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ABSTRACT: KcsA, a homotetrameric potassium channel from prokaryotes, contains noncovalently bound
lipids appearing in the X-ray crystallographic structure of the protein. The binding sites for such high-affinity
lipids are referred to as “nonannular” sites, correspond to intersubunit protein domains, and bind preferentially
anionic phospholipids. Here we used a thermal denaturation assay and detergent-phospholipid mixed micelles
containing KcsA to study the effects of different phospholipids on protein stability. We found that anionic
phospholipids stabilize greatly the tetrameric protein against irreversible, heat-induced unfolding and dissocia-
tion into subunits. This occurs in a phospholipid concentration-dependentmanner, and phosphatidic acid species
with acyl chain lengths ranging 14 to 18 carbon atoms are more efficient than similar phosphatidylglycerols in
protecting the protein. A docking model of the KcsA-phospholipid complex suggests that the increased protein
stability originates from the intersubunit nature of the binding sites and, thus, interaction of the phospholipid
with such sites holds together adjacent subunits within the tetrameric protein. We also found that simpler
amphiphiles, such as alkyl sulfates longer than 10 carbon atoms, also increase the protein stability to the same
extent as anionic phospholipids, although at higher concentrations than the latter. Modeling the interaction of
these simpler amphiphiles with KcsA and comparing it with that of anionic phospholipids serve to delineate the
features of a hydrophobic pocket in the nonannular sites. Such pocket is predicted to comprise residues from the
M2 transmembrane segment of a subunit and from the pore helix of the adjacent subunit and seemsmost relevant
to protein stabilization.

Since the elucidation of the high-resolution, X-ray structure of
KcsA1 (1-3), this prokaryotic potassium channel from the
Gram-positive soil bacterium Streptomyces lividans (4) has
become the experimental model system of choice in many ion
channel and membrane protein studies. The crystal structure of
KcsA shows that the protein is arranged as a homotetramer with
subunits of 160 amino acids, each comprising N- and C-terminal
cytoplasmic domains and two transmembrane R-helices, TM1
and TM2, connected by a short helix and a P-loop containing the
characteristic TVGYG sequence of the selectivity filter in potas-
sium channels.

A further examination of the KcsA crystal structure reveals
that it contains noncovalently bound lipid (2, 5), which was
initially modeled as diacylglycerol. However, since phosphati-
dylglycerol (PG) was detected in detergent-solubilized KcsA at a
ratio of 0.7 molecule per KcsAmonomer (5), it was assumed that
the protein-bound lipid was PG with the phosphoglycerol head-
group toomobile to be solved in theX-ray structure. This identity
was later confirmed through mass spectrometry experiments,
which also indicated that KcsA prefers to bind PG rather than
phosphatidylcholine (PC) (6). The crystallographic evidence and
other studies (7) conclude that the PG binding sites on the KcsA
protein have the features of the so-called “nonannular” lipid
binding sites (8). Thus, the sn-1 acyl chain of each PG appears
bound into a deep cleft on the protein surface, between TM1 and
TM2of two adjacentKcsAmonomers, while the sn-2 chain binds
more peripherally (2). The PG negatively charged polar head-
group is expected to interact with nearby positively charged
residues, such as R64 or R89. This latter interaction seems not to
be very specific as there are onlyminor differences in the affinities
of different negatively charged phospholipids for binding to
KcsA (7, 9, 10). Lipids bound to “nonannular” sites of different
membrane proteins have been documented in several instances
and are believed to play important roles in modulating relevant
protein features ranging from their correct folding to their
optimal activity (11, 12). In KcsA in particular, such sites can
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be specifically occupied by anionic phospholipids (7, 10), and
their occupancy seems to be important for channel func-
tion (13, 14). Also, in vitro folding experiments using trifluoro-
ethanol (TFE) as a denaturant have shown that the unfolded
monomers to folded KcsA tetramer transition occurs fully
reversibly, including recovery of channel function, only when
in the presence of specific lipids (15). Furthermore, it has been
shown that phosphatidylethanolamine-phosphatidylglycerol
mixtures were optimal for efficient KcsA membrane associa-
tion and tetramerization using a coupled in vitro transcription-
translation system (16), demonstrating the importance of mem-
brane lipid composition for KcsA assembly. Therefore, the fact
that bound lipids modulate the folding and oligomerization state
of the protein, as well as its ion channel activity, makes it
extremely interesting to study the interactions involved.

