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The Interfacial Lipid Binding Site on the Potassium Channel KcsA Is
Specific for Anionic Phospholipids

Phedra Marius, Simon J. Alvis, J. Malcolm East, and Anthony G. Lee
School of Biological Sciences, University of Southampton, Southampton, United Kingdom

ABSTRACT Lipid binding to the potassium channel KcsA from Streptomyces lividans has been studied using quenching of
the fluorescence of Trp residues by brominated phospholipids. It is shown that binding of phospholipids to nonannular lipid
binding sites on KcsA, located one each at the four protein-protein interfaces in the tetrameric structure, is specific for anionic
phospholipids, zwitterionic phosphatidylcholine being unable to bind at the sites. The binding constant for phosphatidylglycerol
of 3.0 = 0.7 mol fraction—! means that in a membrane containing ~20 mol% phosphatidylglycerol, as in the Escherichia coli
inner membrane, the nonannular sites will be ~37% occupied by phosphatidylglycerol. The binding constant for phosphatidic
acid is similar to that for phosphatidylglycerol but binding constants for phosphatidylserine and cardiolipin are about double
those for phosphatidylglycerol. Binding to annular sites around the circumference of the KcsA tetramer are different on the
extracellular and intracellular faces of the membrane. On the extracellular face of the membrane the binding constants for
anionic lipids are similar to those for phosphatidylcholine, the lack of specificity being consistent with the lack of any marked
clusters of charged residues on KcsA close to the membrane on the extracellular side. In contrast, binding to annular sites on
the intracellular side of the membrane shows a distinct structural specificity, with binding of phosphatidic acid and phos-
phatidylglycerol being stronger than binding of phosphatidylcholine, whereas binding constants for phosphatidylserine and
cardiolipin are similar to that for phosphatidylcholine. It is suggested that this pattern of binding follows from the pattern of

charge distribution on KcsA on the intracellular side of the membrane.

INTRODUCTION

The homotetrameric potassium channel KcsA from Strepto-
myces lividans requires anionic lipid to function; KcsA, when
reconstituted into bilayers of phosphatidylcholine or phos-
phatidylethanolamine, fails to open and only opens when the
bilayer also contains an anionic phospholipid such as phos-
phatidylglycerol, phosphatidylserine, or cardiolipin (1,2). The
crystal structure of KcsA, crystallized from solution in decyl
maltoside, shows a lipid molecule located at each monomer-
monomer interface in the tetrameric structure, modeled as
a diacylglycerol because the lipid headgroup was not well
resolved (2). This lipid molecule is probably phosphatidyl-
glycerol because KcsA, purified using dodecyl maltoside as
detergent, contains ~0.7 mol of phosphatidylglycerol per
monomer (2). Refolding experiments showed that anionic
lipid is not required for the formation of the KcsA tetramer (2)
and, indeed, KcsA purified using Mega-9 as detergent lacked
any significant amount of bound lipid but still forms a stable
tetrameric structure (3). It has been suggested that the func-
tional requirement of KcsA for anionic lipid follows from
arequirement that the lipid binding sites identified in the crys-
tal structure be occupied by anionic lipid (2).

We have termed lipid binding sites located at protein-
protein interfaces or between transmembrane a-helices as
nonannular sites, to distinguish them from the boundary or
annular lipids that cover the bulk of the hydrophobic surface
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of a membrane protein (4). The obvious question for KcsA
is whether the nonannular sites are empty in the absence of
anionic lipid, this leading to the lack of activity, or whether,
in the absence of anionic lipid, the nonannular sites are oc-
cupied by zwitterionic lipid, the channel not being functional
when the nonannular sites are occupied by zwitterionic lipid.
It is also important to know how strongly anionic lipid binds
to the nonannular sites; the fact that purification from decyl
maltoside leads to substoichiometric levels of anionic lipid
(2) and that purification from Mega-9 leads to the loss of
almost all the bound lipid (3) shows that the affinity is not
so high that binding is essentially irreversible. The level of
occupancy of the nonannular sites by anionic lipid in the
native membrane will depend on the binding constant for
anionic lipid and on the concentration of anionic lipid in the
outer monolayer of the lipid bilayer where the nonannular
binding sites are located.

Here we show how quenching of the fluorescence of Trp
residues in KcsA by bromine-containing phospholipids can
be used to study the selectivity of binding at the nonannular
sites on KcsA. Bromine-containing phospholipids are made
by addition of bromine across the double bonds of phos-
pholipids containing two oleyl chains: these lipids behave
much like conventional phospholipids with unsaturated fatty
acyl chains, because the bulky bromine atoms have effects
on lipid packing that are similar to those of a cis double bond
(5). The efficiency of quenching of Trp fluorescence by
phospholipids containing dibrominated fatty acyl chains
depends on the sixth power of the distance between the Trp
and the dibromo group with a value for R,, the distance at
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which energy transfer is 50% efficient, of 8 A (6,7). This
could either indicate that fluorescence quenching is by a
Forster energy transfer mechanism (7) or that quenching is
collisional, taking into account the depth distribution of the
fluorophore and quencher in the membrane (8). Whichever
is the case, the observation that the experimental quenching
data fit well to a sixth power dependence on distance sug-
gests that an analysis in these terms can be used to estimate
expected efficiencies of quenching by bromine-containing
phospholipids. In particular, the short range of the quenching
process means that only lipids bound in the immediate vi-
cinity of a Trp residue can affect its fluorescence intensity.

