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Molecular Dynamics Simulation of WSK-3, a Computationally Designed,
Water-Soluble Variant of the Integral Membrane Protein KcsA
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ABSTRACT Poor solubility and low expression levels often make membrane proteins difficult to study. An alternative to the
use of detergents to solubilize these aggregation-prone proteins is the partial redesign of the sequence so as to confer water
solubility. Recently, computationally assisted membrane protein solubilization (CAMPS) has been reported, where exposed
hydrophobic residues on a protein’s surface are computationally redesigned. Herein, the structure and fluctuations of a
designed, water-soluble variant of KcsA (WSK-3) were studied using molecular dynamics simulations. The root mean square
deviation of the protein from its starting structure, where the backbone coordinates are those of KcsA, was 1.8 A. The structure
of salt bridges involved in structural specificity and solubility were examined. The preferred configuration of ions and water in the
selectivity filter of WSK-3 was consistent with the reported preferences for KcsA. The structure of the selectivity filter was
maintained, which is consistent with WSK-3 having an affinity for agitoxin2 comparable to that of wild-type KcsA. In contrast to
KcsA, the central cavity’s side chains were observed to reorient, allowing water diffusion through the side of the cavity wall.
These simulations provide an atomistic analysis of the CAMPS strategy and its implications for further investigations of

membrane proteins.

INTRODUCTION

Proteins in the cell membrane play a crucial role in many
biological processes, such as endocytosis and cell signaling.
A large fraction of known drugs are targeted toward mem-
brane proteins or membrane protein linked receptors (1).
Despite the difficulties of working with aggregation-prone
membrane proteins, there have been striking recent successes
in determining their structures, providing profound insight
into their activity (2). Most structural studies of membrane
proteins solubilize the protein using detergents or micellar
systems, whereupon the proteins may be crystallized or
studied using NMR methods. Nonetheless, membrane
proteins remain difficult to study due to low levels of
expression, low stability in detergent-solubilized forms, and
reluctance to pack into diffraction quality crystals. To facil-
itate the study of membrane proteins, computational redesign
of sequence has recently been applied (3,4).

A broadly applicable computationally assisted mem-
brane protein solubilization strategy (CAMPS) was recently
reported (4). Exposed hydrophobic residues are targeted for
mutation, and a statistical mechanics based approach has
been used to estimate the expected site-specific amino acid
probabilities at these variable sites in a water-soluble protein
with the same structure (5-7). The goal of CAMPS is to
engineer one or more novel, water-soluble proteins that
expresses in high yield but still maintain the essential
structural and functionally related properties of the parent
membrane protein.
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One of the first proteins studied with this strategy was the
potassium channel KcsA from the bacteria Streptomyces
lividans. The potassium channel was chosen as a target for
solubilization for two reasons (4). There are a number of high
resolution structures of the membrane soluble form, which
are useful for both structure based redesign of the protein and
ultimately for comparison with the structures of designed,
water-soluble variants (8,9). KcsA has been extensively
studied biochemically and biophysically, providing a num-
ber of functionally related assays, which are useful in com-
paring the properties of KcsA and any designed, water-soluble
analog.

Previous analysis of potassium channel sequences and
structures has enabled researchers to explore the relation
between sequence, structure, and physiological function
(10). These channels play important roles in nerve and
muscle excitation, hormonal secretion, cell proliferation, and
maintenance of osmotic pressure as well as providing im-
portant medicinal targets (11). The selectivity of these
channels for potassium ions is associated with a conserved
sequence motif TXGYG (X is V in KcsA) located in the pore
region (12). All potassium channels are thought to share a
similar core structure, which was first revealed by x-ray
crystallographic studies of KcsA (8). The general architec-
ture of KcsA is outlined in Fig. 1. Four identical subunits,
each comprising three a-helices, are dispersed symmetrically
around a common axis central to the pore. Each subunit has
two transmembrane (TM) helices and a pore loop between
the two TMs. The pore loop comprises a descending pore
helix and ascending filter region. The filter region contains
potassium-binding sites formed by a ring of backbone oxy-
gen atoms oriented toward the pore interior. There are four
potassium-binding sites in the selectivity filter (S; ~ S4), two
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at the filter’s mouth (Sq, S.4;), and one in the center of the
protein (Scavity) (9) (see Fig. 1). In addition, the functionally
important association of a scorpion toxin (agitoxin2) with a
“‘humanized’’ sequence variant of KcsA has been well
characterized (13).