Here we report on the effects of different lipids on the stability
of the KcsA tetramer in a mixed micelle system containing both
the probe lipids and excess detergent (dodecyl β-D-maltoside,
DDM). Our observations, based on a thermal denaturation
assay, indicate that all anionic phospholipids tested, regardless
of their polar headgroup and in a concentration-dependent
manner, strongly stabilize the tetrameric KcsA protein against
thermal denaturation into unfolded monomers, which is an
irreversible process. Strikingly, we also observed that a similar
protein stabilization could be obtained by negatively charged
alkyl sulfates, such as sodium dodecyl sulfate (SDS), suggesting
that these latter molecules also bind to the “nonannular” lipid
binding sites on KcsA.

MATERIALS AND METHODS

Protein Expression and Purification. Expression of the
wild-type KcsA protein with an added N-terminal hexahistidine
tag in Escherichia coli M15 (pRep4) cells and its purification by
affinity chromatography on a Ni2þ-Sepharose (GE Healthcare)
column were carried out as reported previously (17), except that
the final buffer usedwith the stock of purified proteinwas 20mM
Hepes (Sigma-Aldrich), pH 7.0, containing 100mMNaCl (Merck)
and 5 mM DDM (Calbiochem). The sample was dialyzed to
eliminate the imidazole used to elute the protein from the column.
The protein concentration was routinely determined from the
absorbance at 280 nm, using a molar extinction coefficient of
44808 M-1

3 cm
-1 for the KcsA monomer. This molar extinction

coefficient was calculated from samples in which the KcsA
concentration was determined by quantitative amino acid ana-
lysis (15). KcsA concentration values in this report are always
given in terms of KcsA monomers.
Fluorescence Monitoring of Thermal Denaturation.

Thermal denaturation of KcsA was carried out in a Varian Cary
Eclipse spectrofluorometer at a temperature up-scan rate of
0.6 �C/min. Experiments were performed in a 1 cmquartz cuvette
with a final KcsA concentration of 0.5 μM solubilized in a buffer
containing 20 mM Hepes, pH 7.0, 100 mM NaCl, and 1 mM
DDM, supplemented with increasing concentrations of the
corresponding phospholipids (Avanti Polar Lipids) or n-alkyl
sulfates (Sigma-Aldrich). The excitation wavelength was 280 nm,
and the fluorescence emissionwas recorded at 340 nm. Slit widths
for excitation and emission were 2.5 and 10 nm, respectively, and
the integration time was 3 s. Simultaneously, fluorescence emis-
sion spectra were taken at selected temperatures during the
heating scan, between 300 and 400 nm, at a 60 nm/min scan rate
and using a 1 nm resolution, with an averaging of three spectra

for each sample and temperature. The midpoint temperature of
dissociation and unfolding of the tetramer (Tm) was calculated
from the thermal denaturation curve by fitting the data to a two-
state unfolding model, assuming a linear dependence of the pre-
and posttransition baselines on temperature (18):
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where F340 is the observed fluorescence emission at a given
temperature, RN and RD are the intrinsic fluorescence of the
native and denatured state, respectively, at 298 K, βN and βD are
the slopes of the native and denatured state baselines, respec-
tively, T is the temperature, Tm is the midpoint denaturation
temperature in kelvin (we use the term tm to refer to the midpoint
denaturation temperature in degrees centigrade), ΔHD-N is the
enthalpy change of denaturation, which is related to the slope of
the curve at Tm, and R is the gas constant. Kaleida Graph
(Synergy Software) was used for the fittings.
Circular Dichroism (CD) Monitoring of Thermal Un-

folding. Far-UV CDmonitoring of the thermal denaturation of
KcsA was performed to assess the loss of the protein secondary
structure as the temperature is increased. Ellipticity at 222 nm
was taken on a Jasco J810 spectropolarimeter at a temperature
up-scan rate of 0.6 �C/min. The samples were thermostated with
a Jasco Peltier system and contained into 0.1 cm path-length
quartz cuvettes. Simultaneously, CD spectra were taken at
selected temperatures during the heating scan, between 205 and
250 nm at a 50 nm/min scan rate and using a 0.2 nm resolution,
with an accumulation of six spectra for each sample and
temperature. The final concentration of KcsA in the CD mea-
surements was 3 μM.

