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channel in detergent micelles
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Abstract

Nuclear magnetic resonance (NMR) studies of large membrane-associated proteins are limited by the
difficulties in preparation of stable protein–detergent mixed micelles and by line broadening, which is
typical of these macroassemblies. We have used the 68-kDa homotetrameric KcsA, a thermostable
N-terminal deletion mutant of a bacterial potassium channel from Streptomyces lividans, as a model
system for applying NMR methods to membrane proteins. Optimization of measurement conditions
enabled us to perform the backbone assignment of KcsA in SDS micelles and establish its secondary
structure, which was found to closely agree with the KcsA crystal structure. The C-terminal cyto-
plasmic domain, absent in the original structure, contains a 14-residue helix that could participate
in tetramerization by forming an intersubunit four-helix bundle. A quantitative estimate of cross-
relaxation between detergent and KcsA backbone amide protons, together with relaxation and light
scattering data, suggests SDS–KcsA mixed micelles form an oblate spheroid with ,180 SDS mole-
cules per channel. K+ ions bind to the micelle-solubilized channel with a KD of 36 0.5 mM, resulting
in chemical shift changes in the selectivity filter. Related pH-induced changes in chemical shift along
the “outer” transmembrane helix and the cytoplasmic membrane interface hint at a possible structural
explanation for the observed pH-gating of the potassium channel.

Keywords: backbone assignment; detergent; global fold; membrane protein; NMR; NOE; potassium
channel; secondary chemical shifts

The potassium channel family is a class of membrane-
embedded proteins found in nearly all types of organ-
isms (Miller 2000). Potassium channels are responsible

for the selective conduction of K+ ions across cellular
membranes and are involved in a multitude of biological
functions, particularly electrical signaling and neuro-
transmission (Hille 2001). Three important attributes
of these remarkable cellular gatekeepers are high ion
throughput, high fidelity in selecting potassium over
other common cations, and the ability to open in re-
sponse to an external signal (Gulbis and Doyle 2004).
K+ channels throughout the biological universe share a
similar structural topology, with much of the exhibited
diversity lying in the gating mechanism that controls the
opening of the channel (MacKinnon 2003). Two topo-
logically distinct variants of K+ channels are known. In
the six-transmembrane-helix channels, or voltage-gated
(Kv) subtype, the last two helices form the structural
core of the aqueous pore, while the first four helices
comprise a gating domain (Pongs et al. 1988). The two-
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Abbreviations: CD, circular dichroism; DLS, dynamic light scattering;

DM, dodecyl maltopyranoside; DPC, dodecylphosphocholine; HMQC,
heteronuclear multiple-quantum coherence; HX, hydrogen solvent-
exchange rate; KcsAE, exchangeable domain of KcsA; KcsATM, trans-
membrane domain of KcsA; MES, 2-[4-morpholino]-ethanesulfonic
acid; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser
effect spectroscopy; NMR, nuclear magnetic resonance; SDS, sodium
dodecyl sulfate; SDSL, site-directed spin-labeling; TM1(2), helical trans-
membrane domain 1(2); tr-HSQC, 1H-15N transverse relaxation-opti-
mized heteronuclear single-quantum coherence.
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transmembrane-helix, or inwardly rectifying (Kir) sub-
type, shares the structural pore topology with its volt-
age-gated counterparts, but lacks the first four helices
(Ho et al. 1993).

Several structures of potassium channels have been
elucidated in recent years by X-ray crystallography
(Doyle et al. 1998; Jiang et al. 2003; Kuo et al. 2003)
and electron microscopy (Jiang et al. 2004), revealing
the molecular basis of channel function and regulation.
The first of these to be solved, the channel from Strepto-
myces lividans (KcsA), is an assembly of four identical
membrane subunits characterized by an “inverted teepee”
structure exhibiting fourfold symmetry. Each subunit
consists of two membrane-spanning helices (TM1 and
TM2) connected by a pore domain that includes the
pore helix and the well-conserved TVGYG selectivity
motif (Heginbotham et al. 1994). The main-chain carbo-
nyl oxygen atoms of this segment form a K+-selective
“coordination cage” capable of stabilizing K+, but not
Na+, as these lose their hydration shell upon entering the
pore. The aqueous pore narrows toward the cytoplas-
mic side of the membrane, and is lined by the selectivity
filter and the TM2 helix of each subunit (Doyle et al.
1998).

The rapidly increasing structural information for
K+ channels has been invaluable in understanding the
molecular mechanisms underlying channel selectivity
and high throughput (Gulbis and Doyle 2004). These
crystal structures provide high-resolution “snapshots”
of the channel in multiple states, but important ques-
tions remain regarding the precise dynamic processes
underlying the gating mechanism. To date, most studies
have focused on the transmembrane and pore regions,
whereas the N- and C-terminal domains, which typically
exhibit insufficient electron density, appear unstructured
or were excised for obtaining high-quality crystals.
These cytoplasmic domains have been implicated in
mediating the formation of channel tetramers and pH-
dependent gating (Cortes et al. 2001; Molina et al. 2004).
For these reasons, structural studies of full-length
KcsA that address dynamic issues at the molecular
level should enhance our understanding of potassium
channel function.

