
Electron spin echo envelope modulation (ESEEM) reveals water
and phosphate interactions with the KcsA potassium channel

John A. Cieslak, Pamela J. Focia, and Adrian Gross
Department of Molecular Pharmacology and Biological Chemistry, Northwestern University
Feinberg School of Medicine, 303 East Chicago Avenue, Chicago, Illinois 60611, USA.

Abstract
Electron spin-echo envelope modulation (ESEEM) spectroscopy is a well-established technique for
the study of naturally occurring paramagnetic metal centers. The technique has been used to study
copper complexes, hemes, enzyme mechanisms, micellar water content, and water permeation
profiles in membranes, among other applications. In the present study, we combine ESEEM
spectroscopy with site-directed spin labeling (SDSL) and X-ray crystallography in order to evaluate
the technique's potential as a structural tool to describe the native environment of membrane proteins.
Using the KcsA potassium channel as a model system, we demonstrate that deuterium ESEEM can
detect water permeation along the lipid-exposed surface of the KcsA outer helix. We further
demonstrate that 31P ESEEM is able to identify channel residues that interact with the phosphate
head group of the lipid bilayer. In combination with X-ray crystallography, the 31P data may be used
to define the phosphate interaction surface of the protein. The results presented here establish ESEEM
as a highly informative technique for SDSL studies of membrane proteins.

Electron spin-echo envelope modulation (ESEEM) is a pulsed electron paramagnetic
resonance (EPR) technique that monitors nuclear magnetic resonance (NMR) transitions
indirectly through EPR transitions (1). In the experiment, the electron spin-echo amplitude is
monitored as it is modulated by the nuclear spin of nearby atoms at characteristic electron-
nuclear double resonance (ENDOR) frequencies (2). ESEEM has been widely used for the
study of paramagnetic metal centers in metalloproteins (3-6). Typically, ESEEM spectroscopy
has been utilized to study metal binding, coordination, radical formation, and metallo-enzyme
mechanisms. In addition, ESEEM spectroscopy has been used to investigate D2O permeation
profiles in membranes (7,8) and to study membrane insertion of antimicrobial peptides (9,
10). Recently, ESEEM has also been used to study the major light harvesting membrane protein
complex of green plants (LHCIIb) in detergent micelles (11).

The technique's requirement of a paramagnetic center can be satisfied by site-directed spin
labeling (SDSL) (12-15). SDSL involves the introduction of a nitroxide at a location of interest
in the protein through molecular engineering (Figure 1A). SDSL has been used to probe
structure in a variety of membrane protein systems, including bacteriorhodopsin, rhodopsin,
porins, and potassium channels (12-15). Most applications of SDSL have utilized continuous
wave (CW) EPR techniques and include nitroxide scanning applications with the goal of
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determining the underlying secondary structure of a sequence of interest, the measurement of
molecular distance distributions between pairs of nitroxides, and the detection of
conformational changes during function. In addition, CW-EPR can provide a measure of
polarity surrounding the nitroxide side chain (16,17). The polarity effects are mediated through
the degree and direction of hydrogen bonding of the nitroxide with the nearby environment
and are measured by determining the A and g tensor elements of the nitroxide (18). However,
the identity of the hydrogen-bonding partner of the nitroxide typically remains unknown.

Alternatively, the polarity and accessibility of the nitroxide environment can be determined by
CW-EPR using collision studies (19,20). In membrane proteins, these experiments typically
involve exposing labeled and reconstituted protein with hydrophilic (NiEDDA) and
hydrophobic (oxygen) paramagnetic colliders that provide additional T1 relaxation pathways
to the nitroxide thorough Heisenberg spin exchange. These collision studies are limited by the
fact that spin exchange requires direct physical contact between the nitroxide and the
paramagnetic collider with a collision radius equal to the sum of the effective radii of the two
species (20). In contrast, ESEEM is based on through-space anisotropic hyperfine interactions
between the nitroxide and nearby nuclear spins. The amplitude of the ESEEM signal depends
on both the number of nearby nuclei (N) and the distance between nuclear and electron spins
(R), and is proportional to N/R6. For instance, a deuterium nucleus can be detected at a distance
of up to 6-8 Å (9). ESEEM, therefore, can determine the atomic environment surrounding a
nitroxide without direct physical contact with the interacting species.