High quality KcsA structures have allowed a number of
groups to examine KcsA using molecular simulations. Free
energy simulations investigating ion translocation through
the filter found that a simple cycling is energetically most
favorable between two alternate states (ST20SK"SH:05K™)
and (SII<+ sglzos‘;* St29), where the superscript is the mole-
cule occupying the corresponding site (14). In molecular
dynamics (MD) studies, the KcsA structure is stable over
several nanoseconds of simulation. Root mean square
deviations (RMSD) of the protein’s backbone from the
starting (experimental) crystal structure range from 1.6 to 2.5
A (15,16). The most flexible part of the protein has been
found to be the turret region. The selectivity filter is the most
rigid, and the TM helices are intermediate, with the inner
helix being more rigid than the outer helix (15,17-19). The
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KecsA GSALHWRAAG AATVLLVIVL LAGSYLAVLA ERGAPGAQLI TYPRALWWSV
WSK SAT KAE KEVL EEASKKAVER ERGAPGAALI SYPDAIWWSYV

Filter Pore Loop
(75-79) (80-85)
p—
—----------I Inner Helix (87-124) I—C
81 91 101 111 121
TVGYGD LYPVTLWGRL VAVVVMVAGI TSFGLVTAAL ATWFVGREQE RRGH

TVGYGD RYPVTEEGRK VAEQVMEAGI EVFALVTAAL AT E RRGH

FIGURE 1 Structure of WSK-3 and its sequence. Mutated residues are
shown in red, wild-type residues are shown in green. Sequences for KcsA
and WSK-3 are shown for comparison (red designates mutations). The
selectivity filter residues are highlighted in blue. All molecular images were
rendered using PyMOL (38).
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concerted movement of water and ions through the filter has
been observed in MD (15,17). The channel’s central cavity
has been observed to contain ~38 water molecules (17,18).

The water-soluble variant WSK-3 differs from KcsA by
33 mutations per subunit. The mutated residues are high-
lighted in red in Fig. 1, which shows that these residues are
largely on the exterior of the structure. WSK-3 expresses
well in Escherichia coli (4) and shares many properties with
a ‘‘humanized’” membrane-bound variant KcsA, including:
a), a highly a-helical secondary structure, b), a tetrameric
quaternary structure, c), specific binding to agitoxin2 with
the same affinity as the membrane-bound form (13), and d),
inhibition of the toxin binding by tetracthylammonium (4).
Of course the solubilization of the protein precludes its most
important functional property, selective ion conduction
through the membrane. The goal of such redesign, however,
is to obtain water-soluble variants of membrane proteins that
retain structure and functionally related properties of the
parent membrane protein. Indeed, properties such as selec-
tive toxin binding are likely to require a well-structured pore
region. It is of great interest then to further explore the
properties of WSK-3 at the atomistic level in light of what is
known about KcsA.

In this work we investigate WSK-3 using MD simulations.
The simulations provide a molecular perspective on the
structure and fluctuations of WSK-3 in a solvated environ-
ment. The global structure of the protein and local structures
of the selectivity filter and hydrophobic cavity are examined.
Although many of the structural features of KcsA are re-
tained, sites for water permeation into the channel that are
unique to WSK-3 are also identified. The results have impli-
cations not only for better understanding WSK-3 but also for
the solubilization and study of membrane proteins.