The mean residue ellipticity, [θ], was calculated as

½θ� ¼ θMW

10lcðN- 1Þ ð2Þ

where θ is the measured ellipticity in degrees, MW is the
molecular mass of the KcsA monomer (Da), l is the path length
(cm), c is the KcsA concentration (g/mL), andN is the number of
amino acid residues (19).

Occasionally, CD thermal denaturation curves were also used
in addition to the fluorescence data to estimate the midpoint
denaturation temperature tm and the enthalpy change of dena-
turation ΔHD-N (18).
SDS-PAGE. KcsA solutions (3 μM) in 20 mM Hepes, pH

7.0, 100 mM NaCl, and 1 mM DDM were submitted to the
heating routine described above in the Varian Cary Eclipse
spectrofluorometer, and aliquots containing 1.3 μg of protein
were withdrawn at selected temperatures and mixed with electro-
phoresis sample buffer (20). Samples were cooled on ice until they
were run in 13.5% SDS-PAGE. Protein bands were visualized
after Coomassie Brilliant Blue staining.
Modeling of KcsA. KcsA-lipid complexes were built using

the KcsA-Fab template in low Kþ (high Naþ) concentration
having cocrystallized lipid structures (2) (PDB code 1K4D). The
partial lipid structures in the crystal were used as a scaffold to
build entire lipid molecules with different polar headgroups.
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Molecules were edited and reconstructed with the general pur-
pose molecular modeling software Yasara (21, 22). The resulting
KcsA-lipid complexes were used for docking purposes. The
program performs a simulated annealing minimization of the
complexes, which moves the structure to a nearby stable energy
minimum, by using the implemented AMBER 99 force field (23).
The binding energy is obtained by calculating the energy at
infinite distance between the ligand and the KcsA oligomer and
subtracting the energy of the whole complex. The more positive
the binding energy, the more favorable the interaction is in the
context of the force field. A local docking procedure was
accomplished with AutoDock 4 (24), where a total of 100 flexible
or rigid docking runs are set and clustered around the lipid
binding site, and the best binding energy complex in each cluster
is stored and analyzed. Figures were drawnwith Pymol (DeLano
Scientific, Palo Alto, CA; http://www.pymol.org).

RESULTS

Thermal Denaturation of Solubilized KcsA Is a Coop-
erative Process. Figure 1A shows intrinsic fluorescence mon-
itoring of the thermal denaturation of purified KcsA in detergent
solution as the temperature increases at a constant heating rate.
In the lower temperature range (the native state baseline), the
protein intrinsic fluorescence decreases in a linear fashion with
temperature in accordancewith the general increase in quenching
of fluorescence with temperature (25), then goes into a sigmoidal-
like region with a steeper slope, and finally, in the higher
temperature range (the denatured state baseline), returns to a
linear decrease with a slope different from that seen at lower
temperatures. The decrease in fluorescence intensity with increas-
ing temperature is accompanied by a red spectral shift in the
intensity-weighted average emission wavelength from approxi-
mately 339 nm at 25 �C to 348 nm at 95 �C. Finally, it should be
noticed that the sigmoidal-like event in the thermal denaturation
curves completely disappears from a second heating scan of
thermally denatured, recooled samples, indicating that thermal
denaturation of KcsA is an irreversible process (data not shown).

When we used far-UV CDmeasurements to follow the loss of
secondary structure with temperature, we observed that heating
induces the irreversible unfolding of the protein, which losesmore
than 70% of its characteristic ellipticity at 222 nm, as well as all
other features of the typical spectrum of R-helical proteins. As in
the fluorescence measurements, the loss of ellipticity is linear in
the lower temperature range, then follows a sigmoidal-like
pattern, and finally becomes linear again at higher temperatures
(Figure 1B). We have no proper explanation for the sloping
baselines in the native and unfolded regions of the thermal scan,
but note that this is a common phenomenon observed both in
membrane proteins (18, 26) and in water-soluble proteins (27).

SDS-PAGE analysis of KcsA samples taken at different
temperatures (Figure 1C) reveals that the heat-induced process
seen by fluorescence and CD includes the irreversible transition
from the well-known, folded homotetramer accounting for most
of the detergent-solubilized KcsA protein obtained from the
E. coli expression system (17) to partly unfoldedmonomers. Such
monomers further aggregate to yield protein material unable to
enter into the electrophoretic gel.

