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ABSTRACT Molecular dynamics (MD) simulations have been used to unmask details of specific interactions of anionic
phospholipids with intersubunit binding sites on the surface of the bacterial potassium channel KcsA. Crystallographic data on
a diacyl glycerol fragment at this site were used to model phosphatidylethanolamine (PE), or phosphatidylglycerol (PG), or
phosphatidic acid (PA) at the intersubunit binding sites. Each of these models of a KcsA-lipid complex was embedded in
phosphatidyl choline bilayer and explored in a 20 ns MD simulation. H-bond analysis revealed that in terms of lipid-protein
interactions PA.PG�PE and revealed how anionic lipids (PG and PA) bind to a site provided by two key arginine residues (R64

and R89) at the interface between adjacent subunits. A 27 ns simulation was performed in which KcsA (without any lipids initially
modeled at the R64/R89 sites) was embedded in a PE/PG bilayer. There was a progressive specific increase over the course of the
simulation in the number ofH-bonds of PGwith KcsA. Furthermore, two specificPGbinding events at R64/R89 siteswere observed.
The phosphate oxygen atoms of bound PG formed H-bonds to the guanidinium group of R89, whereas the terminal glycerol
H-bonded to R64. Overall, this study suggests that simulations can help identify and characterize sites for specific lipid interactions
on a membrane protein surface.

INTRODUCTION

Membrane proteins are of considerable biophysical interest.

They account for ;25% of genes (1) and for ;50% of drug

targets (2), yet they constitute only ;0.5% of known struc-

tures (3). From a biological perspective, membrane proteins

play key roles in a wide range of cellular functions, including

electrical signaling across cell membranes via ion channels

(4). Interactions with lipids play a key role in stabilizing the

structure of membrane proteins within their lipid bilayer

environment, and also may influence the function of mem-

brane proteins (5). However, it is difficult to obtain atomic

resolution information on membrane protein interactions

with lipids. Some data can be extracted from lipid and/or de-

tergent molecules present within membrane protein crystals

(6–8), and also from spectroscopic studies (9). However, the

crystallographic data are often incomplete (revealing only

fragmentary structures of bound lipids) and may be biased

toward those lipid-protein interactions which are resistant to

detergent solubilization.

KcsA is a bacterial potassium channel, the structure of

which is known at near atomic resolution (10). It is a relatively

simple representative of the main family of membrane pro-

teins, namely those formed by bundles of transmembrane

(TM) a-helices. It is tetrameric, with the four subunits packed

symmetrically around a central pore. TheC-terminal TMhelix

(M2) faces the central pore, whereas the N-terminal TM helix

(M1) faces the lipid membrane. The eight TM helices are

packed as an inverted truncated cone. The wide extracellular

mouth of the cone accommodates the selectivity filter, which

is formed by four copies of a highly conserved sequencemotif

(TVGYG). This pore domain structure is conserved in the

crystal structures of a number of other K channels, including

inward rectifier K channels ((11), J. M. Gulbis, A. Kuo, B.

Smith, D. A. Doyle, A. Edwards, C. Arrowsmith, and M.

Sundstrom, unpublished)), a calcium activated K channel

(13), and voltage gated K channels (14,15).

A number of experiments implicate anionic phospholipids

in the structural integrity and function of KcsA (16). Electron

density in the crystal structure of KcsA reveals a lipid bind-

ing site (17), but only a fragment of a lipid molecule is pres-

ent in the coordinates (Protein Data Bank (PDB) code 1K4C).

The lipid fragment in the crystal structure of KcsA appears to

occupy a site distinct from nonspecific annular lipid in-

teractions (18). In particular, two arginine residues (R64 and

R89) lie close to the anticipated location of the polar head-

group of a lipid, and thus electrostatic interactions with a

negatively charged headgroup could be mediated by these

side chains (19). Significantly, the presence of negatively

charged lipids is required for ion conduction through the

KcsA potassium channel, suggesting that binding of lipid to

KcsA is important for channel function (16,17). Fluores-

cence experiments also support a specific anionic lipid bind-

ing site at the interface between two monomers in the

tetrameric channel structure (20). Mass spectrometry experi-

ments indicate that KcsA binds to phosphatidylglycerol (PG)

rather than to phosphatidylcholine (PC) (21). From a func-

tional perspective, it appears specific lipids are required for

optimal KcsA channel function (16,17,22). It has been

suggested that these lipids may specifically promote assem-

bly of the KcsA tetramer (23). Once correctly folded, KcsA

channel activity requires the presence of negatively charged
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lipids (16). The exact structure of the anionic lipid headgroup

is not critical as channel activity is observed in the presence

of PG, phosphatidylserine (PS), or cardiolipin (16,17).