METHODS

Four different simulations of WSK-3 were performed (Table 1). Simulations
1, 3, and 4 used different initial configurations of potassium in the protein.
Simulation 2 explored a different ionization state (neutral rather than
ionized) for Glu”'. Multiple ion configurations were considered because the
timescales required for ion diffusion through the channel, 10 ns or more in
the presence of an applied voltage (20), are too long be observed in the
simulation. Different starting positions of the ions were used to explore the
stability of different ion configurations. We explored both ionization states
of Glu”! because it plays an important structural role in the ion filter. It is

TABLE 1 Starting configuration of potassium atoms inside
WSK-3 and the protonation state of Glu”*

Run 1 Run 2 Run 3 Run 4
Site 0 H,0 H,O H,O K"
Site 1 H,0 H,0 K* H,0
Site 2 K" K" H,O K*
Site 3 H,0 H,0 K* H,0
Site 4 K* K* H,0 K*
Cavity H,0 H,0 K* H,0
Glu”" protonation Yes No Yes Yes
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protonated in membrane-soluble KcsA and forms a hydrogen bond with
Asp® (21). Glu’" is less likely to be protonated in WSK-3, however, since
the protein is surrounded by a more hydrophilic environment.

The backbone coordinates of the high resolution crystal structure of KcsA
(Protein Data Bank accession code: 1k4c) were used as the starting point for
the simulations (9). This is the same template crystal structure that was used
to design WSK-3 (4). The atomic positions of the backbone and side chains
common to both proteins were those of the crystal structure. The side chains
unique to WSK-3 were placed in their most probable rotamer conformation,
as determined by the computational sequence design (4).

The protein was placedina71.4 A X 71.4 A X 80.9 A water box using the
SOLVATE (22) module as implemented in VMD (23). The modified TIP3P
model (24,25) was used for water molecules. Potassium and chloride ions
were added to the water box to make the system charge neutral and mimic a
150 mM KCl concentration. This required the placement of 25-28 K™ and 2—
4 CI" in each water box, depending on the simulation. (Repeated simulations
found the results presented herein are insensitive to the initial configuration of
these ions.) Potassium ions were placed in the selectivity filter and central
cavity using the coordinates from the 1k4c structure. Vacant spaces in the
selectivity filter were filled with water. Twenty crystallographic water
molecules, four beside Glu’" and 16 in the cavity, were used in the simulation.
Twenty-two additional water molecules were placed in the cavity, consistent
with the 38 observed in previous KcsA simulations (17,18,26). Each system
had a total of ~38,000 atoms.

All simulations were performed using NAMD (27) with the CHARMM?22
force field (24). The simulations began with a 1000 step minimization of the
designed side chains and solvent to remove any bad contacts. The protein
backbone, unmutated side chains, and crystallographic water and potassium
were fixed for this minimization. Then a 3000 step energy minimization was
performed with just the backbone atoms of WSK-3 fixed, followed by a
3500-step energy minimization of all the atoms. The backbone atoms were
harmonically constrained with a restraining constant of 10.0 kcal/mol/A?,
and the systems were heated to 300 K over the course of 6 ps at constant
volume. The simulations were equilibrated for 500 ps with NPT ensemble
(1 atm, 300 K) while the harmonic constraints were gradually turned off.
With no harmonic constraints, the simulations ran for 3 ns in the NPT
ensemble using Langevin dynamics at a temperature of 300 K with a
damping coefficient of y = 5 ps ™. Pressure was maintained at 1 atm using
the Langevin piston method with a piston period of 100 fs, a damping time
constant of 50 fs, and a piston temperature of 300 K (28,29). Nonbonded
interactions were smoothly switched off from 10 to 12 A. The list of
nonbonded interactions was truncated at 14 A. Covalent bonds involving
hydrogen were held rigid using the SHAKE algorithm, allowing a 2 fs time
step. Periodic boundary conditions were used, and electrostatic interactions
were computed using the particle mesh Ewald summation with 1 A grid
width (30). Atomic coordinates were saved every 1 ps for the trajectory
analysis during the last 2 ns of MD simulation.