The midpoint temperatures (tm) for all the above processes,
i.e., the fluorescence and CD changes as well as the dissociation
into monomers of the tetrameric KcsA observed by SDS-
PAGE, are practically identical within experimental error (see

legend to Figure 1), suggesting that the dissociation of the
tetramer and the loss of secondary and tertiary protein structure
occur concomitantly.

It should be noted here that the characteristic tm value for the
heat-induced dissociation and unfolding process is strongly
dependent on the type and concentration of ions present in the
buffer. This is due to the role of certain ions on stabilizing the
KcsA protein (28, 29). In particular, the presence of potassium
ions at concentrations above 10-15 mM increases the tm to
values near the boiling point of water, which would prevent us
from acquiring a good baseline for the denatured state in our
aqueous samples. Therefore, we carried out these measurements
in a sodium buffer in which the tm’s of the DDM-solubilized
KcsA under the different experimental conditions used in this

FIGURE 1: Panel A illustrates thermal denaturation of KcsA mon-
itored by intrinsic fluorescence. The experimental trace shows the
changes in the fluorescence emission at 340 nm (in arbitrary units)
upon excitation at 280 nm, as the temperature is increased. KcsA
samples (0.5 μM) were in a 20 mMHepes buffer, pH 7.0, containing
100mMNaCl and 1mMDDM.The tm estimated from four different
experiments was 70.7 ( 0.6 �C. The inset shows the fluorescence
spectrum obtained at 50 �C (solid line) and at 95 �C (dashed line).
T and M within the figure indicate the regions of the thermal
denaturation curves corresponding to KcsA tetramers and mono-
mers, respectively. Panel B illustrates the CD monitoring of thermal
denaturation of a 3 μM solution of KcsA in the buffer from above.
The experimental values of the mean residue ellipticity at 222 nm in
units of deg 3 cm

2
3dmol-1 appear as dots within the figure. The

fitting of such data to eq 1 (see Materials and Methods section) is
also shown. The tm estimated from two different experiments was
72( 2 �C. The inset shows circular dichroism spectra at 50 �C (solid
line) and at 95 �C (dashed line). Panel C shows a SDS-PAGE gel
(13.5%) used in electrophoretic monitoring of the thermal denatura-
tion of a 3 μMKcsA solution in the same buffer from above.Heating
and processing of the samples for electrophoresis are as indicated
under Materials and Methods. The tm estimated from densitometry
of two different gels was 72.7( 0.5 �C.
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work are within a lower temperature range, more amenable for
our experimental settings.
Anionic Phospholipids Preferentially Stabilize KcsA.

The effects of the different phospholipids on the stability of
KcsA have been assessed in thermal denaturation experiments
using mixed micelles containing the lipid to be tested and excess
detergent (DDM) to keep the samples solubilized. Figure 2 shows
that all phospholipids tested increased the KcsA thermal stability
in a concentration-dependent manner in the presence of 1 mM
DDM, showing saturation at around 0.1 mM lipid. This corres-
ponds to a lipid to detergent molar fraction of ∼0.1. However,
anionic phospholipids weremuchmore efficient than zwitterionic
phospholipids in increasing the protein’s thermal stability. In-
deed, tm values undergo a remarkable ∼20 �C increase in the
presence of the anionic phospholipids PG (Figure 2C) and PA
(Figure 2D), versus the more modest ∼7 �C increase in tm
produced by the zwitterionic phospholipids used in this study
(Figure 2B). Interestingly, there were no apparent differences in
the effects of the different zwitterionic phospholipids tested (PC
andPE species) on the protein’s thermal stability. Conversely, the
effects on the tm of the anionic phospholipids exhibited a clearly
different concentration dependence, and indeed, the affinity of
the PA species for KcsA seems significantly higher than that of
the PG species, regardless of their fatty acyl components.
Effects of Alkyl Sulfates on Thermal Stability of KcsA