Molecular dynamics (MD) simulations (24–27) provide a

useful complement to experimental investigations of mem-

brane proteins.Whereas earlier simulations provided only lim-

ited informationonmembrane-lipid interactions (28)as a result

of short (;1 ns) simulation times, current simulation times are

of the order of 10–100 ns and so facilitate more detailed anal-

ysis of lipid-protein interactions. Here we adopt a computa-

tional approach to unmasking details of the specific interactions

of phospholipids with KcsA, revealing how anionic lipids

bind to a site provided by the two key arginine residues (R64

and R89) at the interface between adjacent subunits.

METHODS

The 2 Å resolution structure of KcsA in the presence of a high concentration

of K1 ions (PDB code 1K4C) was used as the basis of all simulations. An

acetyl group was attached to the N-terminus of KcsA (residue 22), and the

C-terminal carboxylate was protonated. The side chain of Glu71 was pro-

tonated to form a diacid hydrogen bond (H-bond) with the carboxylate group

of Asp80, in agreement with the earlier simulation studies (29,30) and with

structural data (10). The rest of the ionizable residues were in their default

ionization state. Quanta (http://www.accelrys.com/quanta/overview.html)

was used for interactive modeling of lipid molecules. Structural diagrams

were prepared using VMD (31) and RasMol (32).

Simulation protocols were derived from those described in previous

studies of KcsA (33–35). Thus, all simulations were performed using

GROMACS (www.gromacs.org) (36) . TheGROMOS96 force field (37)was

used as implemented in GROMACS, including development 43a2 for

improved alkane dihedrals. Van der Waals interactions were modeled using

a 6-12 Lennard-Jones potential with a cutoff at 1 nm. Long range electrostatic

interactions were computed using the particle mesh Ewald (PME) method

(38). The LINCS algorithm (39) was used to preserve the bond lengths, and

the time stepwas set at 2 fs. Simulationswere carried out at a constant pressure

of 1 atm and at a temperature of 310 K, which is above the main phase

transition for POPC (268K) (40), POPE (299K) (41), and POPG (269K) (42)

bilayers. We note that POPE is a lipid which favor the hexagaonal HII phase,

and so a POPE bilayer may exhibit ‘‘curvature frustration’’, which could be

released by interactions with a protein (as discussed by, e.g., Lee (5)).

Both the temperature and pressure of the system were controlled by the

Berendsen method (43) for the initial 2 ns equilibration, after which pressure

coupling used the Parrinello-Rahman method (44). The applied pressure was

controlled anisotropically, each direction being treated independently with

the trace of the pressure tensor kept constant at 1 atm. Energy minimizations

were performed employing a steepest descent algorithm.Whenever restraints

were required, a harmonic potential of force constant 105 kJ mol�1 nm�2

was applied to all nonhydrogen atoms.

For the simulation in a mixed POPG/POPE lipid bilayer (see below), the

bilayer was generated by editing lipids taken from a simulations of KcsA

in POPC (34,35), i.e., starting from a configuration of POPC molecules

equilibrated around a KcsA molecule. This was provided by the 15 ns frame

from the KcsA/POPC simulation. Lipid headgroups were selected at random

and ‘‘mutated’’ from PC to phosphatidyl ethanolamine (PE) or PG in the ap-

propriate ratio. After reinsertion ofKcsA, solvation, and inclusion ofK1 ions,

the resultant system was energy minimized. The system was then first sub-

jected to a short (3 ns)MD run, during which the protein and crystallographic

K1 ions were restrained, to relax the positions and orientations of the mixed

lipid bilayer and solvent molecules. Then 7 ns of unrestrainedMDwas run, to

equilibrate the lipids around the protein. Finally, a 20 ns production run was

performed.