RESULTS AND DISCUSSION
Global structure of WSK-3

Despite the differences in sequence and solvent environ-
ment, WSK-3 maintained all the secondary, tertiary, and
quaternary structures of KcsA throughout all four simula-
tions. As with KcsA, WSK-3 maintains a tetrameric structure
whose primary structural elements are an inner helix, an
outer helix, a pore helix, and a selectivity filter. The RMSD
of the protein’s backbone atoms relative to its starting
configuration (the backbone coordinates of which are those
of the KcsA crystal structure) are listed in Table 2. The
RMSD values for previous KcsA simulations are included
for reference as well. It should be noted that the RMSD

Biophysical Journal 90(4) 1156—1163

Bronson et al.

TABLE 2 RMSD of the backbone of WSK-3 relative to its
starting structure (the coordinates contained in 1k4c)

WSK-3 simulations RMSD (A)
Run 1 1.79 = 0.18
Run 2 1.87 £ 0.16
Run 3 1.64 = 0.09
Run 4 1.98 = 0.20
Published KcsA simulations

(18)* 23 £0.1
ant 1.9

(16)* ~2.5

(s 1.6

(15)* 2.0

*Backbone atoms.

ta-carbons only.

*All atoms.

RMSD values of previous simulation studies of KcsA are shown for
comparison.

values of the KcsA simulations are comparable to or greater
than the RMSD values observed in the WSK-3 simulations.
Thus, the designed, water-soluble analog of the potassium
channel does not deviate from the crystal structure of KcsA
any more than KcsA does in simulations of the membrane-
bound protein (15-18).

To examine the flexibility of the different regions of
the protein, the root mean square fluctuations (RMSF) of
individual backbone atoms about their average positions
were calculated. These values are listed in Table 3. The area
around the selectivity filter was the most rigid, and the turret
region was the most flexible. The inner helix was more rigid
than the outer helix. Similar features have also been observed
in previous simulations of KcsA (15,17-19).

Salt bridges

The most pronounced difference between WSK-3 and KcsA
is the presence of large numbers of hydrophilic and ionizable
side chains on the exterior of the structure. As a result,
complementary interactions between charged residues ap-
pear in the WSK-3 structure that results from the statistical,
computationally assisted design calculations (SCADS),
calculations which do not consider solvent explicitly (4).
To analyze the salt bridge interactions in WSK-3 in solution,
the occupation of potential salt bridge interactions was

TABLE 3 RMSF of VySK-3's backbone atoms about their
average position (in A)

Residue No. Run 1 Run 2 Run 3 Run 4
Pore helix 62-74 0.52 0.49 0.53 0.55
Selectivity filter 75-79 0.53 0.48 0.62 0.51
Pore loop 80-86 0.67 0.62 0.64 0.59
Inner helix 87-124 0.69 0.65 0.66 0.63
Outer helix 22-51 0.80 0.78 0.73 0.79
Turret 52-61 1.29 1.21 1.17 1.30

The values shown are averaged over all the backbone atoms in each region.
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estimated as the fraction of configurations where the two
charged residues were within 3.7 A of each other, measured
as the minimum, interresidue N-O distance involving the two
side chains (31). The occupancies were averaged over the
four subunits for each run, but the four runs were analyzed
separately. The results of this analysis are summarized in
Table 4.

Most of WSK-3’s salt bridges are clustered on the outer
helix, the C-terminal end of the inner helix (after residue
116), or near the selectivity filter. Almost all of the salt
bridges involve at least one engineered residue. Intrasubunit
salt bridges occur at the outer helix and the C-terminal end of
the inner helix. The most prominent of these are K**~E™,
R!'7_D! 13, and R'?'_E!'8 Ag expected for a helical protein,
these interactions tend to involve (i, i + 3) or (i, i + 4)
interactions between residues and likely play a role in
stabilizing WSK-3’s secondary structure. Intersubunit salt
bridges form between basic residues near the C-terminus and
acidic residues near either the N-terminus (Rl ]7—D24) or at
the C-terminus (R''"*-E''® and R'*>-E!"®). These bridges
likely help maintain the quaternary structure of the protein.
Interestingly, the designed L116R mutation was found to be
important for reducing the population of high molecular
weight aggregates (4).