Indicate That 10-14CarbonAtomLongAlkyl ChainsCan
Be Accommodated in the Nonannular Lipid Binding Site.
Linear alkyl sulfates of different chain lengths were also included
in these studies as simpler model amphiphiles exhibiting some of

the main features of the anionic phospholipids from above, i.e., a
negatively charged group at the end of a hydrophobic moiety.
Figure 3 shows that alkyl sulfates with short-chain lengths (6-8
carbon atoms) have negligible effects on protein stability. How-
ever, just as the anionic phospholipids, alkyl sulfates beyond a
certain chain length are also able to stabilize the KcsA protein
against thermal dissociation and unfolding in a concentration-
dependent manner. Indeed, the efficiency of the longer amphi-
philes (12 and 14 carbon atoms) is such that the thermal
stabilization phenomenon, although achieved at higher concen-
trations, is almost identical to that seen for the anionic phospho-
lipids in terms of the increase in tm.
Thermodynamics of Unfolding Suggest Significant In-

teractions of Alkyl Sulfates with KcsA in the Denatured
State. Fitting the thermal denaturation curves for unfolding of
KcsA in the presence of alkyl sulfates provides not only the
midpoint of denaturation tm but also the associated enthalpy of
denaturationΔHD-N.Given that denaturation is irreversible and
involves dissociation from tetramer to monomer, a detailed
quantitative analysis should be approached with caution. Never-
theless, initial stages of denaturation generally approach equilib-
rium conditions. Furthermore, even as irreversible phenomena,
the unfolding enthalpies can be viewed as activation enthalpies
which by themselves are subject to the same types of thermo-
dynamic analyses as conventional equilibrium enthalpies (30). As
all the thermal scans are performed under similar conditions and
presumably with the same level of irreversibility, we feel justified
in carrying out a comparison of the enthalpies, which indeed
provides an interesting trend. Conventionally, the slope of the

FIGURE 2: Fluorescence monitoring of thermal denaturation of KcsA in mixed micelles of DDM and different phospholipids. Panel A shows
representative thermal denaturation curvesofKcsAat 0.5μMin20mMHepes, pH7.0, containing100mMNaCland1mMDDM, in the absence
of added phospholipids (control, solid line) and in the presence of the same concentration (0.1 mM) of DOPE (2), DOPC (Δ), DOPG (b), or
DOPA (9) within themixedmicelles to facilitate comparison. Panels B-D show the dependence of the tm values on the concentration of different
phospholipids, including the zwitterionic DOPE (2) and DOPC (Δ) (panel B), as well as the anionic PG-derived phospholipids DOPG (b),
DMPG (O), and egg PG (1) (panel C) and PA-derived phospholipids DOPA (9) and egg PA (0) (panel D).
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plot of ΔHD-N versus tm is interpreted as the change in heat
capacity (ΔCp) associated with denaturation (31). ΔCp is nor-
mally positive for globular proteins. The reason for this is not
completely clear, but a possible explanation is that thermal
denaturation leads to increased solvent exposure of contiguous
hydrophobic regions. At the interface between water and these
hydrophobic regions, the water molecules assume a structure
similar to the interface between liquid and vapor (32). This leads
to increased formation of “low angle hydrogen bonds” with
larger energy fluctuations than the conventional “high angle”
bonds, which in turn leads to a higher heat capacity than bulk
water (33). The situation is more complex for membrane proteins
solubilized by amphiphilic molecules and liganded to alkyl
sulfates.A plot ofΔHD-Nversus tm forKcsA shows an essentially
linear correlation for all alkyl sulfates C8-C14 (Figure 4A) with
the expected positive values of ΔCp, but ΔCp decreases with
increasing alkyl length (Figure 4B). This decrease may be inter-
preted in two different ways: (a) increased compaction of the
denatured state in the presence of longer alkyl chains, which have
higher affinities for KcsA than the short-chain alkyl sulfates, or
(b) aggregation-linked unfolding, which increases the steepness of
the unfolding transition and thus increases the apparent ΔHD-N.
This latter effectmay be expected if the shorter alkyl chains do not
shield the hydrophobic parts of denatured KcsA as well as the
longer chains. We acknowledge the limitations in the interpreta-
tion of these data. However, note that both scenarios envisage
binding of alkyl sulfates to the denatured state with various
affinities and thus complement the more straightforward conclu-
sions obtained from the analysis of the variation in tm with alkyl
chain lengths.
Modeling Interactions at Nonannular Binding Sites of