RESULTS

Modeling bound lipids

A lipid fragment was observed in the crystal structure ofKcsA

(10,17) (Fig. 1 A). The electron density was such that only the
1,2-sn-diacylglycerol (DGA) fragment of the lipid was built

into the model, plus a small number of tail atoms (a total of 8

and 13 carbons for the sn-1 and sn-2 chains, respectively). The
sn-1 tail lies in a groove between the pore helix and M2 helix

of one monomer, whereas the sn-2 tail interacts less strongly
with the protein. The narrowest region of the groove is formed

by the side chains of residues P63 and L86 from adjacent sub-

units. Just ‘‘above’’ (i.e., extracellular to) these two side chains

are those of R64 and R89, respectively, forming a potential

binding site for lipid headgroups. The side chain of Trp87 is

packed against the grove, in agreement with site-directed spin

labeling studies (45).

To explore lipid-protein interactions, we constructed three

models with different lipids present at the binding site de-

fined by the crystallographic DGA fragment: palmitoyloleoyl

phosphatidic acid (POPA), palmitoyloleoyl phosphatidyl-

ethanolamine (POPE), and palmitoyloleoyl phosphatidyl-

glycerol (POPG) (Fig. 1 B). Palmitoyloleoyl lipids were used

as POPG has been shown to be present in KcsA crystals (17).

FIGURE 1 (A) Crystal structure of KcsA (PDB code

1K4C) viewed down the pore axis from the extracellular

face. The K ions are shown in lilac, the R64 and R89

residues in dark blue, and the bound diacyl glycerol

molecule in C ¼ green/O ¼ red spacefill format. (B)

KcsA (shown as deep blue helices and a pale blue

wireframe surface representation), with four POPG lipids

modeled into each binding site shown in spacefill format

(C ¼ green/O ¼ red).
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Phosphatidic acid (PA), PE, and PG were used to explore the

headgroup specificity of the site. In each case the glycerol

moiety of the DGA was used as a template onto which the

headgroup was modeled interactively, and then palmitoyl

and oleoyl chains were added to the sn-1 and sn-2 positions.

The completed lipid was then fitted to the original crystal-

lographic DGA conformation via a least squares method.

The KcsA tetramers, each with four modeled lipids, were

then docked into a POPC bilayer, obtained from previous

simulations of KcsA in a POPC bilayer (34).

Progress of simulations

Three 20 ns duration simulations were performed, one for

each of the modeled lipids (see Table 1). The ‘‘quality’’ of

each simulation was monitored by examining the conforma-

tional drift of the protein from the initial structure, measured

as the Ca atom root mean square deviation (RMSD) versus

time (Fig. 2 A), and also from the root mean square fluctua-

tions of the Ca atoms as a function of residue number (data

not shown). The Ca RMSDs were all relatively low (0.1–

0.15 nm after 20 ns for the TM domain, i.e., excluding sur-

face loops), indicating little conformational drift. This range

is comparable to that seen for a 15 ns simulation of KcsA

in POPC without any bound lipid (an extension of the sim-

ulation described in Domene and Sansom (34)), suggesting

that the presence of the modeled lipid does not influence the

conformational stability of the core fold of the protein.

However, there were some small differences between the

three simulations. Thus, for the TM domain the final RMSD

is somewhat higher for KcsA-PG than for the other two

simulations. For the loops, the RMSD for KcsA-PE is

significantly higher than for KcsA-PA or KcsA-PG. Thus, all

three simulation systems are stable on a 20 ns timescale, but

significant differences are seen.

Interactions of modeled lipids

The interactions of the modeled lipids with KcsA were

monitored in terms of the number of lipid-protein contacts

(defined using a 0.35 nm cutoff) and number of lipid-protein

H-bonds (defined using a 0.25 nm cutoff for the hydrogen-

acceptor distance, and 60� for the donor-hydrogen-acceptor

angle) as a function of time during each simulation. The

number of interatomic contacts (data not shown)was approxi-

mately constant with respect to time for KcsA-PE, but

showed a significant time-dependent increase for KcsA-PA

and KcsA-PG. The two anionic lipids exhibited significantly

more contacts with the protein, mainly to polar and charged

side chains, whereas there was a notable absence of POPE

lipid headgroup interactions. Thus for both of the anionic

lipids, the ‘‘strength’’ of the lipid-protein interaction in-

creased over the course of the simulation.