The important salt bridge between Asp®® and Arg®® found
in KcsA is conspicuously absent from the WSK-3 simula-
tions. It appears to have been replaced by a salt bridge
between Arg® and the engineered residue Asp®*. Asp® and
Arg® still maintain an average distance of 5.1 + 0.6 A during
the simulations (as measured by the nucleus to nucleus
distance of the closest nitrogen/oxygen pair). A water mole-
cule occupies the space between the two and forms hydrogen
bonds to both residues.

TABLE 4 Salt bridges formed during MD simulations

Engineered Run1l Run2 Run3 Run4

Base Acid  Chain residues (%) (%) (%) (%)
Arg””  Asp**  Intra Asp** 27.6 519 478 592
Lys* Gl*® Intra Glu®® 72.8 507 306 47.6
Lys® Glu* Intra Both 84.3 664 645 732
Lys® G* Intra Both 30.9 517 706 354
Glu”'  Asp®®  Intra Neither 98.5 N/A 86.1  99.4
Arg®'  Asp™  Intra Both 57.9 627 810 840
Arg®'  Asp®®  Intra Arg®! 0.0 79.3 0.0 3.1
Arg®”  Asp™  Inter Asp™ 83.3 99.9 89.1 703
Arg®  Asp®®  Inter Neither 0.2 1.5 0.3 27.8
Arg''®  Asp'"  Intra Both 28.9 76.0 430 582
Arg''® Gl''"*  Inter Arg''® 95.0 745 997  89.2
Arg'"”  Asp*  Inter Asp?* 55.6 419 781 294
Arg'"7  Asp'™®  Intra Asp'?® 97.5  100.0 99.1  99.8
Arg'?' Glu'"®  Intra Neither 75.1  100.0 100.0 100.0

Arg'?? Gl'"  Inter Glu'" 49.8 217 869 492

The participating residues, whether they were engineered in designing
WSK-3, and the occupancy (percentage time partners are within 3.7 A of
each other) are listed. Salt bridges that form at least ~50% of the time on
average, that depend on the ionization state of Glu”' (R¥'-D®) or that were
found to be important in KcsA (R¥-D%%) are shown.
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Effect of Glu”' ionization

From the early structures of KcsA, the protonation state of
Glu’" was unclear (8). In the absence of structural consider-
ations the residue was expected to be deprotonated at neutral
pH, and several simulations were performed under that
assumption (16,18). Free energy simulations and Poisson-
Boltzmann calculations using the KcsA structure, however,
have suggested that the residue’s pKa is 13.6, and as aresult it
should be protonated (21). This prediction is consistent with a
high resolution crystal structure of KcsA (9).

The residue’s protonation state is nontrivial since it may
play an important role in the function of the wild-type pro-
tein. Continuum electrostatic calculations involving KcsA
indicate that the free energy of potassium ions at S; is further
stabilized by at least 6 kcal/mol when the Glu’' is depro-
tonated (32). Unfortunately, the ionization state of Glu”! in
WSK-3 is unknown, although it may well be ionized due
to the exposure to water rather than lipid. We performed
simulations comparing both ionization states (simulations
Run 1 and Run 2).