KcsA contains five Trp residues, Trp-26 and Trp-113
exposed to the lipid bilayer on the intracellular side of the
membrane, Trp-87 exposed to the lipid bilayer on the ex-
tracellular side, and Trp-67 and Trp-68 making up part of the
pore structure on the extracellular side (Fig. 1 A). The lipid-
exposed Trp residues are not conserved in the potassium
channel family, and it is generally found that hydrophobic
lipid-exposed residues can be replaced with other hydro-
phobic residues with no effect on function, as shown, for
example, in studies of the Shaker potassium channel (9,10).
Replacing the lipid-exposed Trp residues in KcsA with Cys
has been shown to have no effect on function (11). In the
studies reported here we have replaced Trp-26 and Trp-113
on the intracellular side with Leu, leaving the three Trp
residues on the extracellular side. The locations of these three
Trp residues with respect to the surface of the KcsA trimer
and the nonannular lipid binding site are shown in Fig. 1 B.
Distances between the Trp residues and the bromine atoms
in the lipid fatty acyl chains can be estimated as follows.
Bromination of an oleyl chain gives the corresponding 9,10-
dibromostearoyl derivative. The hydrophobic thickness of
a bilayer of dioleoylphosphatidylcholine is ~27 A (12), so
that the bromines in the brominated phospholipids will be
~7 A from the glycerol backbone region of the bilayer.
Distances along the membrane between the 3-carbons of Trp
residues 67 and 68 and the closest fatty acyl chains of an
annular lipid molecule are ~12 and 16 A, respectively,
giving Trp-bromine separation distances of ~14 and 17 A,
respectively. In Forster energy transfer theory, the efficiency
of energy transfer E between fluorophore and quencher is
related to the distance of separation d by

E=R/(R'+d°. (1)

The expected levels of quenching of Trp-67 and Trp-68
due to brominated annular lipid will then be ~3 and 1%,
respectively, assuming that quenching is dominated by the
nearest brominated fatty acyl chain. In contrast, the distance
along the membrane surface between Trp-87 and the nearest
annular lipid molecule is ~3.3 A, giving a Trp-bromine
separation distance of 7.7 A and an expected level of
quenching of ~56%. With a lipid diameter of ~9.4 A the
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FIGURE 1 The structure of KcsA. (A) A side view of the structure with

only two of the monomers making up the tetrameric structure being included
for clarity. Trp residues and the K™ ions are shown in space-fill format; a
bound lipid molecule (DAG) is shown in ball-and-stick format. The hori-
zontal lines show the probable locations of the glycerol backbone regions on the
two sides of the lipid bilayer (3). (B) A view of KcsA from the extracellular side
of the membrane showing the locations of Trp-67, Trp-68, and Trp-87 around
a bound lipid molecule (DAG). The hatches show the surface of KcsA with the
K" ions, the Trp residues, and the bound lipid molecule shown in space-fill
format. The coordinates were from PDB 1K4C (31).

Trp-bromine distance for Trp-87 and the next nearest annular
lipid molecule will be 12.1 A, giving an expected level of
quenching of ~7%. Thus, quenching of the fluorescence of
Trp-87 will report on only those one or two lipid binding
sites closest to Trp-87. A similar calculation for the effect of
a brominated lipid molecule bound to the nonannular site
suggests that the level of quenching for Trp-67, for which the
Trp-bromine separation distance is ~7.4 A, will be ~61%,
with a level of quenching for the more distant Trp-68 and
Trp-87 of ~7%. Thus, quenching of Trp-67 will report on
binding at nonannular sites, quenching of Trp-87 will report
on binding at annular sites, and Trp-68 will be essentially
unquenched by brominated lipid.



Lipid Interactions with KcsA

EXPERIMENTAL PROCEDURES

Dioleoylphosphatidylcholine (di(C18:1)PC), dioleoylphosphatidylserine (di
(C18:1)PS), dioleoylphosphatidic acid (di(C18:1)PA), dioleoylphosphati-
dylglycerol (di(C18:1)PG), and tetraoleoylcardiolipin (tetra(C18:1)CL) were
obtained from Avanti Polar Lipids (Alabaster, AL). Phospholipids were
brominated as described by East and Lee (5) to give the corresponding
brominated lipids di(9,10-dibromostearoyl)phosphatidylcholine (di(Br,C18:
0)PC), di(9,10-dibromostearoyl)phosphatidylserine (di(Br,C18:0)PS), di(9,
10-dibromostearoyl)phosphatidic acid (di(Br,C18:0)PA), di(9,10-dibromo-
stearoyl)phosphatidylglycerol (di(Br,C18:0)PG), and tetra(9,10-dibromo-
stearoyl)cardiolipin (tetra(Br,C18:0)CL). Cholate was purified by dissolving
cholic acid in the minimum volume of warm methanol, mixing with KOH in
methanol, and then precipitation by addition of a large excess of diethyl ether.
The precipitate was collected by filtration and then dried under a stream of air.