In the present study, we applied ESEEM in combination with SDSL in order to determine the
native environment of a membrane protein of known structure reconstituted in lipid vesicles.
The KcsA potassium channel is well suited for these studies because it is easily over-expressed
in E. coli, is well-behaved biochemically, and can be functionally reconstituted in lipid vesicles
(21,22). In addition, the structure of KcsA is known to high-resolution (23), and extensive
biophysical studies support the notion that the crystal structure represents the predominant
native state of the channel (24-26). Specifically, we determined the water permeation profile
along the surface of the outer transmembrane helix of KcsA using D2O as a water substitute
and deuterium substrate. We found that deuterium interactions with the outer helix decrease
with increasing immersion depth into the membrane. This decrease of water permeation was
similar compared with empty lipid vesicles of the same composition. In addition, we identified
two KcsA residues that are within interaction distance to the phosphate head group of the
membrane, as determined through 31P-nitroxide coupling. The crystal structure of one of these
two constructs allows the determination of the phospholipid head group interaction surface of
the channel. The data suggest that ESEEM is well suited for structural studies of membrane
proteins and can provide key insight into their local native environment.

Materials and Methods
Protein expression, purification, labeling, and reconstitution

KcsA was over-expressed, purified, and spin-labeled as previously described (26-28). Labeled
KcsA was further purified by gel filtration on Superdex 200 in a buffer containing 20 mM Tris,
pH 8.0, 150 mM KCl, 5 mM decylmaltoside and reconstituted on Sephadex G-50 (both GE
Healthcare) into 4:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC): 1-
palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG) liposomes (Avanti
Polar) at a molar lipid: protein ratio of ~1000: 1 by the method of Green and Bell (29).
Proteoliposomes were pelleted by centrifugation (20 hours at 400,000 g) and resuspended to
a KcsA concentration of ~200 μM with a solution of 50 mM Tris, pD 7.4, 150 mM KCl, and
25% glycerol for cryo-protection. The samples were flash frozen in liquid nitrogen and stored
at −80° C until measurement.
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Preparation of doped empty vesicles
1-palmitoyl-2-stearoyl-(n-DOXYL)-sn-glycero-3-phosphocholine and 1-palmitoyl-oleoyl-sn-
glycero-3-phospho(TEMPO)choline (Avanti Polar) were reconstituted on Sephadex G-50 (GE
Healthcare) into 4:1 POPC: POPG liposomes (Avanti Polar) at a molar lipid: spin-labeled lipid
ratio of ~1000:1 as described above.

EPR measurements
CW-EPR spectra were recorded at room temperature on an X-band EMX spectrometer fitted
with an ER4119HS resonator (Bruker Biospin) at a scan width of 200 Gauss. ESEEM samples
were flash-cooled in liquid nitrogen and the data were recorded at 80K on an X-band Elexsys-
E580 spectrometer fitted with an ER4118X-MS2 resonator (Bruker Biospin). ESEEM data
were acquired using a three-pulse sequence (π/2-τ-π/2-T-π/2-τ-echo) with 16 ns π/2 pulses at
a frequency corresponding to the centerline of the nitroxide spectrum. A four-step phase cycle
was used to suppress unwanted echoes. Timing parameters were adjusted to obtain maximal
modulation by specific nuclei: τ = 224 ns for 2H experiments, τ = 252 ns for 31P experiments,
and τ = 128 ns for 1H blind experiments. The time-dependent echo amplitudes are shown in
Figure S1 and were processed as described (7, 10). The data were normalized by division
through a polynomial fit to the underlying T1 echo decay, followed by subtraction of unity.
The missing data points were obtained by back-prediction using the LPSVD algorithm (30).
The data were further processed by Hamming apodization, zero filling, and Fourier
transformation to obtain frequency domain power spectra with spectral densities with
dimension of time (10). Three-pulse ESEEM data were simulated (1) with different A and g
tensor elements (31, 32) and a single 2H nucleus at 3.2 Å in order to estimate effects due to
polarity and nitroxide structure. The error in measurement (<4%) and effects due to polarity
and nitroxide structure (<1%) were small in relation to the overall variability between protein
samples from different expression batches (<10%). HYSCORE data were acquired using a
four-pulse sequence (π/2-τ-π/2-t1-πt2-π/2-τ-echo) with 16 ns π/2 pulses and a 32 ns π pulse. A
four-step phase cycle was used to suppress unwanted echoes. The time-dependent echo
amplitudes were processed as described above (without back-prediction), followed by 3D
Fourier transformation.