The simulations of WSK-3 show that the ionization state
of Glu”" affects the position of several residues near the
selectivity filter. When Glu’" is protonated, it forms a hydrogen
bond with Asp®, just as in KcsA. When Glu”" is deprotonated
this hydrogen bond cannot form, so Asp® rotates away from
Glu’' and forms a salt bridge with Arg®' (the result of an
engineered L8 1R mutation). This, in turn, pulls Arg81 away
from Asp®, allowing Asp® to form a shorter bond with Arg®’.
These conformational changes are reflected in the average
distances of these residues from Asp®’, shown in Fig. 2. The
average distance between Asp**—Glu’' is 2.73 = 0.19 A

W A rg81
364 A
t\( E Aspbd
o

307A [ Arg89

FIGURE 2 Effects of Glu’' ionization on the region surrounding the
selectivity filter. The backbone of the selectivity filter and side chains of
important nearby residues are shown from Run 1 (@) and Run 2 () after 3 ns
of simulation. Average hydrogen bond lengths for key residues are shown
(measured from the oxygen atom of the acid to the nitrogen atom of the
base). When Glu”! is protonated, it forms a hydrogen bond with Asp®. The
hydrogen bond between Arg® and Asp®™ found in KcsA is replaced by one
between Arg® and Asp®. Asp® hydrogen bonds to Arg®' as well.
Deprotonation of Glu’' causes Asp® to rotate away from it and hydrogen
bond with Arg®', pulling Arg®' away from Asp®.
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when Glu”! is protonated (Run 1), and it is increased to
7.14 + 0.56 A when Glu”' is in its deprotontated state (Run
2). In contrast, the average distance between Asp®’—Arg®' is
6.27 = 0.59 A in Run 1 and it decreases to 3.17 = 0.73 A in
Run 2.

The behavior of the four crystallographic water molecules
near the selectivity filter also depends on the ionization state
of Glu”'. When Glu’' is protonated, the water molecules
have a clear structural role in the selectivity filter; they re-
main near the backbone nitrogens of Tyr’®, Gly’®, and Asp®®
and are held in place by polar interactions with the surround-
ing protein. The water molecules are partially solvent exposed
and hydrogen bond with the bulk solvent 60% of the time.
Movement of Asp®® away from the deprotonated Glu’' in
Run 2 makes the backbone of the selectivity filter more
solvent accessible. This allows the crystallographic water to
exchange with the solvent easily. Two or three solvent water
molecules occupy the space that was initially occupied by
Asp® and the crystallographic water.

Cavity and water flow

The greatest differences between the simulations of KcsA
and WSK-3 occur in the central cavity. Unlike KcsA, the
walls of the cavity of WSK-3 allow water to diffuse in and
out through its sides. Movement of the large nonpolar
residues that line the cavity’s walls (Ile100 and Phe103)
appears to be responsible for this. The side chains of these
residues were observed to rotate into and out of the cavity
during the simulations. Depending on the extent of the side-
chain collapse, individual water molecules or hydrogen-
bonded chains of water flow in and out of the cavity, as
illustrated in Fig. 3. These side-chain motions may be a result
of WSK-3's aqueous environment: the position of these side
chains is no longer stabilized through hydrophobic interac-

FIGURE 3 Snapshots of diffusing water through the cavity wall. The side
chains of Phe'® and water molecules are shown using space filling/stick
representation. The top half of the protein and all other side chains were
removed for clarity. (@) The starting structure of WSK-3. (b) During the MD
simulation, the Phe'® and Tle'® (not shown for clarity) periodically drift
into the cavity, making pores that water can diffuse through. The water can
form a hydrogen-bonded chain as it diffuses through the cavity.
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tions with the phospholipid bilayer so there is a smaller
energetic penalty for them to move into the cavity.

The number of water molecules in the cavity varied during
the simulations but was typically between 24 and 34. The
fluctuation of water inside the cavity of Runs 1 and 2 is
shown in Fig. 4. The number was greater during the Glu’"
deprotonated run (32.9 = 1.7 in Run 2) than the Glu”!
protonated run (26.1 = 2.4 in Run 1) but was still short of the
38 water molecules reported in most simulations of KcsA.
Fluctuations in the amount of water in the cavity also appear
to be a result of the previously discussed side-chain motions;
when the side chains collapse into the cavity it decreases the
number of water molecules inside, and when the side chains
return to their original position the number of water mole-
cules inside the cavity increases.