The numbers of H-bonds that the modeled lipids formed

with the protein were analyzed (Fig. 2). Each simulation

began with ;10 H-bonds (i.e., ;2.5 per lipid molecule).

Note that the numbers of potential H-bonds acceptors/donors

are 8/3 for POPE, 8/0 for POPA, and 10/2 for POPG. In

simulations of KcsA-PA and KcsA-PG, the number of

H-bonds per modeled lipid increases with respect to time, to

;5 per lipid for PG and;6 for PA, whereas no such increase

is seen for PE. During the KcsA-PA simulation the number

of residues in contact with the modeled lipids remained

constant, indicating that subtle side-chain rearrangements

and/or lipid reorientation underlay the increase in H-bond

interactions. Thus, in terms of number of H-bonds to the

protein at the intersubunit binding lipid site, the simulations

indicate PA . PG � PE.

It is informative to examine the time courses of the lipid-

protein contacts for the individual lipid molecules in sim-

ulations of KcsA-PA and KcsA-PG (Fig. 3). For KcsA-PA it

can be seen that one by one the four lipid molecules form

tighter interactions with the protein, such that by ;15 ns all

four PA molecules have maximized their interactions. For

KcsA-PG the time course is a little more complex, with fluc-

tuations throughout the simulation, such that the equilibrium

situation appears to be one in which two of the four PG head-

groups form tight interactions with their binding sites on

KcsA. This may correlate with the absence of strong electron

density for the headgroup region in the x-ray structure of

KcsA.

We have examined the nature of the interactions between

the lipid headgroups and the protein for KcsA-PA and for

KcsA-PG. The headgroup of POPA, especially the ionized

oxygens of the phosphate, dominates the H-bonding of the

lipid. The main headgroup contacts were with polar and

charged amino acids. Hydrophobic interactions were less

clear cut, but both P63 and L86 (see above) played a role. The

main headgroup contacts for KcsA-PA were with the key

residues R64 and R89 (Fig. 4 A). All four POPA headgroups

formed contacts with both of these arginines for the entire

last 10 ns of the simulation. Note that these two arginines are

from neighboring KcsA monomers, one (R64) at the start of

the P-helix and the other (R89) at the N-terminus of the M2

helix, and thus link the PA headgroup to a functionally key

region of the channel, thus strengthening the intersubunit

interaction. The phosphate groups of the POPA molecules

are thus able to form strong electrostatic interactions with

TABLE 1 Summary of simulations

Simulation

Membrane

composition

Bound lipid

modeled

Duration

(ns)*

KcsA-PA 242 POPC 4 3 POPA 2 1 20

KcsA-PE 242 POPC 4 3 POPE 2 1 20

KcsA-PG 242 POPC 4 3 POPG 2 1 20

KcsA-PE/PG 174 POPE 1
68 POPGy

None 7 1 20

*The duration is given as equilibration time plus production time. A longer

equilibration was run for KcsA-PE/PG to allow for more complete mixing

of the lipids.
yApproximately equal numbers of each lipid in either leaflet.
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both arginines, and once these are formed they are not lost

for the remainder of the simulation. We may therefore de-

scribe an interaction in which all three contributors (R64, R89,

and a lipid headgroup) act as a ‘‘stabilizing’’ interaction, due

to its longevity.

Inspection of the KcsA-PG simulation revealed that when

a ‘‘stabilizing’’ interaction occurred, this involved not the

phosphate group (as seen for POPA), but rather the (head-

group) glycerol moiety of POPG. Both arginines (R64 and

R89) are able to form a close association with the headgroup

of POPG. Only two of the four POPG lipid headgroups

formed stabilizing interactions with the two arginines. Of the

other two POPGs, one (marked with an asterisk in Fig. 4 B)
has the glycerol headgroup directed away from the protein

toward the surrounding solvent, whereas the other (marked

with a dagger symbol in Fig. 4 B) interacted for part of the

simulation with R89, at other times forming short-lived (10–

100 ps) H-bonds with the backbone oxygen atom of A55.

Thus, the headgroup of bound PG shows some degree of

motion relative to KcsA.