Results
Spin-labeling of the KcsA outer helix

Based on the crystal structure of KcsA (23), nine residues (I38, L41, A42, Y45, L46, V48,
L49, A50, and R52) were selected along the outer surface of the outer transmembrane helix
(Figure 1B). These residues were chosen because they have minimal tertiary interactions with
other portions of the protein and are predominately exposed to the outside environment. In
addition, all residues are located on the extracellular half of the channel where the structure is
known to remain constant independent of the gating state of the channel (33). The inner
transmembrane helix was avoided due to incomplete labeling along the region of interest
(26,33). The positions of the nine residues range from a lipid exposed helix surface site in the
middle of the membrane (I38) to a solvent exposed loop site located just above the outer helix
(R52). Each residue was mutated to cysteine and the introduced thiol was reacted with a
nitroxide spin label to form the nitroxide side chain denoted R1 (Figure 1A). The labeled mutant
channel was then reconstituted in POPC:POPG lipid vesicles by gel filtration (see Methods).
The room temperature CW-EPR spectra at X-band of the selected constructs are shown in
Figure 2B. The lineshapes of all nitroxides (except V48R1) are indicative of sites with high
side chain mobility and are thus consistent with their external position along the outer helix.
In contrast, the lineshape of V48R1 is indicative of an immobilized nitroxide. The crystal
structure of KcsA indicates that the immobilization of the R1 side chain at this position probably
occurs due to a tertiary contact interaction of the nitroxide with the pore helix of the channel
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(23). The spectra reported here are thus highly consistent with the known structure of KcsA.
Furthermore, the spectra are in agreement with results from earlier studies (25,27).

Deuterium ESEEM demonstrates water permeation along the hydrophobic surface of KcsA
The KcsA constructs were analyzed using the three-pulse ESEEM sequence shown in Figure
2A. D2O was added to the sample in order to isotope label hydrogen derived from water and
distinguish it from hydrogen derived from protein and lipid. Figure 2B summarizes the
lineshape (left panel) and ESEEM data in both time (middle panel) and frequency domain (right
panel) for all sites studied. Proton and deuteron ENDOR frequencies predominate in the
ESEEM spectra at all sites. Because the total proton pool in the system arises from multiple
sources (protein, lipid, and residual H2O), the proton spectral density at 14.6 MHz cannot
unambiguously be assigned to any one source and was not further analyzed. Figure 3A
illustrates the amplitude of the deuteron spectral density at 2.2 MHz as a function of residue
position using data from all sites studied. The data indicate that although the absolute deuteron
spectral density fluctuates significantly along the transmembrane helix, there is a sizeable
overall decrease from ~33 ns near the outside surface (R52R1) to ~5 ns near the middle of the
membrane (I38R1). In order to place these values into a more meaningful framework, we
determined the spectral density at different immersion depths using empty vesicles of the same
composition (Figure 3B) doped with trace amounts of spin-labeled phospholipids (lower
insert). In these empty vesicles, the deuteron spectral density decreased with an approximately
sigmoidal dependence from ~12 ns to ~6 ns as the spin label was moved along the alkyl chain
toward the center of the membrane (7).

The deuterium modulation was also measured at the level of the lipid head group by means of
TEMPO-PC (Figure 3B, upper insert). The spectral density for this interfacial spin-label was
~18 ns (dotted line) and thus significantly higher than at any position along the alkyl chain.
Simulation studies show that the different structures of the nitroxide moieties have a negligible
impact on the 2H ESEEM data in the current experimental context (data not shown). The data
on the empty vesicles are nicely self-consistent and indicate that we can expect decreasing
deuteron spectral density as a function of immersion depth, with absolute values ranging from
~18 ns at the water-lipid interface to ~6 ns near the middle of the membrane. We next sought
to determine the spectral density of sites on KcsA exposed to bulk water. Two sites known to
be located far from the membrane were chosen that had both exhibited exceptionally high
NiEDDA accessibility in earlier studies. The sidechains of F148R1 and L151R1 are located
on the water-exposed C-terminal domain of KcsA and were shown to have the highest NiEDDA
accessibility of any residues in that region of the protein (34). Interestingly, the deuteron
spectral density of these two sites (~14.5 ns and ~16.5 ns, dotted lines in Figure 3A) is closer
to TEMPO-PC (~18 ns) than to R52R1 (~33 ns). It thus appears that the 2H spectral density
of V48R1 and R52R1 is exceptionally high.