KcsA. Figure 5A shows the starting structure resulting from

building the KcsA-lipid complexes based on the existing crystal-
lographic data, prior to local docking. The figure shows four
DOPG molecules bound to nonannular sites on the protein.
Panels B and C of Figure 5 show in detail the resulting
interactions predicted from local docking of a DOPG molecule
into one of the intersubunit nonannular sites of KcsA. A first
important observation is thatDOPGafter the docking procedure
conforms quite precisely to the partial lipid structure seen in the
protein crystal. Moreover, the polar headgroup of the phospho-
lipid, which is not seen in the crystal, points toward the charged
groups near the extracellular surface in the nonannular cleft and
exhibits conformational flexibility. Indeed, both the sn-1 carbonyl
ester of DOPG and the hydroxyl groups in the polar head can
be predictably hydrogen bonded to either R89 in one subunit
and/or R64 and T61 in the adjacent subunit. As to the sn-1 acyl
chain, the prediction is that it first goes through a gorge defined
mainly by the side chain of L86 of one subunit and the side chain
of P63 in the adjacent subunit (Figure 5B) and then interacts
with multiple hydrophobic side chains within a hydrophobic
pocket contributed mainly by R89, C90, V93, V94, and V97, all
belonging to the M2 transmembrane segment of one subunit,
plus L66 in the pore helix of the adjacent subunit (Figure 5C). On
the other hand, the sn-2 acyl chain is expected to run first over the
surface of one of the protein subunits, and then it poses its methyl
terminal half into a hydrophobic cleft on the surface of the
adjacent subunit (Figure 5C). Local docking of DOPA instead of
DOPG results in similar predictions, except that an additional

FIGURE 4: Apparent enthalpy of unfolding (ΔHD-N) versus tm plots
for the unfolding ofKcsA in the presence of alkyl sulfates of different
chain lengths.ΔHD-N and tm parameters were obtained from fitting
the thermal denaturation curves to eq 1. Panel A shows the plots
corresponding to octyl, decyl, dodecyl, and tetradecyl sulfates. The
slopes of such plots (correlation coefficients,R2, ranging from 0.45 to
0.84) yieldedΔCp. Panel B shows the dependence of the logarithm of
ΔCp versus the chain length in terms of carbon atoms. Symbols used
are as in Figure 3.

FIGURE 3: Thermal denaturationofKcsA inmixedmicelles ofDDM
and different sodium alkyl sulfates. Panel A shows fluorescence
monitoring of thermal denaturation of KcsA (0.5 μM) in 20 mM
Hepes, pH 7.0, containing 100 mM NaCl and 1 mM DDM, in the
absence of alkyl sulfates (b, control) and in the presence of a fixed
concentration (0.25 mM) of sodium alkyl sulfates with a different
chain length: hexyl (O), octyl (1), decyl (Δ), dodecyl (9), and
tetradecyl (0) within the mixed micelles. Panel B shows the concen-
tration dependence of the tm values obtained for the denaturation of
KcsA in the presence of increasing concentrations of the different
sodium alkyl sulfates from above.
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hydrogen bond with the cationic amino acid residues is estab-
lishedwhenDOPA is in the dianionic form. This further confirms
that anionic phospholipids in their interaction with the protein
are holding together adjacent subunits within the tetrameric
KcsA structure.

Figure 5D shows the results of local docking of SDS, one of the
long-chain alkyl sulfates used in this work, into the same
nonannular site of KcsA where anionic phospholipids bind.
The rationale for doing such docking is that long-chain alkyl
sulfates and anionic phospholipids have almost identical quanti-
tative effects on increasing the protein thermal stability, and
therefore, it is reasonable to assume that they both bind to the
same protein sites. The docking shows that, indeed, SDS is also
predicted to establish interactions with residues belonging to
adjacent KcsA subunits, which is consistent with the observed
tetramer stabilization. In particular, the sulfate group hydrogen
bonds to R89 and R64 or, alternatively, to R64 and T61 (not
shown), indicating flexibility of the sulfate headmoiety. As to the
alkyl chain, it interacts similarly to the sn-1 acyl chain of the
anionic phospholipids, although less deeply, going first through
the L86 and P63 gorge and then into the intersubunit hydro-
phobic pocket.

While providing a reasonable explanation to the observed
protein stabilization phenomena, the docking model might also
be testable.Work is in progress in our laboratory to prepare point
mutations of the channel protein to explore the significance of
individual amino acid residues predictably involved in the inter-
action with either the high-affinity phospholipids or the alkyl
sulfate amphiphiles.