Mutagenesis and purification of KcsA

A plasmid containing the kcsA gene (13) with a poly-His epitope at the
N-terminus was the generous gift of Professor H. Schrempf, University of
Osnabruck, Osnabruck, Germany. KcsA was purified according to the
method of Williamson et al. (3) with a few modifications. Briefly, cells were
washed and resuspended in buffer (140 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 1.8 mM KH,PO,) and lysed by sonication. The sample was spun
at 100,000 X g for 30 min and the membrane pellet was solubilized in the
above buffer containing 5 mM dodecyl maltoside (Calbiochem, San Diego,
CA) for 1 h at room temperature. Unsolubilized material was removed by
centrifugation at 8000 X g for 20 min and the supernatant was loaded onto
a 1-ml Ni?*-Sepharose-His-Trap affinity column (Amersham, Bucking-
hamshire, UK) preequilibrated with buffer containing 20 mM imidazole.
After washing the column, the His-tagged KcsA protein was eluted with 300
mM imidazole and stored at —80°C until use. The homogeneity of KcsA
was assessed by sodium dodecyl-sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), using the method of Laemmli (14). Concentrations of KcsA
were estimated from absorption spectra measured in buffer containing 1%
sodium dodecyl sulfate to reduce light scatter, using extinction coefficients
of 34,850 M ' em ', 29,160 M ™' cm ™', and 23470 M"' cm "', for wild-
type KcsA, W113L, and W26, 113L, respectively, at 280 nm.

Site-directed mutagenesis was performed using the Quick-change pro-
tocol from Stratagene (La Jolla, CA). Mutated KcsA were prepared with
the Trp residue at position 113 replaced by Leu (W113L) or with the Trp
residues at positions 26 and 113 both replaced by Leu (W26,113L). W113L
was produced using synthetic oligonucleotide primers 5'-CCGCGCT-
GGCAACCTTGTTCGTCGGCCGGGAAC-3' and 5'-CCGACGAACAA-
GGTTGCCAGCGCGGCGGTCACCAGAC-3" and W26,113L was pro-
duced by mutation of Trp-26 in W113L using the primers 5'-GTGC-
GCTTCATTTGAGGGCCGCGGGTGC-3' and 5'-GGCCCTCAAATG-
AAGCGCACTGCCGTGGC-3'. After polymerase chain reaction mutagen-
esis, the native methylated DNA templates were digested with Dpnl
(Promega, Madison, WI) for 2 h at 37°C. The mutations were confirmed by
DNA sequencing.

Fluorescence measurements

Purified KcsA was reconstituted into lipid bilayers by mixing lipid and KcsA
in cholate followed by dilution of 50 ul of the detergent-lipid-protein
mixture into 3 ml buffer (20 mM HEPES and 1 mM EGTA, at pH 7.2) to
decrease the concentration of cholate below its critical micelle concentration,
as described in Alvis et al. (15). The final protein concentration was 0.24 uM
and the molar ratio of lipid to KcsA was 100:1. Fluorescence was recorded
on an SLM 8000C fluorimeter (Urbana, IL) with excitation at 290 nm, at
25°C. Fluorescence emission spectra were corrected for light scatter by
subtraction of a blank consisting of lipid alone in buffer. Spectra were cor-
rected for the wavelength dependence of instrumental response using a set
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of correction factors generated by comparison of an emission spectrum for
tryptophan in buffer with the corrected emission spectrum for tryptophan
published by Chen (16). In quenching experiments with acrylamide, the
inner filter effect was minimized by exciting fluorescence at 295 nm, cor-
rections for the inner filter effect being made by applying the correction
factor 10>, where ¢ is the molar extinction coefficient at 295 nm and ¢ is
the molar concentration of acrylamide.

The reported fluorescence intensities represent the average of duplicate
measurements from two or three separate reconstitutions.

Analysis of fluorescence quenching results

Quenching of Trp fluorescence in a mixture of a nonbrominated lipid with its
brominated analog, where the lipid binds only to the annular sites around
KcsA, has been fitted to a lattice model for quenching (3,15,17—19) using the
equation

F=Fp, +(Fo—Fp)(1—xp)". )

Here F, and Fr’:in are the fluorescence intensities of KcsA in non-
brominated and brominated lipid, respectively, F is the fluorescence in-
tensity in the phospholipid mixture when the mol fraction of brominated
lipid is xg,, and 7 is the number of annular lipid binding sites on KcsA from
which the fluorescence of a Trp residue can be quenched. In a mixture of two
classes of lipid A and B where, for example, lipid A is a nonbrominated
zwitterionic lipid and lipid B is a brominated anionic lipid, an equilibrium
will be established at each of the annular sites:

PA +B2PB + A,

where PA and PB are protein bound to lipids A and B, respectively, and the
binding constant for B relative to A is given by

Kx = ([PB]A])/([PA][B]). 3)
Fluorescence quenching in the mixture is described by the equation
F = Fop = (Fo = Fr) (1= £,)", “)
where f4, the fraction of annular sites on KcsA occupied by brominated
lipid, is given by
for = Kaxp:/ (Kaxs, + [1 — xp.]), )

where xg, is the mol fraction of brominated lipid in the mixture.