It is useful for the direct comparison between lipid and protein data to place all spin labels on
approximately the same length scale with regard to immersion depth. For the purposes of this
study, the immersion depth of KcsA spin labels was defined as the distance (in the direction
normal to the membrane surface) between the Cβ of the residue in question and the Cβ of
residue R52. R52 is arbitrarily used as a reference point for zero immersion depth in order to
generate only positive values. The immersion depth of lipid spin labels is obtained by modelling
the doxyl moiety (Figure 3B, lower inset) onto a well-resolved lipid chain observed in the high
resolution structure of KcsA (23) and determining the vertical distance component of the spin-
label with respect to R52. The resulting graph (Figure 3C) demonstrates an overall similar
depth dependence at some KcsA sites compared to the lipid data. The new depth scale has
eliminated some of the original data scatter (Figure 3C) and the only remaining significant
outliers are the lower than expected 2H spectral density for residue L46R1 (red), located at an
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immersion depth of ~11 Å, and the higher than expected 2H spectral densities for Y45R1,
V48R1, and R52R1 (blue). What is apparent in the data is that the insertion of KcsA into the
membrane did not lead to generally increased water permeation along the surface of the protein
when compared to empty vesicles. To the contrary, the lower than expected 2H spectral density
of residue L46R1 indicates less water permeation in the vicinity of this residue than at
comparable depths in empty vesicles.

31P ESEEM identifies residues interacting with the phosphate of the membrane
The frequency domain spectra at superficially locates sites, in particular V48R1 and R52R1,
show hints of weak 31P modulation at 5.95 MHz that is absent in more lipid-immersed sites
(Figure 2B). 31P is the only nucleus in the system that can account for interactions at this
frequency (see legend to Figure 2). In order to further confirm the interaction at these two
positions, the ESEEM experiment was repeated with a pulse sequence tuned to optimize
detection of 31P (Figure 4A). The data confirm 31P modulation near the detection limit,
corresponding to a 31P – nitroxide spin-spin distance of ~5 Å (35). The van der Waals surfaces
occupied by the two 31P-modulated non-aromatic residues are contiguous and are located above
a ring of membrane-exposed aromatic residues in KcsA (Figure 4B), consistent with an
interaction between the two side chains and the surrounding phosphate head group layer of the
membrane. In addition, one of the interacting residues is R52; arginines are well known to
interact closely with the phosphate moiety of membranes (36). The 31P modulation at residues
V48 and R52 was further confirmed by a 2D-HYSCORE experiment (Figure 4C) (37). In order
to minimize deuteron interference and to clarify the spectra, the HYSCORE samples were
prepared in a buffer without added D2O. As expected, both V48R1 and R52R1 spectra show
the required diagonal peaks corresponding to 1H and 31P (14.46 and 5.95 MHz, respectively).
The off-diagonal splitting of the 1H peak is probably due to interactions of the unpaired electron
with nearby protons on the nitroxide ring or with hydrogen-bonded water.

If the precise position of the two nitroxides were known, then the observed 31P spectral densities
could be used to approximately determine the position of the interacting phospholipid head
group. Given the highly immobile CW-EPR spectrum of residue V48R1 (Figure 2B), it
appeared feasible to crystallographically resolve the R1 side chain in this construct.
Unfortunately, high quality KcsA-Fab co-crystals could not be grown due to steric interference
of the labeled residue with Fab binding (data not shown). Nevertheless, data to an effective
resolution of 3.5 Å Bragg spacings was obtained in the absence of a Fab fragment using the
original crystallization protocol of the isolated channel (38) (Table S1). Figure 5A shows that
the observed electron density for V48R1 clearly determines the position of the R1 side chain.