DISCUSSION

The presence of lipid molecules tightly (but noncovalently)
bound to membrane proteins has been documented in several
instances (8, 11). Tight binding prevents these lipids from
dissociating appreciably from the protein by treatments such as
detergent solubilization, and indeed, they cocrystallize with the
protein and have been seen occasionally in the high resolution,
X-ray structures. The binding sites for these lipids, referred to as
nonannular sites, have been suggested to correspond to clefts or
grooves between transmembrane helices or at protein-protein
interfaces (34, 35). Lipids able to bind to those sites are usually
anionic phospholipids or cholesterol and seemingly correspond
to the same lipids required for function by many membrane
proteins. In KcsA in particular, the tightly bound anionic lipid
that copurifies with the protein is PG. Nonetheless, the non-
annular sites on the protein can bind other anionic phospholipids
as well (7, 10), and their occupancy seems to be important for
KcsA structure and function (13-16).

We have used here a thermal denaturation assay to study in
more detail the interactions involved in binding to the nonan-
nular sites in KcsA. The assay is carried out using purified,
detergent-solubilized KcsA, which provides a fairly homoge-
neous sample as the detergent diminishes intermolecular cluster-
ing and causes ∼90% of the protein to be present as the well-
known tetramer of four identical subunits (36) . Furthermore,
these samples are fully amenable for fluorescence or CD spectro-
scopic monitoring. In particular, we found the intrinsic protein
fluorescence particularly valuable for our purposes, not only
because of its sensitivity, which allows use of low protein
concentrations, but also because the Trp residues in KcsA are
exclusively located at both ends of the transmembrane helical

FIGURE 5: Molecular models of the intersubunit, nonannular lipid
binding site of KcsA. Panel A shows a top view (normal to the
membrane plane) of the starting crystallographic structure ob-
tained from PDB code 1K4D (2) prior to local docking. Four
DOPGmolecules (carbon atoms colored in blue) have been drawn
bound to the nonannular protein sites. Such DOPG molecules
were built by using the partial lipid structure appearing in the
protein crystal as a scaffold. Panels B and C show top and side
views, respectively, of the results from local docking of a DOPG
molecule into one of the intersubunit nonannular sites. Adjacent
KcsA protein subunits are colored in light blue and green. The
corresponding one letter code and numbering in the KcsA se-
quence for themain amino acid residues involved in the interaction
with the phospholipid have been included. The sn-1 and sn-2 acyl
chains of DOPG have been also identified. Panel D shows a side
view of the results from docking an SDS molecule into the same
nonannular lipid binding site. Hydrogen bonds have been indi-
cated by dark blue dashed lines.
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segments of the protein, defining the extracellular (W67, W68,
and W87) and the intracellular (W26 and W113) lipid-water
interfaces, respectively, which makes Trp fluorescence very
sensitive to conformational rearrangements.

Our results indicate that KcsA in detergent micelles and
sodium buffer undergoes an irreversible, cooperative process of
thermal denaturation, which includes dissociation of the tetramer
into monomers and protein unfolding. Such unfolding and
tetramer dissociation processes seem to occur simultaneously,
as indicated by the practically identical midpoint temperature
(tm) values derived from either the fluorescence, electrophoretic,
or CD data. It should be noted, however, that the protein
concentrations in the fluorescence measurements were lower
than those used in the CD and SDS-PAGE experiments, and
therefore, such a comparison cannot be made in strict terms.
Nonetheless, the concomitant occurrence of dissociation and
unfolding are supported by experiments of chemical (TFE)
denaturation of the KcsA protein (20).

KcsA has annular and nonannular lipid binding sites at its
membrane-exposed surface. Annular sites bind the annular
shell of “solvent” lipids, with little or no headgroup selectivity.
In contrast, nonannular sites of KcsA bind only anionic
phospholipids (9, 10), and therefore, the strong stabilization
effect seen in our experiments in the presence of either PA or
PG must arise from their interaction with the nonannular sites
of the protein. Likewise, the smaller effect on the tm observed
for zwitterionic phospholipids is likely to account for their
interaction with annular sites. The electrostatic interaction
between anionic headgroups in the phospholipid and posi-
tively charged amino acid residues constitutes the basis for
selective binding to the nonannular sites (7, 10). In this respect,
the higher affinity observed for PA in increasing the protein’s
tm could be ascribed to the ability of PA to increase its negative
charge (to become a dianionic species) when in the presence of
positively charged residues in its immediate surroundings (37).
This latter property of PA is expected to result in a tighter
docking to the binding site compared to PG species,
which obviously are unable to become dianionic (38). A higher
stabilizing effect of PA over PG on the stability and folding
of KcsA was also reported using a different experimental
approach (39).