If only anionic lipid, lipid B, can bind to the nonannular sites on KcsA
then binding to the nonannular sites can be described by a simple binding
equation:

P+ B&2PB.

The association constant Ky for binding at the nonannular sites is given
by

Kxa = [PBJ/([P][B]). (6)

The fraction of nonannular sites occupied by brominated anionic lipid,
A is given by

il = Kyaxs/ (1 + Kyaxs,]). @)

The fluorescence intensity for a Trp residue close to the nonannular site
will be directly related to the probability of occupation of the nonannular site
by brominated lipid:

F=Fy+ (Fo—Fo)(1—fo), )

where FN2 is the fluorescence intensity when the nonannular site is occupied

min

by brominated lipid.
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In the special case of the mutant W26,113L that contains three Trp
residues with equal fluorescence emission intensities, where one Trp residue
is not quenched by brominated lipid, one Trp is quenched by binding of
brominated lipid to the annular sites, and one Trp is quenched by binding of
brominated lipid to the nonannular sites, the fluorescence intensity will be
given by

F= [1 +F$in +F§§. + (1 7F2in)(1 *fgr)n

9
(L= ER) (1 —£]/30, ®

where the fluorescence intensity has been scaled to 1 for the protein in
nonbrominated lipid.

To describe fluorescence quenching for wild-type KcsA from the annular
sites it is necessary to consider the possibility that binding constants at the
annular sites on the extracellular and intracellular sides of the membrane
are different. For wild-type KcsA, Trp-67 and Trp-87 will not be quenched
by annular lipid, Trp-87 will be quenched by annular lipid binding on
the extracellular side of the membrane, and Trp-26 and Trp-113 will be
quenched by annular lipid binding on the intracellular side of the membrane
(Fig. 1). The fluorescence intensity in this case will be given by

F=[24FN +2F + (1 - F2 (1 —fah)"

min Br

A2 A2\n 10
+2(1 _Fmin)(l _fBr ) ]/507

where the fluorescence intensity has been scaled to 1 for the protein in

nonbrominated lipid and FA1 and FA2 are fluorescence intensities for Trp-87

and for Trp-26 and Trp-113, respectively, in brominated lipid, and f;5' and fl?rz
are the fractional occupancies of the annular sites by brominated lipid on the
extracellular and intracellular sides of the membrane, respectively, calculated
from Eq. 5 with the appropriate value for the relative binding constant K on
the extracellular and intracellular sides of the membrane.

The experimental data were fitted to the above equations using the non-
linear least-squares routine in the SigmaPlot package (SPSS, Chicago, IL).

RESULTS

Models for interpretation of fluorescence
quenching results

Fluorescence quenching data are fitted using a simple lattice
model in which 7 lipid binding sites are located sufficiently
close to a particular Trp residue that occupation of any of the
n sites by a brominated lipid molecule will result in fluo-
rescence quenching (3,15,17-19). The value of # is obtained
by fitting fluorescence quenching curves in mixtures of a
nonbrominated lipid and its brominated analog to Eq. 2.
When the fluorescence quenching is <100% efficient this
analysis can result in an overestimate of the value of n (20).
Yeager and Feigenson (20) showed that in these cases
fluorescence quenching is more accurately described by a
model in which each quencher contributes additively to the
total quenching rate constant for the Trp residue, giving rise
to the following equation:

F—iglgfvﬂlfWJ——Jl—*
AWM - o L1 Fo=Fu) )’
M Fy

an
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where M is the number of sites from which the fluorescence
of the Trp residue can be quenched, F and F,,, are the fluo-
rescence intensities in nonbrominated and brominated lipid,
respectively, and fg;, the fractional occupancy of the sites by
brominated lipid, is given by Eq. 5. In the limit that F,,, = 0,
Eq. 11 reduces to Eq. 2.

A comparison between Egs. 2 and 11 is presented in Fig. 2.
Fig. 2 shows fluorescence intensities calculated from Eq. 11
for a mixture of a nonbrominated lipid with its brominated
analog for values of M and Fy; of 2 and 0.4, respectively.
This calculated curve was then fitted to Eq. 2 giving a value
for n of 1.4 (Fig. 2) confirming that Eq. 2 overestimates
the number of binding sites from which quenching can be
observed, when Fy; > 0. The important point here, however,
is that the use of Eqs. 4 and 11 give the same values for the
relative binding constant K, because the values of K, are
obtained by comparison of pairs of quenching curves. For
example, Fig. 2 shows quenching curves calculated from Eq.
11 again with values of M and F; of 2 and 0.4, respectively,
but now for two mixtures of lipids, one where the relative
binding constant K is 2.0 and the other where the relative
binding constant K is 0.5 (Fig. 2). Fitting these two curves
to Eq. 4 with the value of n fixed at the value of 1.4 gives
relative binding constants K4 of 2.0 and 0.5. The fact that Eq.
4 recovers exactly the values of K, used in the simulations
justifies the use of the mathematically much more convenient
Eq. 4.