Water permeation through the cavity walls is the largest
difference between the simulations of KcsA and WSK-3.
Water diffusion is much less likely to take place through the
sides of KcsA'’s cavity, since it is in the phospholipid bilayer.
Mutations to the cavity walls, such as T100E and S101V,
may have contributed to the cavity’s water permeability as
well. These simulations suggest that the design of WSK-3
could be improved for this part of the protein to better mimic
the structure of KcsA.

The selectivity filter

In this study we explored two configurations of potassium
ions in the selectivity filter. In the first, the 1,3 configuration,
ions occupy the S; and Sj sites and water occupies the S, and
S4 sites (9). In the second, the 2,4 configuration, ions occupy
the S, and S, sites and water occupies the S; and Sj sites
(see Fig. 1). Ions are thought to move through KcsA by al-
ternating between these two configurations (14,33-35). In
addition, we examined WSK-3's ability to restrain a potas-
sium ion in its cavity in Run 3 and we explored the S site in
Run 4.

401

Number of water

0 1000 2000 3000
Time (ps)
FIGURE 4 The number of water molecules inside the cavity of WSK-3 as

a function of time. The mean value and standard deviation (10) is 26.1 = 2.4
AinRun 1, and 32.9 * 1.7 A in Run 2.
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To quantify the features of the ions in the selectivity filter,
we looked at the vertical distance of the ions from the
protein’s center of mass for each run. The 2,4 ion config-
uration is extremely stable in WSK-3. The ions in Runs 1 and
2 showed very little movement throughout the simulations.
During Run 3, however, the ions in the 1,3 configuration
moved to the 2,4 configuration after 500 ps. This transition is
shown in Fig. 5. The transition takes ~150 ps and involves
the concerted movement of water molecules and ions. First
the S, ion shifts down to the S, site. This movement forces
the water at the S, site into the side of the filter, between the
S, and Sj sites. Then the ion at S; moves down to the S, site
and the sandwiched water moves into the S, site completing
the transition. The same transition of ions from the 1,3
configuration to the 2,4 configuration has been observed in
simulations of KcsA (15). The ions were stable for 500 ps
of Run 3 before transitioning to the 2,4 configuration, sug-
gesting that WSK-3 can bind potassium in the 1,3 config-
uration but that the 2,4 may be preferred. The same is
thought to be true in KcsA, where free energy perturbation
calculations show that the 2,4 configuration is the lowest
energy arrangement of ions and water in the filter and the 1,3
configuration is the second lowest energy arrangement (14).

So and S.,; sites and inhibitor binding

In addition to the S;—S, sites, there is a solvent-exposed
binding site in KcsA called the S site and a region of high
potassium affinity directly above that called the S, site (see
Fig. 1). Binding at both of these sites has been observed

204
Selectivity filter carbonyls ¥
15
A P ey
E K* on at 54 site
~ 101 L.
~N v
mﬂﬂt o : - T
5 K" ion at 55 site _ M fﬁ L q
0 T T T T T 1
0 1000 2000 3000
Time (ps)

FIGURE 5 Displacement of filter ions along the channel axis during Run
3. Potassium ions at S; and Sj transition to S, and S, after 500 ps of MD,
where they remain for the rest of the simulation. Ions in the selectivity filter
do not leave their positions in simulations that begin in the 2,4 configuration
(not shown), suggesting an energetic preference for the 2,4 configuration
over the 1,3 configuration. The positions of the carbonyl backbone oxygens
of residues 75-79 are shown for reference.
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crystallographically and in MD simulations (9,36). The
presence of the S and S, sites in WSK-3, however, appears
to depend on the ionization state of Glu’'. In Run 2, where
Glu’! is deprotonated, an ion moves into the Sy site within
750 ps of MD and remains there for the remaining 2250 ps of
simulation. In addition, another ion is present at or near the
Sex: site for over 85% of the last 2 ns of simulation.