If it is assumed that the phosphorous modulation at both sites originates from the same 31P
nucleus, a reasonable assumption given the relative scarcity of phosphorous in the system under
study, then this nucleus must be located at the intersection of the surfaces of two spheres with
radius 5 Å, centered at the position of the two nitroxide spins (Figure 5B). However, unlike
V48R1, the highly mobile CW-EPR spectrum of R52R1 (Figure 2B) indicates the presence of
a highly disordered side chain, meaning that a crystal structure of this construct is unlikely to
provide a defined position of the nitroxide moiety. Although the position of the unpaired
electron at this site can not be determined precisely, the accessible volume of the side chain
can be obtained based on the structure of R1 and the knowledge of its preferred dihedral angles
(Figure 5C) (39). If we assume that the R52 side chain closely interacts with the phosphate
under native conditions, then the known preferred dihedral angles of arginine, the possible
volume of the R52R1 sidechain, the position of the V48R1 spin, and the size and geometry of
phosphate jointly constrain the possible position of the phosphate head group (Figure 5D).
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Discussion
Deuterium ESEEM

In contrast to the established collision-based EPR techniques for determining membrane
exposure (19,40), ESEEM does not require direct physical access of a collider to the R1 side
chain. Physical access of a collider places limits on the types of environments that can be
studied by the CW-EPR methodology. This limitation was demonstrated for sites in the internal
water-filled cavity of KcsA, which were found to be essentially inaccessible to NiEDDA even
though they were located in an aqueous environment (26). The ESEEM approach described
here overcomes this limitation by directly determining the deuterium environment surrounding
the spin label, independent of any other access parameters. As expected, the two measurements
are highly correlated for the structurally unconstrained and solvent exposed residues studied
here (Figure S2). The manner in which deuterium is introduced allows for some future
technique development. It is conceivable, for instance, that the deuterium can be introduced
selectively, such as at limited positions on the alkyl chain of lipids (41) or at specific amino
acids on the channel (42). Indeed, studies with spin-labeled peptide inserted into deuterated
lipid vesicles have been performed (9,43). In the present study, deuterium was introduced non-
selectively in the form of D2O. Deuterium nuclei are thus present either as part of water or as
part of protein or lipid through the mechanism of proton-deuteron exchange. Since proton-
deuteron exchange requires D2O access to the site, it is unnecessary to be able to separate the
two sources of deuterons for the purposes of this study. The penetration of water into the
membrane is followed through the amplitude of deuterium modulation. The amplitude of the
deuterium modulation of the electron spin is dependent on both the distance between the
interacting nuclei and the spin (R), as well as the number of interacting nuclei (N), and is
proportional to N/R6. The high order dependence on distance and the magnetic properties of
deuterium ensure that only nuclei within ~6-8 Å can contribute to the deuterium signal (9).
Furthermore, the modulation is weighted heavily in favor of the closest interacting nuclei.
Therefore, water permeation profiles determined by ESEEM are correlated to the local
concentration of D2O and strongly weighted by the deuteron-spin distance distribution. The
high order dependence on distance means that different rotameric distributions of R1 along the
TM1 helix may affect the measured deuteron spectral density. While sidechains that are
immobilized (V48R1) at room temperature are expected to also occupy a single rotamer at low
temperature, more mobile sidechains (I38R1, L49R1) sample multiple rotamers at room
temperature and are likely to freeze into rotamer distributions with distinct deuterium
environments. It is therefore to be expected that, in the limit, highly ordered water surrounding
a highly ordered spin label could give rise to exceptionally high spectral densities. The
technique may thus more robust when highly mobile nitroxides are studied as they sample a
large volume of space, in effect averaging out the local D2O distribution experienced by any
one rotameric state.

Water permeation in empty vesicles
It has previously been shown that water permeation into saturated DPPC vesicles can be
determined by deuterium ESEEM and that the permeation profile has a sigmoidal, trough-like
form (7). The permeation profile of unsaturated POPC: POPG vesicles determined here (Figure
3B) shows a similar overall form, but the point of maximal gradient is shifted towards deeper
positions. In POPC:POPG membranes the gradient is highest at approximately chain position
13, whereas the equivalent point occurs at chain position 11.6 in unsaturated DPPC vesicles
(7). The higher water penetration into membranes comprised of unsaturated lipids is expected
and can be explained by the increased inter-lipid packing distance that exists due to
unsaturation. The transition from high water permeation near the outer surface of the lipid
bilayer to low water permeation in the middle of the membrane is also affected by temperature.
In frozen membranes, the transition point is shifted to slightly deeper chain positions than are

Cieslak et al. Page 6

Biochemistry. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed in fluid membranes (16). Nevertheless, the structure and biophysical properties of
membranes are well preserved upon freezing under cryo-protecting conditions (7,8,35,44).