Properties of the Trp mutants of KcsA

W113L and W26,113L ran on SDS gels as mixtures of
monomer and tetramer, as for wild-type KcsA (data not
shown). Fluorescence emission maxima for wild-type KcsA
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FIGURE 2 Comparison of methods for analysis of quenching data. (O)
shows points calculated from Eq. 11 with values for M and F; of 2 and 0.4,
respectively, and a value for K 5 of 1. The solid line shows a fit of the calculated
data (O) to Eq. 2 giving a value for n of 1.4. (CJ, A) show points calculated
from Eq. 11 with values for M and F; of 2 and 0.4, respectively, with values
for K5 0of 2.0 ((J) and 0.5 (A). The dashed lines show fits of the calculated data
(O, A) to Eq. 4 with a value for n of 1.4, giving values for K, of 2.0 ((J) and
0.5 (A).
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and for the mutants W113L and W26,113L are all close to
333 nm (Fig. 3), consistent with a location for all the Trp
residues in KcsA close to the glycerol backbone region of the
lipid bilayer (3). The decreases in fluorescence intensity on
removal of Trp-26 and Trp-113 are similar (Fig. 3), again
consistent with similar fluorescence properties for all the Trp
residues in KcsA, as previously suggested (3). Quenching of
Trp fluorescence by acrylamide fits to identical, linear Stern-
Volmer plots for the mutants and wild-type KcsA (data not
shown) with values of F/F, at 0.24 M acrylamide of 0.62,
comparable to the value of 0.6 observed by Caputo and
London (21) for Trp residues at the ends of a model trans-
membrane a-helix in a lipid bilayer. Fluorescence emission
spectra for W26,113L are identical in di(C18:1)PC, di(C18:1)-
PA, di(C18:1)PG, di(C18:1)PS, and tetra(C18:1)CL (data not
shown), suggesting that binding of anionic lipid to W26,113L
results in no large change in conformation.

Fluorescence quenching by zwitterionic and
anionic lipids

If all phospholipids could bind only to annular sites on
W26,113L then the level of fluorescence quenching observed
on reconstitution of W26,113L into bilayers of brominated
phosphatidylcholine would be the same as in bilayers of bro-
minated anionic lipid, the observed quenching resulting from
quenching of the fluorescence of the lipid exposed residue
Trp-87. Similarly, if all phospholipids could bind to both the
annular and the nonannular sites on W26,113L then recon-
stitution into bilayers of brominated phosphatidylcholines or
brominated anionic lipids would again result in equal fluo-
rescence quenching, corresponding to quenching of the fluo-
rescence of both Trp-67 and Trp-87. If, however, brominated
phosphatidylcholine binds only to annular sites but bromi-
nated anionic lipids bind to both annular and nonannular sites,
then fluorescence quenching of W26,113L in bilayers of
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FIGURE 3 Fluorescence emission spectra for wild-type and mutant
KcsA. Fluorescence emission spectra are shown for wild-type KcsA (a),
WI13L (b), and W26,113L (c) reconstituted into bilayers of di(C18:1)PC.
The concentration of KcsA was 0.24 uM and the molar ratio of lipid/KcsA
was 100:1.
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brominated anionic lipid would be expected to be about
double that seen in bilayers of brominated phosphatidylcho-
line. As shown in Fig. 4, levels of fluorescence quenching
for W26,113L in bilayers of brominated analogs of the an-
ionic phospholipids phosphatidic acid, phosphatidylgly-
cerol, phosphatidylserine, and cardiolipin are about double
that in di(Br,C18:0)PC, showing that phosphatidycholines
must bind very weakly, if at all, to the nonannular sites on
KcsA to which anionic lipids can bind.

If Trp-87 in W26,113L is the only one of the three Trp
residues to be quenched by di(Br,C18:0)PC then the ob-
served value for F/F, of 0.78 for W26,113L in di(Br,C18:0)
PC (Fig. 5; Table 1) corresponds to an F/F, value of 0.36
for Trp-87, in good agreement with the value of ~0.44
estimated above from the expected distance of separation
between Trp-87 and the nearest annular lipid molecule.
Similarly, if only Trp-26 and Trp-87 in W113L are quenched
by di(Br,C18:0)PC then the observed value for F/F, of 0.66
for W113L corresponds to an average F/F, value of 0.32 for
Trp-26 and Trp-87, and if only Trp-26, Trp-87, and Trp-113
in wild-type KcsA are quenched by di(Br,C18:0)PC then the
observed value of F/F, of 0.61 for wild-type KcsA cor-
responds to an average F/F, for the three quenched Trp
residues of 0.35. The similarity of the values for F/F, cal-
culated in this way for the three lipid-exposed Trp residues is
consistent with the suggestion that Trp-26, Trp-87, and Trp-
113 are the only three Trp residues quenched significantly
by di(Br,C18:0)PC. The quenching observed in brominated
anionic lipid is ~25% greater than that observed in
di(Br,C18:0)PC (Fig. 4), corresponding to a value for F/F,
for Trp-67 of ~0.27, compared to the value of ~0.39 esti-
mated above from the expected distance of separation be-
tween Trp-67 and the nearest fatty acyl chain of a bound
nonannular lipid molecule.