Long-chain alkyl sulfates, despite being simpler amphiphiles
than anionic phospholipids, caused almost identical increases in
the protein’s tm, suggesting that they also bind to the same
nonannular sites, although with a lower affinity. The latter could
be explained by the decreased hydrophobic interaction of the
simpler alkyl hydrocarbon chain, compared to the double-tailed,
longer phospholipids. This would be similar to the report on the
decreased binding of lyso derivatives of cardiolipins to nonan-
nular sites of cytochrome oxidase (40). Interestingly, the changes
in the enthalpy in the presence of alkyl sulfates with increasing
chain length suggest an extensive interaction between the amphi-
philes and KcsA in the denatured state. This indicates that the
binding site survives to some extent the global loss of structure
associated with thermal denaturation. This is not too surprising.
The thermally denatured state generally contains a residual
amount of structure, and this is likely to be particularly pro-
nounced for membrane proteins, whose hydrophobic regions are
notwell solvated bywater. For instance, a recent study has shown
a high level of structure in the SDS-denatured state of the seven-
transmembrane helix protein bacteriorhodopsin, with a complete
breakdown of one helix and partial breakdown of a second, but

essentially complete retention of the remaining five helices (41).
This seems also consistent with the previous finding that DOPG
also remained bound to dissociated, monomeric KcsA according
to a mass spectrometry study (6).

The similarities between the effects of long-chain alkyl sulfates
and anionic phospholipids on the protein stability may be
rationalized by local docking of these molecules on the high-
resolution structure of the KcsA protein. Figure 5 shows three
critical interaction domains revealed from the docking model,
which are contributed by residues belonging to adjacent subunits
and therefore expected to specifically stabilize the tetrameric
KcsA: (i) the positively charged protein surface, where R89 from
one subunit and R64 and T61 from the adjacent subunit
hydrogen bond to the polar headgroups of either the anionic
phospholipids or the alkyl sulfates, (ii) the gorge formed by L86
andP63, defining a narrow entrance for the alkyl or acyl chains to
go into the groove characteristic of the nonannular lipid binding
site in this protein, and (iii) a hydrophobic pocket formed by
different residues from the M2 transmembrane segment of a
subunit and from the pore helix of the adjacent subunit. This
hydrophobic pocket can be accessed effectively either by the sn-1
acyl chain of the anionic phospholipids or by the carbon chain of
the longer alkyl sulfates, and its importance has been envisioned
from the experiments using different chain-length ligands. For
instance, as there are no differences in the effects on thermal
stability caused by dimyristoyl or dioleoyl derivatives of either
PA and PG, it seems reasonable to conclude that interactions
involving C15-C18 at the methyl end of the chain (i.e., those
arising from V93, V94, or V97) do not contribute significantly to
the observed protein stabilization. Likewise, because alkyl sul-
fates shorter than eight carbon atoms do not have any effect on
KcsA thermal stability, it may be assumed that the more relevant
interactionswith the protein are those established fromC9 toC12
in the SDS molecule (or up to C14 in the tetradecyl derivative).
These two arguments highlight the importance of the upper
(nearest to the extracellular surface) part of the hydrophobic
pocket referred above as the commondenominator of all relevant
interactions with the nonannular sites reported here. Occupancy
of such a pocket, as well as that of the narrow entrance made by
the preceding gorge, which are both intersubunit regions, seems
to be a major factor in holding together adjacent subunits,
leading to the stabilization of the tetrameric structure. A cor-
ollary from the above is that the use of the SDS-PAGE
technique to evaluate KcsA stability should be approached with
caution due to the stabilizing effects of the alkyl sulfate reported
here. In the case of the phospholipids, an additional contribution
to tetramer stability is expected to arise from the hydrophobic
interaction of the sn-2 acyl chain with the protein transmembrane
surface, which involves again residues belonging to the two
adjacent subunits. This additional contribution to binding ex-
plains the larger efficiency of anionic phospholipids compared to
alkyl sulfates in increasing KcsA stability. In all cases, the
hydrophobic interactions should also be complemented by a
minor contribution to tetramer stability from the few hydrogen
bonds established between the polar head of the ligands and the
positively charged surface of the protein.
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