Simulations in a mixed lipid bilayer

The plasma membrane of Escherichia coli, in which KcsA

was expressed before crystallization, is composed of ;30%

POPG and ;70% POPE. However, it is not known if the

distribution of POPG between the two leaflets of the bilayer

is uniform or asymmetric (46). A number of experimental

studies of KcsA have used bilayers with PE and PG in a;3:1

ratio (16,17,47). Therefore, we simulated KcsA in a mixed

lipid bilayer containing POPE and POPG in a;3:1 ratio, the

distribution of each lipid being approximately equal in either

leaflet. Thus, the lower (intracellular) leaflet of the simula-

tion system contained 93 POPE and 40 POPG molecules; the

upper leaflet contained 81 POPE and 28 POPG molecules. In

this, the first simulation of KcsA in a mixed lipid bilayer,

lipid molecules were not modeled into the four binding sites

before the start of the simulation (Table 1). Instead, the in-

teraction of lipid molecules with these sites was monitored as

the simulation progressed.

The progress of the simulation was monitored via eval-

uation of the time-dependent Ca RMSD from the initial

structure. The RMSD was somewhat lower than that for the

equivalent simulation in a POPC bilayer (34) (data not shown),

rising to;0.2 nm after 71 20 ns (see Methods). Thus KcsA

appears to be to some extent stabilized by the mixed (anionic

and neutral) lipid bilayer. As we will see, this may be ex-

plained by interactions at the specific lipid binding sites

discussed above.

At the end of the KcsA-PE/PG simulation, an average of

;35 lipids form interactions (cutoff 0.35 nm) between their

headgroups and the protein surface. However, if one moni-

tors the number of such interactions with respect to time, it

rises steadily from ;25 at the start of the simulation to ;35

at the end, having reached an apparent equilibrium for the

last 5 ns of the simulation. This rise is due to an enrichment

FIGURE 2 (A) RMSD of Ca atoms from their initial

coordinates for the loops and TM domains of KcsA as

a function of time for simulations KcsA-PE (blue),

KcsA-PG (black), and KcsA-PA (red). (B) Number of

H-bonds from modeled lipid to KcsA as a function of

time, for simulations KcsA-PA (red), KcsA-PG (black),

and KcsA-PE (blue).

FIGURE 3 Atomic contacts from lipid headgroups to

protein side chains for simulations: (A) KcsA-PA and (B)

KcsA-PG. In each case, the four line styles correspond to

contacts to each of the four lipid binding sites of KcsA,

sampled every 0.1 ns.
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of the layer of lipid in contact with KcsA with PG at the

expense of PE. Thus, the overall composition of the bilayer

(Table 1) is 174 PE and 68 PG, i.e., a PE/PG ratio of 2.6. If one

averages over the final 20 ns of the KcsA-PE/PG simulation,

the ratio for those lipids whose headgroups arewithin 0.35 nm

of the lipid is PE/PG ¼ 1.4. This implies that the overall

affinity of PG for annular sites on KcsA is about twice that

of PE, although substantially longer simulations would be

needed to obtain an accurate estimate of relative affinities.

The enrichment of the layer of lipids around KcsA in con-

tact with POPG is seen if one counts the number of lipid-

protein H-bonds (Fig. 5). The glycerol oxygens of the POPG

headgroups dominate, with an increase in the number of

H-bonds occurring over the first ;25 ns of the simulation,

until a plateau of ;90 H-bonds (;70 to PG, ;20 to PE) is

reached. This compares with;55 H-bonds in a KcsA/POPC

simulation (34). If we normalize these by division by the num-

ber of lipid headgroups within 0.35 nm of the protein, we ob-

tain averages of 3.9, 1.5, and 2.6 H-bonds formed by a bound

(i.e., annular) PG, PE, and PC, respectively. Thus, despite the

presence of three H-bond donors on the PE headgroup it does

not form as many H-bonds to KcsA as PG. This indicates

a degree of overall selectivity in KcsA-lipid interactions.

Previous analyses of simulations of KcsA in POPC have

emphasized interactions with amphipathic aromatic (Trp,

Tyr) and basic (Arg, Lys) side chains (35). In the KcsA-PE/

PG simulation, interactions of lipid headgroups with Arg

side chains of KcsA are of particular importance. This is

especially true of the interactions with the PG headgroups,

where Arg residues form the main interaction partners.