Determination of annular and nonannular
binding constants

Plots of fluorescence quenching as a function of mol frac-
tion of brominated lipid in the membrane (Fig. 4) can be used
to determine binding constants at the nonannular sites and
at the annular sites on the extracellular side of the mem-
brane using Eqgs. 4 and 9. Because phosphatidylcholines bind
weakly to nonannular sites, analysis of the quenching curves
for mixtures of di(Br,C18:0)PC with an anionic lipid gives
the relative binding constant of the anionic lipid at the an-
nular site if n in Eq. 2, that approximates to the number of
annular sites from which the fluorescence of the Trp residue
can be quenched, is known. As described above, the ap-
propriate value of n in Eq. 2 can be determined by fitting
quenching curves for W26,113L in mixtures of di(Br,C18:0)
PC and di(C18:1)PC to Eq. 2. Fig. 5 compares fluorescence
quenching for wild-type KcsA and the mutants W113L and
W26,113L in mixtures of di(Br,C18:0)PC and di(C18:1)PC.
The fluorescence quenching curves fit well to Eq. 2 with the
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FIGURE 4 Quenching of the fluorescence of W26,113L
in mixtures with anionic lipid. W26,113L was reconsti-
tuted into mixtures of di(C18:1)PC and brominated anionic
lipid (OJ) or into mixtures of di(Br,C18:0)PC with non-
brominated anionic lipid (O). Fluorescence intensities are
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the nonbrominated lipid. The lines show fits to Eqs. 4 and 9
D giving values for the binding constants listed in Table 2.
The anionic lipids were: (A4) di(C18:1)PA; (B) di(C18:1)PG;
(C) di(C18:1)PS; (D) tetra(C18:1)CL. For experiments
with cardiolipin the mol fraction of cardiolipin was calcu-
lated on a chain basis to account for the fact that cardiolipin
contains four fatty acyl chains and phosphatidylcholine
two.
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same value of n for W113L, W26,113L, and wild-type KcsA
(Table 1).

Data for quenching of the fluorescence of W26,113L in
mixtures of di(Br,C18:0)PC and anionic lipid (Fig. 4) were
analyzed in terms of Eq. 4 with a value for n of 1.69, the
average value from Table 1, giving the relative binding con-
stants for the anionic lipids at the annular sites on the
extracellular side of KcsA listed in Table 2; the fact that all
values were close to 1 shows that there is little selectivity in
binding to the annular sites on the extracellular side of the
membrane.

It was shown in Alvis et al. (15) that n values for anionic
phospholipids were the same as for phosphatidylcholines
except for cardiolipin where the value of n was half that for
the other phospholipids due to the four-chain nature of car-
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FIGURE 5 Quenching of the fluorescence of mutant and wild-type KcsA
by di(Br,C18:0)PC. KcsA (O), WI113L (), and W26,113L (A) were
reconstituted into mixtures of di(C18:1)PC and di(Br,C18:0)PC. Fluores-
cence intensities are expressed as F/F, where F, is the fluorescence intensity
in di(C18:1)PC. The lines show fits to Eq. 2 giving the parameters listed in
Table 1.
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diolipin, and for phosphatidic acid for which the value of n
was higher (n = 2.49) possibly related to the small size of the
phosphatidic acid headgroup. Data for mixtures of di(C18:1)
PC and brominated anionic lipid (Fig. 4) were then fitted to
Eq. 9 using these values for n together with the determined
values for the annular binding constant on the extracellular
side of KcsA, giving the values for the nonannular binding
constant listed in Table 2.

Because quenching by di(Br,C18:0)PC follows just from
binding to annular sites, the binding constants for binding at
the annular sites on the intracellular side of KcsA can be
obtained from the previously published quenching data for
wild-type KcsA (15) using the binding constants for binding
at the annular sites on the extracellular side of KcsA de-
termined above. Quenching data for wild-type KcsA in
mixtures of anionic lipid and di(Br,C18:0)PC were therefore
analyzed in terms of Eq. 10 (Fig. 6) to give the annular
binding constants on the intracellular side given in Table 2.

DISCUSSION

An advantage of the fluorescence quenching technique for
studying lipid binding to membrane proteins is that the short
range of the quenching process means that it is possible to

TABLE 1 Fluorescence quenching of KcsA by di(Br,C18:0)PC
Mutant FIF, n
Wild type 0.61 = 0.01 1.66 * 0.12
WI113L 0.66 = 0.01 1.68 * 0.20
W26,113L 0.78 = 0.01 1.73 = 0.12

F, and F are fluorescence values in di(C18:1)PC and di(Br,C18:0)PC,
respectively, and n, which approximates to the number of annular sites close
enough to a Trp residue to cause quenching when occupied by a brominated
lipid molecule, was obtained by fitting the data in Fig. 5 to Eq. 2.
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TABLE 2 Lipid binding constants for W26,113L determined
from fluorescence quenching plots