Water permeation along the surface of the outer helix
When an integral membrane protein is inserted into a membrane, a boundary layer of lipids is
generated that may have an altered water permeation profile than the more distant parts of the
membrane. In the case of KcsA, however, the water permeability along the protein surface
does not appear to increase over the level observed in empty vesicles (except for Y45R1, which
is located at the water-lipid interface). Therefore, KcsA does not introduce water-accessible
crevices along its surface. To the contrary, part of the protein surface may be exposed to less
water than would be expected in empty vesicles. Specifically, sites L41R1, A42R1, and L46R1
show lower apparent water penetration than would be expected based on their relative
immersion depths. Interestingly, the lowest 2H spectral density is observed for a residue
(L46R1) that projects into a groove between two transmembrane helices (Figure 3D). KcsA is
known to order lipids in grooves between transmembrane helices (Figure 5D) (23) leading to
locally dry protein surface areas. Alternatively, or in addition, a slight bend of the outer helix
increases the effective immersion depth of this residue with respect to the other sites studied
(Figure 3D). The very low water permeation at site L46R1 is also supported by NiEDDA
accessibility data that show a lower than expected accessibility at this site (25).

It remains unclear why the deuterium modulation is so high for V48R1 and R52R1. As we did
not exhaustively search for high deuterium modulation, it remains possible that other residues
exposed to bulk water could show similarly high deuteron spectral densities. We selected the
two specific residues on the C-terminal of KcsA because we reasoned that residues exhibiting
exceptionally high NiEDDA collision rates were good candidates to reflect the expected
deuterium modulation of a highly water-exposed nitroxide. If this reasoning is sound, then the
deuterium modulation of V48R1 and R52R1 is indeed exceptionally high. It is noteworthy that
the two nitroxides show very different side chain mobilities at room temperature, arguing
against locally ordered water located very close to the side chain as the reason for the high
spectral density. Further studies are required to determine whether these densities are indeed
exceptional and whether these high values are related to the other aspect that distinguishes
these two residues, namely their close interaction with the phosphate head group of a nearby
lipid.

Phosphorous ESEEM
Unlike deuteron and proton, 31P is a rare nucleus in the experimental system under study. The
only natural source of phosphorous is the phosphate head group of the membrane in which the
channel is reconstituted. Based on the geometry of phospholipid packing in membranes,
approximately one 31P nucleus is expected per 50 Å2 of membrane surface (45). The
modulation depth of the 31P nucleus is smaller than that of 2H (46). As a consequence, the
presence of a 31P nucleus can only be detected to a distance of ~5 Å from the nitroxide, whereas
a single 2H nucleus can interact up to 6-8 Å (9,35,46). Because of the overall scarcity and
regular occurrence of phosphorous, it is reasonable to treat phosphorous modulations as if they
originated from a single nucleus. The high order dependence on distance and the nuclear
properties of 31P limit the number of residues with observable modulation and allow an accurate
map of the phosphate interaction surface of KcsA to be made (Figure 4B). The accuracy of the
map is further improved if the precise position of the nitroxide side chain can be determined
through X-ray crystallography (Figure 5D).

