid is the only one for which an amide hydrogen
bond partner has yet to be located in the current x-ray structure
of KcsA. Interchain C䡠䡠䡠O contacts involving the glycines are
extremely short. The distance between C␣ of G77 and the OAC
of G77 of the adjacent chain is ⬇3.0 Å. If hydrogen atoms are
placed in calculated positions, it is evident that a cyclic network
of short COH䡠䡠䡠OAC H-bonds (H䡠䡠䡠O ⬇ 2 Å) can be formed. The
same feature occurs at G79. It is possible that these hydrogen
bonds occur in KcsA, although the distances may be too short.
Small changes in the structure of the selectivity filter would allow
G77 to participate in interchain NOH䡠䡠䡠OAC hydrogen bonding.
Such motion within the selectivity filter could, as in our model
compounds, allow interchain hydrogen bonding to occur at other
positions.
9482 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.161257798

The H-bonding兾K⫹-binding switching mechanism proposed
here complements other proposals for explaining rapid ion
movements in the channel, such as multiple ion occupancy. On
the basis of the shape and dimensions of the pore and the steric
requirements of the amino acid side chains, the strength of
interchain NOH䡠䡠䡠OAC hydrogen bonding and K⫹䡠䡠䡠OAC binding should differ along the TVGYG sequence. Motions within
the selectivity filter may facilitate H-bonding兾K⫹-binding
switching and could act as a thermodynamic driving force for ion
translocation. The positive reinforcement of metal-binding and
hydrogen-bonding interactions suggests an analogy to Gquartets, where such K⫹-template effects leads to K⫹ ionbinding selectivity (22–24). Ion translocation along K⫹ channels
has been recently investigated theoretically, suggesting that the
most favorable conduction pathway requires a transition energy
barrier of at most 5 kcal兾mol (25). From an energetic point of
view, even weak hydrogen bonds of ⬇1–2 kcal兾mol would be
sufficient to lower the barrier (⬇5–7 kcal兾mol) significantly for
ion translocation along the TVGYG sequence.
Conclusions
In summary, we report our initial attempt to model aspects of the
KcsA potassium channel selectivity filter through synthetic
modeling chemistry. We conclude that the first metal ion binds
to the oxygen-rich environment formed by four -{OCH2CO}units, which resembles the T75-binding site of the natural
channel. This result mimics the location of the metal ion partially
situated at the T75- and V76-binding sites in the recent structure
determination of KcsA (2). We find that, in the three model
compounds, metal ion binding requires a cyclic network of
interchain NOH䡠䡠䡠OAC hydrogen bonds involving the valine
amide to be broken. We also observe that, by the cooperative
effect of hydrogen bonding involving the glycine and tyrosine
amides, interchain NOHVal䡠䡠䡠OAC hydrogen bonds are stronger
in 3, which may facilitate ion release from the ‘‘T75-site.’’ Given
the flexibility that G77 provides to the selectivity filter, we
propose such an ion-binding destabilization mechanism could
also occur in natural channels, helping to lower the energy
barrier for ion translocation.
Although the present work has afforded some new insights, it
represents only a beginning. Important additional questions can
be addressed by this approach. Included are understanding the
chemical basis for K⫹ selectivity, the maximum occupancy of
Mareque Rivas et al.

ions and water molecules in the TVGYG tetrapeptide filter
sequence, the effect of mutations on the metal-binding and
structural properties of the model filter, and the geometric
conformations that can be adopted. The small size and solubility
of the model compounds compared with the actual potassium
channel are advantages in pursuing these objectives. The potential also exists for assembling lipid bilayers with embedded
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