Annular sites Nonannular ~ Annular sites on

on extracellular ~ sites Binding intracellular side

side Relative constant Relative binding

Lipid binding constant (mol fraction™") constant

Phosphatidic acid 0.80 = 0.17 4.6 = 2.1 2.93 = 0.77
Phosphatidylglycerol  0.68 = 0.07 3.0 =07 1.88 = 0.10
Phosphatidylserine 0.94 = 0.11 7.1 £2.7 0.70 = 0.30
Cardiolipin 0.77 = 0.10 73+ 12 0.70 = 0.16

Annular lipid binding constants relative to di(C18:1)PC on the extracellular
side were determined by fitting quenching data for W26,113L to Eq. 4
using a value for 7 of 1.69. Nonannular lipid binding constants were deter-
mined by fitting quenching data for W26,113L to Eq. 9 using the values for
the relative binding constant at the annular sites given in the table with a
value for n of 1.69 for all lipids except phosphatidic acid for which n =
2.49 (15). Annular lipid binding constants relative to di(C18:1)PC on the
intracellular side were determined by fitting quenching data for wild-type
KcsA to Eq. 10. The mol fraction of cardiolipin was calculated on a chain
basis, to account for the fact that cardiolipin contains four fatty acyl chains
whereas phosphatidylcholine contains only two.

study binding events in the immediate vicinity of a particular
Trp residue in the protein. To study binding of lipids at the
nonannular sites on KcsA identified in the crystal structure
(2), we mutated the two Trp residues on the intracellular side
of KcsA, leaving the lipid exposed Trp residue (Trp-87) and
the two Trp residues that are part of the pore structure (Trp-
67 and Trp-68) on the extracellular side (Fig. 1), thus min-
imizing the possibility of significant perturbation of the pro-
tein structure. The locations of the Trp residues are such that
Trp-87 will be quenched mainly by brominated lipids bind-
ing to the annular sites on the extracellular side of the protein
whereas Trp-67 will be quenched mainly by brominated
lipids binding to the nonannular sites (Fig. 1).
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Binding to annular sites

Studies of fluorescence quenching of W26,113L in mixtures
of anionic lipids and di(Br,C18:0)PC show that anionic
lipids bind to annular sites on the extracellular side of KcsA
with an affinity very similar to that of phosphatidylcholine
(Table 1). Using these values for the annular binding con-
stants on the extracellular side of KcsA, data for fluorescence
quenching of wild-type KcsA by di(Br,C18:0)PC can be
analyzed to obtain annular binding constants on the intra-
cellular side of KcsA (Table 1; Fig. 6). In contrast to binding
on the extracellular side of KcsA, the strength of binding on
the intracellular side of KcsA is structurally specific (Table
2); whereas binding constants for phosphatidylserine and
cardiolipin are close to those for phosphatidylcholine, bind-
ing of phosphatidic acid and phosphatidylglycerol is ap-
proximately three- and twofold stronger, respectively, than
phosphatidylcholine. The lack of specificity in binding at
annular sites on the extracellular side of the membrane is
consistent with the lack of any marked cluster of charged
residues on KcsA close to the membrane surface on the ex-
tracellular side of the membrane that might interact with
the phospholipid headgroups. This contrasts with a distinct
pattern for the charged residues on the intracellular side of
the membrane (Fig. 7). The location of the glycerol back-
bone region of the lipid bilayer on the intracellular side of the
membrane is marked by the location of the Trp residues on
this side of the protein (3). Arg-27 can then be seen to snor-
kel up to the glycerol backbone region to give a girdle of four
positively charged residues (Fig. 7). Located ~8 A from this
girdle of positive charge is a girdle of charged residues made
up of Glu-118, Glu-120, and Arg-121, Glu-118 and Arg-121
forming a charged pair (Fig. 7). Thus, it is possible that
favorable binding of phosphatidic acid and phosphatidyl-
glycerol follows from favorable interaction between Arg-27
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FIGURE 6 Quenching of the fluorescence of wild-type
KcsA in mixtures of anionic lipid with di(Br,C18:0)PC.
KcsA was reconstituted into mixtures of di(Br,C18:0)PC
and anionic lipid. Fluorescence intensities are expressed as
F/F, where F, is the fluorescence intensity in the non-
brominated lipid. The lines show fits to Eq. 10 with the

FlFo

annular binding constant on the extracellular side of KcsA
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fixed at the value given in Table 2, giving values for the
D annular binding constants on the intracellular side listed in
Table 2. The anionic lipids were: (A) di(C18:1)PA; (B)
di(C18:1)PG; (C) di(C18:1)PS; (D) tetra(C18:1)CL. For
experiments with cardiolipin the mol fraction of cardiolipin
was calculated on a chain basis to account for the fact that
cardiolipin contains four fatty acyl chains and phosphati-
dylcholine two.
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FIGURE 7 The structure of KcsA on the intracellular side of the
membrane. The surface of the KcsA tetramer is shown colored by elec-
trostatic potential. The location of the glycerol backbone region of the
bilayer is shown by the solid line. Arg-27, shown in space-fill format, is seen
snorkeling up to the surface. Above the plane defined by the Arg-27 are the
charged residues Glu-118, Glu-120, and Arg-121. Glu-118 and Arg-121,
shown in ball-and-stick format, form an ion pair on each subunit. The four
Glu-120 residues, shown in space-fill format, form a plane ~8 A above the
plane formed by the Arg-27 residues; favorable interactions between the
headgroups of anionic lipids and the Arg-27 residues could be balanced by
unfavorable interactions of the headgroups with the Glu-120 residues.

and the lipid phosphate group, the only charged group
present in these lipids. An unfavorable interaction between
Glu-120 and the negatively charged carboxyl group in phos-
phatidylserine or the additional negatively charged phos-
phate group present in cardiolipin could then explain the less
favorable binding of these more complex anionic lipids.