Locating the interacting phosphate head group
The magnitude of the magnetic interaction determined by ESEEM is dominated by the closest
distance between nucleus and nitroxide spin. Accordingly, the interaction can be analyzed
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assuming a single nucleus approximation in order to obtain a lower bound value for the distance
of interaction (47). Applying these principles, we conclude that the interacting 31P nucleus is
located ~5 Å from both V48R1 and R52R1. What can be learned about the possible location
of the interacting phosphate head group relative to the KcsA channel based on these distances?
The following procedure was followed in determining the approximate position of the
interacting 31P nucleus. First, a sphere with radius 5 Å and origin centered on the nitrogen of
the V48R1 nitroxide side chain was calculated. The interacting 31P nucleus must be located
on the surface of this sphere. Second, the surface area of the sphere in steric conflict with the
channel was eliminated. Figure 5B shows the remaining phosphate interaction surface. Third,
the possible interaction surface was further reduced by eliminating those areas that were >5 Å
from any feasible R52R1 rotamer (Figure 5C). Fourth, the remaining surface was explored for
steric compatibility with regard to a phosphate moiety. A phosphate group was moved along
the surface and all areas were eliminated where the phosphate is in steric conflict with the
channel irrespective of its orientation. Finally, from this subset of sterically feasible phosphate
positions, we chose those that were within reach of the R52 sidechain, assuming a native R52-
phosphate interaction. The resulting set of possible phosphate positions is shown in Figure 5D
(black models).

Several of these potential phosphate positions are highly compatible with the expected
phosphate position based on a crystallographically determined lipid molecule. In the crystal
structure of KcsA (PDB entries 1K4C, 1R3J), a lipid molecule binds to the channel in the
groove between the inner helix of one subunit and the pore helix of the adjacent subunit. The
lipid is resolved in two different orientations (green stick models in Figure 5D). Although the
phosphate head group of this lipid could not be observed, the presence of the glycerol backbone
in the model allows the possible locations of the nucleus to be determined (small yellow
spheres). It is encouraging to note that several of the phosphate positions predicted by our
placement are at a similar vertical position as the crystallographically predicted lipid
phosphorous nucleus. In addition, the distance of closest approach between the
crystallographically determined phosphorous nuclei positions and the modelled phosphate is
on the order of ~8 Å, and thus in reasonable agreement with the expected ~7 Å inter-phosphate
distance in the membrane (45).

In this study, we have evaluated ESEEM in terms of its potential usefulness to describe the
environment surrounding membrane proteins under native conditions. Using electron spin
modulation by deuterium, we have demonstrated the water permeation profile along the surface
of the KcsA potassium channel. The data support the conclusion that KcsA inserts into the
membrane without creating water crevices along its protein surface. The technique may thus
prove useful to detect the narrow water crevices that are predicted to occur in some membrane
proteins as a result of distorted lipid packing (48,49). In addition, the ESEEM data identified
two residues on KcsA through 31P modulation that are in intimate contact with the phosphate
head-group region of the membrane. Based on a crystallographically determined structure of
an interacting side chain, the position of the phosphate head-group with respect to the channel
could be strongly constrained. The data presented here demonstrate that the technique is well
suited to investigate the interaction of membrane proteins with their surrounding lipid
environment. This capability may prove particularly useful for the study of those proteins for
which lipids are either critical for maintaining native structure, or have been shown to
participate in its function (28,50-52).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CW continuous wave

DOXYL 4,4-dimethyl-oxazolidine-N-oxyl

DPPC dipalmitoylphosphatidylcholine

ENDOR electron-nuclear double resonance

EPR electron paramagnetic resonance

ESEEM electron spin echo envelope modulation

Fab fragment- antigen binding

HYSCORE hyperfine sub-level correlation

IPTG isopropyl β-D-1-thiogalactopyranoside

KCl potassium chloride

MHz megahertz

MTSL S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate

NiEDDA nickel(II) ethylenediaminediacetate

NMR nuclear magnetic resonance

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-[1-glycerol]]

R1 designation for spin labeled side chain

SDSL side-directed spin labeling

TEMPO-PC 1-palmitoyl-oleoyl-sn-glycero-3-phospho(4-[N,N-dimethyl-N-(2-
hydroxyethyl)]ammonium-2,2,6,6-tetramethylpiperidine-1-oxyl)-choline