Aromatic and other hydrophobic residues formed about the

same number of contacts in the KcsA-PE/PG simulation as

they did in earlier KcsA-POPC simulations (35). A spatial

and temporal breakdown of the pattern of lipid headgroup-

arginine interactions during the KcsA-PE/PG simulation re-

veals a steady increase in such interactions at both the

intracellular and extracellular membrane interfaces (Fig. 6).

At the extracellular interface, a number of the Arg-lipid

interactions appear to take place at the specific lipid binding

sites discussed above. Thus, the KcsA-PE/PG simulation was

examined to identify any lipids which adopted a position on

the surface of the protein at the potential binding sites dis-

cussed above. We defined the KcsA lipid binding site by

including only those residues which were identified by the

previous simulation studies to constantly remain in contact

while a modeled lipid was occupying the tight crevice be-

tween eachmonomer. Thus, the contacts between the residues

R64, R89, L86, and W87 at each binding site and neighboring

lipids were classified as potential binding events.

Over the course of the simulation, two of the four binding

sites formed tight interactions with PG headgroups. The first

of these sites was occupied by a POPG molecule right from

the start of the simulation, in part due to the random placement

of a PGmolecule close to this site during the initial setup of the

simulation. Both arginines R64 and R89 formed long-lived in-

teractionswith a single POPGmolecule at this site throughout

the simulation. As in the KcsA-PG simulation, R64 interacted

with the glycerol moiety of the lipid, whereas Thr61 and R89

both interacted with the headgroup moiety.

In contrast, for the first ;12 ns of the simulation the sec-

ond site did not form a tight interaction with a lipid molecule.

FIGURE 5 Simulation KcsA-PE/PG. Number of H-bonds between

phospholipids and protein as a function of time for the entire simulation

(71 20 ns). The number of H-bonds that POPG (solid) and POPE (shaded)
form with KcsA are shown separately.

FIGURE 4 (A) Snapshot of a POPA molecule inter-

acting with R64 and R89 from the KcsA-PA simulation.

(B) Snapshot (t ¼ 15 ns) from the KcsA-PG simulation

showing the four bound POPG molecules (in bonds

format) with the KcsA solvent accessible surface (seen

from the extracellular face) with the R64 and R89 residues

in yellow.
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However, just before midway through the simulation, a PG

molecule binds to the site (even though there was a PE

molecule that was initially closer to the site). Thus, a selective

binding event was observed during the simulation (Fig. 7).

Once bound to the site, the PG molecule remained there for

the rest of the simulation. In addition to the tight interaction

with PG, there was also a looser interaction with an adjacent

PE molecule at a binding crevice. However, this involved only

the glycerol backbone and acyl tail moieties of POPE, in

contrast to the POPG lipid, which only formed a significant

number of contacts at any binding site via its polar headgroup.

It is informative to examine the nature of the interactions

between the POPG molecule, which enters the binding site at

;12 ns, and to compare this with the bound lipid fragment in

the crystal structure of KcsA (Fig. 8). In the simulation, the

PG molecule binds between the two adjacent subunits. The

hydrophobic tails form weak and somewhat flexible inter-

actions with the hydrophobic surface of the channel protein.

The phosphate of the headgroup forms two H-bonds to R89

of one subunit, and the glycerol of the headgroup forms two

H-bonds to the R64 of the adjacent subunit. If one compares

this with the crystal structure it can be seen that the approx-

imate location of the phosphate oxygens in the simulation

snapshot is replaced by two water molecules. Thus, it seems

that a spontaneous POPG binding event in the simulation is

able to reveal the nature of the interactions of KcsA with an

anionic headgroup phospholipid molecule. It is possible that

in the crystal partial occupancy of the anionic headgroup

region occurs.