Favorable interaction between Arg-27 and phosphatidic
acid or phosphatidylglycerol on the intracellular side of the
membrane could give rise to a hot spot for lipid binding in
the vicinity of Arg-27, with binding constants for phospha-
tidic acid and phosphatidylglycerol at sites close to Arg-27
greater than the average value for all the sites on the intra-
cellular side of the membrane given in Table 2. The existence
of a hot spot for binding anionic lipid has been detected
previously on the mechanosensitive channel of large con-
ductance MscL, corresponding to a cluster of positively
charged residues (22).

Binding to nonannular sites

Binding of lipid to the nonannular sites on KcsA shows
marked selectivity for anionic lipid. The observation that
fluorescence quenching in di(Br,C18:0)PC is approximately
half that in brominated anionic lipid (Fig. 4) suggests that
only anionic lipid can bind to the nonannular sites and quench
the fluorescence of Trp-67. Selectivity of the nonannular sites
for anionic lipid probably follows from the presence of two Arg
residues, Arg-64 and Arg-89, close to the site, one coming from
each of the monomers at the interface (23).

Binding of anionic lipids at the nonannular sites varies by
only a factor of 2 with anionic headgroup structure (Table 2)
and is of only moderate affinity, with a standard free-energy
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change for binding AG® of ~0.9-1.2 kcal mol . The energy
of interaction U between two ions is given by

U = 2,2,¢" J4T &5, (12)

where z; and z, are the charges on the two ions, ¢, is the
relative permittivity (dielectric constant) of the medium, and
r is the distance between the two ions. Assuming a dielectric
constant of 78.5 (water), an energy of interaction of 1 kcal
mol ™! corresponds to a distance of separation of two mono-
valent ions of 4.2 A. Thus, close contact between the charged
groups on the phospholipid headgroup and charged groups
on KcsA at the nonannular site is sufficient to explain the
observed binding. Binding of this type, with the lipid head-
group not being tightly constrained within a binding pocket,
would be consistent with the observation that the anionic
lipid headgroup is not resolved in the crystal structure of
KcsA (2).

Fluorescence emission spectra for wild-type KcsA (15)
and W26,113L are very similar in bilayers of phosphatidyl-
choline and anionic phospholipids suggesting that binding of
anionic lipid to the nonannular sites on KcsA results in no
major conformational changes on KcsA, despite the presence
of anionic lipid being essential for channel opening.

It is not known whether all four nonannular sites in the
tetrameric KcsA structure have to be occupied by anionic
lipid for the channel to open. The Escherichia coli cell
membrane in which KcsA is expressed contains ~20 mol %
anionic lipid, mostly phosphatidylglycerol (24). In mamma-
lian cells the distribution of lipid species between the two
faces of the plasma membrane is highly asymmetric, but it is
not known if this is also the case in E. coli (25). If the
phosphatidylglycerol content of the outer leaflet of the E. coli
membrane were 20 mol %, then, with the nonannular binding
constant given in Table 2, the nonannular sites would be
~37% occupied by phosphatidylglycerol, and the probabil-
ity that at least one of the four nonannular sites was occupied
by phosphatidylglycerol would be ~85%. If the phospha-
tidylglycerol were to be concentrated in the outer leaflet of
the membrane, then the fraction of nonannular sites occupied
by phosphatidylglycerol would rise to ~55% and the pro-
bability that at least one of the four nonannular sites was
occupied by phosphatidylglycerol would be ~96%. The
lipid composition of the cell membrane of the Gram positive
S. lividans appears not to have been determined, but other
species of Streptomyces are rich in cardiolipin (26,27). For
a cardiolipin content of 20 mol% in the outer leaflet of the
membrane, the nonannular binding sites would be ~75%
occupied by cardiolipin.

High-resolution structures are available for an inwardly
rectifying K™ channel (28) and for two voltage gated K™
channels (29,30). None of these structures shows lipid mole-
cules bound at protein-protein interfaces in the tetrameric
structures. In the bacterial voltage gated K™ channel struc-
ture, Arg-64 and Arg-89 in KcsA are replaced by Asp-185
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and Lys-210, forming a salt bridge (23) and in the inwardly
rectifying K* channel there are no charged residues close to
the region corresponding to the nonannular binding site on
KcsA. Further, the deep cleft at each monomer-monomer
interface in KcsA corresponding to the nonannular binding
site is less uniform and open in the other K™ channel struc-
tures, suggesting that binding of anionic lipid at the monomer-
monomer interfaces may not be a general phenomenon for all
K™ channels.
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