No S, binding was observed in any of the three Glu’'
protonated simulations. Moreover, the ion which started in
the Sy site during Run 4 leaves the selectivity filter as soon as
the harmonic constraints are removed. The S, region still
attracts ions during Runs 1 and 4, but only with 35% occu-
pancy. The differences in ion binding are highlighted in Fig.
6. No ions entered the S, region during Run 3, possibly due
to the additional electrostatic repulsion provided by the ion in
the cavity.

Basis for inhibitor binding

Experimentally, agitoxin2 and tetraecthylammonium cation,
which bind to a modified form of KcsA (13), also selectively
bind WSK-3 (4). Although these simulations do not provide
quantitative estimates of ligand-protein binding affinities, the
simulations do qualitatively inform WSK-3's binding be-
havior. WSK-3's selectivity filter and the region immediately
surrounding it, which contain the key residues for ligand
binding, maintain the local structure present in KcsA’s
crystal structure. The RMSD of this region is low, 0.9 A, and

(@)

(b)

FIGURE 6 The position of potassium ions (spheres) and water molecules
inside the selectivity filter. (a) Protonation of Glu”" prevents potassium from
occupying Sp and Sy, during the MD simulation (image from Run 1, 3 ns).
(b) When Glu”" is deprotonated, however, Sy and Sy, are occupied by
potassium ions (image from Run 2, 3 ns).
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none of these residues was mutated to create WSK-3. Given
that the same residues exhibit similar structures and K*
binding, it is not surprising that they also exhibit the same
binding behavior for agitoxin2. Recent modeling results
suggest that the ammonium group of a lysine residue on
agitoxin2 threads into the selectivity filter (37). The struc-
tural conservation of this part of the channel in KcsA and
WSK-3 is consistent with their similar binding selectivities
and affinities.

CONCLUSIONS

In these simulations we have explored many of the structural
and functionally related aspects of WSK-3. In particular,
WSK-3 possesses many of KcsA’s structural elements. The
selectivity filter stably coordinates potassium ions and, like
KcsA, the 2.4 ion configuration appears more stable than the
1,3. The RMSD (~1.8 A) of the backbone atoms of WSK-3
(relative to the crystal structure of KcsA) is comparable to
that observed in simulations of KcsA. Several differences
were also observed, however. The most notable were the
large movements of the cavity side chains and the cavity’s
reduced water capacity.

These simulation studies further inform efforts to solubi-
lize membrane proteins using redesign of sequence. These
results are consistent with previous experimental results (4),
which together suggest that a protein can be redesigned so as
to be taken out of the lipid bilayer and made soluble in water
with high structural fidelity. However, nonpolar side chains
may lose some structural rigidity in the absence of stabilizing
hydrophobic interactions with the lipid membrane, as is
observed for the Phe side chains that line the central cavity.
In addition, the protonation state of residues may change as
the local environment changes, but such changes in proton-
ation states may actually help maintain desired characteris-
tics of the protein, as observed for the occupancy of the Sy
and S, sites when Glu”" is deprotonated.

In conclusion, the overall similarity of WSK-3 to KcsA,
especially in the region of the selectivity filter, suggests that
WSK-3 retains many of the structural and functionally
related properties of KcsA and may be of use in binding
assays or drug discovery studies. It is important to note that
these simulations do not address motions occurring on long
timescales (more than 10 ns), such as opening and closing of
the pore. Nonetheless, these simulations support the utility of
CAMPS for arriving at soluble variants of membrane
proteins. Additionally, such simulations can augment both
computational design and experimental studies of water-
soluble variants of membrane proteins. The molecular detail
provided can be used to suggest further refinements to the
designed sequences.

NAMD was developed by the Theoretical and Computational Biophysics

Group in the Beckman Institute at the University of Illinois, Urbana-
Champaign.
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