TM transmembrane segment

Tris tris(hydroxymethyl)aminomethane

T1 electron spin-lattice relaxation time.
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Figure 1.
Site directed spin labeling of KcsA. (A) Reaction of the methanethiosulfonate reagent with
cysteine to generate the side chain designated R1. (B) Labeled sites in KcsA. A KcsA monomer
is shown as a grey ribbon with the rest of the channel depicted as a van der Waals surface. The
side chains of labeled sites are depicted as orange sticks and van der Waals surfaces.
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Figure 2.
Lineshape and 2H ESEEM data of R1 constructs reconstituted in POPC:POPG vesicles. (A)
Schematic of the three-pulse ESEEM experimental design. Three π/2 pulses are separated by
the time constants τ and T, with T sequentially delayed by dx increments, resulting in the
modulation of the observed spin echo. The time constant τ is adjusted to tune the system for
optimal detection of a frequency of interest. (B) Left: X-band first-derivative absorption spectra
acquired at room temperature over a scan width of 200 G. Middle: ESEEM data obtained with
τ = 224 ns (to optimize detection of 2H) in the presence of D2O. The black trace is the
normalized time domain data. The grey segment is the back-calculated dead-time signal (see
Methods). Right: frequency domain ESEEM signal. The deuteron (2.24) and phosphorous
(5.95) frequencies are indicated in MHz units.
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Figure 3.
KcsA insertion into the membrane preserves the expected water permeation profile. (A) The
deuteron spectral density of labeled residues is shown as a function of residue number.
Deuterium modulation of the C-terminal mutants F148R1 and L151R1 is represented by the
horizontal dashed lines (~14.8 ns and 16.6 ns, respectively). (B) The deuteron spectral density
of spin-labeled lipids in POPC:POPG vesicles plotted as a function of chain position. The
dotted line is drawn to support the eye. The dashed line is the deuteron spectral density of
TEMPO-PC. Top insert: Structure of TEMPOPC. Bottom insert: Structure of 7-doxyl-PC.
(C) The labeled lipid (squares) and KcsA (circles) deuteron spectral density data superimposed
as a function of relative immersion depth (in Å relative to the Cβ position of R52R1). Data for
residues Y45R1, V48R1 and R52R1 are colored blue and L46R1 is colored red. (D) Structural
representation of one KcsA subunit depicted as a grey ribbon and the rest of the channel as a
van der Waals surface. The studied side chains are depicted in stick representation with
accompanying van der Waals surfaces and are colored as in C.
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Figure 4.
31P ESEEM of reconstituted KcsA. (A) Frequency domain ESEEM spectra of the KcsA
constructs V48R1 and R52R1 using a time constant optimized for 31P modulation (τ= 252 ns).
The phosphorous (5.96 MHz) and proton (14.62 MHz) Larmor frequencies are indicated. (B)
The phosphorous interaction surface of KcsA is depicted as a yellow van der Waals surface.
The side chains of aromatic residues believed to be exposed toward the water-lipid interface
are highlighted in dark grey (38). (C) Frequency domain HYSCORE spectra of V48R1 (optimal
time constant to observe 31P modulation, τ = 252 ns) and R52R1 (optimal time constant to
suppress 1H modulation, τ = 128 ns). The phosphorous Larmor frequency peak at 5.96 MHz
is boxed.
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Figure 5.
The structure of V48R1 and the phosphate interaction surface. (A) KcsA is shown as a grey
ribbon and the V48R1 side chain is shown in stick representation with carbon, nitrogen, oxygen,
and sulphur atoms colored orange, blue, red, and yellow, respectively. The 2Fo-Fc map is
contoured at 1σ (blue) and the Fo-Fc map is contoured at 2.7σ (green). (B) Stereo view of
V48R1 with a 5 Å 31P ESEEM interaction surface (translucent yellow spheres) centered on
the nitroxide nitrogen. The sphere is sampled at ~0.5 Å and only sterically feasible areas of the
sphere are shown. KcsA is shown as a grey van der Waals surface. (C) Possible positions of
the R52R1 nitroxide nitrogen based on preferred nitroxide dihedral angles (39) are shown as
blue spheres together with the KcsA channel as a grey van der Waals surface and the yellow
V48R1 interaction surface. (D) Stereo view of sterically feasible phosphate positions (black)
assuming the presence of a R52-phosphate interaction located on the V48R1 interaction surface
(yellow), i.e. both V48R1 and R52R1 couple to the same phospholipid. The side chains of R52
and V48R1 as well as a crystallographically observed lipid (two alternative green models, see
PDB entries 1K4C and 1R3J) are shown in stick representation. The position of the phosphate
head group of the lipid is not resolved. Possible positions of the phosphorous are shown as
small yellow spheres.
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