DISCUSSION

It is useful to note the different nomenclatures used to discuss

lipid-protein interactions. For example, Lee distinguishes

between annular and nonannular sites (7), whereas Palsdottir

and Hunte define three classes of bound lipid: annular,

nonannular, and integral. This study is concerned primarily

with binding of anionic lipids to specific, nonannular sites at

the interfaces between adjacent subunits of KcsA. Previous

simulation studies (35,48) have focused on nonspecific

interactions of annular lipids. The results of the current

simulations agree with and extend experimental studies of the

specificity of KcsA lipid interactions (17–19,21). In partic-

ular, recent studies (49) indicate that the nonannular binding

sites of KcsA are specific for anionic phospholipids. Detailed

examination of our simulations provides some indication that

there is a degree of modulation of KcsA flexibility by bound

lipids (especially decreased flexibility of loops in the presence

of anionic lipids). This may be of functional relevance. X-ray

diffraction reveals that the conformation of the selectivity

filter inKcsA can switch between an ‘‘active’’ and ‘‘inactive’’

conformation (10,50). The latter conformation is seen in

crystals of KcsA at low [K1] or in the presence of

tetraethylammonium (51). In parallel with these structural

FIGURE 6 (A) Interactions (cutoff 0.35 nm) between

lipid headgroups and arginine side chains for simulation

KcsA-PE/PG. The number of interactions is shown on

a blue to red scale (black¼ no interactions) as a function

of time and position along the z axis. The intracellular

interface is at z; �1 nm; the extracellular interface is at

z ; 11 nm. (B) X-ray structure of KcsA (two subunits

only) with arginine side chains in spacefill format (blue),

aligned on z to match the diagram in A.

FIGURE 7 (A) Snapshot from the KcsA-PE/PG

simulation at 10 ns, seen looking down on the ex-

tracellular face of the channel (shown as cylinders

for helices). The lipid molecules are shown in bonds

format. Two lipid molecules (one PG in blue, one

PE in red) close to KcsA are highlighted. The green

arrow indicates schematically the way in which the

PG headgroup forms a close interaction with KcsA

over the course of the simulation. (B) Distance be-

tween centers of mass of R64 and the polar head-

groups of lipids PG596 (blue) and PE449 (red).

These are the same two lipid molecules shown in

spacefill format in A.
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studies, simulations have indicated that filter flexibility may

play a key role in K channel function (52–55). One may

therefore speculate that the role of bound anionic lipids

may be to stabilize the ‘‘active’’ conformation of the selec-

tivity filter (i.e., the conformation favored by a high concen-

tration of [K1] in the crystallographic experiments). However,

more systematic studies of, e.g., the influence of the species of

bound lipid on the free energy of filter distortion are needed to

be certain about this mechanism.

It is also important to consider the methodological limi-

tations of the simulations. Although of reasonable duration,

;20 ns simulations do not fully sample protein (56) or lipid

motions. To some extent we have attempted to offset this by

comparing the results of multiple simulations, but longer

simulations would clearly be beneficial. These studies are

restricted to the closed state conformation of KcsA. Al-

though the x-ray structure of the open state is not known, it

would be possible to extend the analysis to open state models

(57). We should also recall that the x-ray structure of KcsA

has a short N-terminal helix and a more extended C-terminal

domain omitted (58) and these may also play a role in lipid-

protein interactions.

Despite these limitations, the use of comparative simu-

lations to study KcsA-lipid interactions provides a paradigm

for simulation studies of specific lipid interactions of other

membrane proteins. Such interactions may play an important

role in the regulation of some K channels, such as the inward

rectifier K channels, which have been shown to be mod-

ulated by phosphatidylinositol 4,5-bisphosphate (59,60).

More generally, there is accumulating structural evidence of

specific lipid-protein interactions of functional importance

for a wide variety of membrane proteins (5,61). For example,

in the Rhodobacter sphaeroides photosynthetic reactions

center, mutation of a key arginine residue involved in in-

teractions with cardiolipin results in a decrease in thermal

stability (61). Similar effects of mutation of phospholipid

binding site residues have been shown for the yeast cyto-

chrome bc1 complex (8). Studies on, e.g., bacterial outer

membrane proteins (62) suggest that simulations may be able

to play an important role in identifying ‘‘hotpots’’ for lipid

interactions on a membrane protein surface, reinforcing the

general implications of this study. It would therefore seem

that by combining comparative analysis of simulations of a

wide range of membrane protein along with structural bio-

informatics studies of the water-membrane interface region of

membrane proteins (63), we may be able to arrive at a more

general model of the nature of lipid binding sites in membrane

proteins and of their role in protein stability and function.
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