Nuclear magnetic resonance (NMR) has evolved in
recent years into an important tool for studying the
structure and dynamics of proteins in solution (Ferentz
and Wagner 2000; Wider 2005). Several key methodo-
logical advances have allowed NMR to address soluble
proteins of increasing size and complexity (Bax and
Grzesiek 1993; Pervushin et al. 1997; Salzmann et al.
1998; Riek et al. 2002; Tugarinov et al. 2002; Frueh et
al. 2005). As membrane-associated proteins play pivotal
roles in a wide range of biological processes, application
of NMR methods to the study of such systems has been

a prime objective. Solid-state NMR methods have been
used to study membrane peptides and small proteins,
particularly transmembrane helical domains (Fu and
Cross 1999; Marassi and Opella 1999; Mesleh et al. 2003).
High-resolution NMR studies have afforded several
structures of proteins in the 15–30 kDa range (Arora et
al. 2001; Hwang et al. 2002; Fernández and Wüthrich
2003; Oxenoid and Chou 2005). However, large (>30
kDa) membrane-associated proteins continue to present
a formidable challenge in NMR studies. These highly
hydrophobic proteins must be sequestered from the
aqueous environment in relatively fluid macromolecular
lipid or detergent assemblies.As a result, samples are prone
both to line broadening due to exchange processes as
well as aggregation. Furthermore, such protein–deter-
gent systems rapidly reach the limit at which long tum-
bling times preclude the acquisition ofmeaningful NMR
data (Arora and Tamm 2001). This is particularly true
for helical proteins, for which spectral dispersion is typi-
cally poor. Clearly, NMRmethods suitable for the study
of large membrane proteins must be established if it is
to remain relevant for structural investigationofmembrane-
associated systems.

These considerations motivated us to examine the
KcsA tetramer as a model system for developing NMR
methods that bring relatively large helical transmembrane
systems within the reach of solution NMR. Considering
that it can be expressed and purified in sufficient quan-
tities, is suitable for isotopic labeling, and possesses high
thermostability, KcsA represents an attractive system for
this purpose. In addition, NMR is well suited for probing
dynamic processes and also provides access to the ter-
minal regions of the KcsA chain, which may play an
important role in tetramerization and regulation of ion
conductance. By surveying samples of KcsA solubilized
in various detergent micelles, we established that sodium
dodecyl sulfate (SDS) micelles containing the homotetra-
meric 68-kDa channel were amenable to backbone assign-
ment. The secondary structure of KcsA determined by
secondary chemical shifts and hydrogen-exchange protec-
tion factors closely agrees with the KcsA crystal structure,
and indicates the presence of a relatively long a-helix in
the C-terminal cytoplasmic domain. Quantitative cross-
relaxation attenuation experiments have been used to
map interactions between detergent and protein, and
results indicate that the detergent forms a hemitoroid
around the membrane-spanning hydrophobic domains
of the channel. The KcsA channel in SDS micelles exhib-
its K+-induced chemical shift changes in selectivity filter,
indicating that the channel maintains its biological activ-
ity under these conditions. Correlated pH-induced
changes observed for both TM domains suggest a possi-
ble role for an intersubunit interaction in the pH-gating of
the channel.
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Results

Characterization of KcsA in SDS micelles

A critical step toward the study of KcsA by NMR was
establishing conditions at which high-quality NMR data
could be acquired. KcsA, throughout this work, refers to
residues 16–160 of the channel, beginning with the N-
terminal segment 16LLGR20H and ending with the C-
terminal segment 156DDNR160R. This deletion mutant,
lacking the first 14 N-terminal residues of full-length
KcsA, was found to have increased thermostability (M.
Lawrence and C. Miller, unpubl.). Samples of tetrameric
KcsA in various detergent micelles were prepared by
purifying dodecyl maltopyranoside (DM)-solubilized pro-
tein on a size-exclusion column equilibrated with a buf-
fer containing the appropriate detergent (Takeuchi et al.
2003). Our survey of detergents concluded that the
micelles formed by the anionic SDS were best suited for
this purpose. NMR samples containing 0.25–0.35 mM of
tetrameric KcsA and a 400- to 800-fold excess of SDS at
323 K allowed the acquisition of triple-resonance NMR
data amenable to backbone assignment. Despite extensive
efforts, data of comparable quality could not be obtained
in other detergents, in which, typically, only signals
emanating from flexible, unstructured residues could be
observed.

As has been reported previously for KcsA in various
detergent micelles (Heginbotham et al. 1997; Molina et al.
2004), KcsA in SDS micelles behaves as a highly stable
molecular ensemble. It migrates as a tetramer in con-

ventional SDS-PAGE even after exposure to elevated
temperatures (75�C for 60 min), pH 10 or 4 M urea.
Dynamic light scattering (DLS) measurements indicate a
molecular weight of 1156 10 kDa for the protein–deter-
gent ensemble, corresponding to anaggregation number of
1606 35 SDS molecules per KcsA tetramer (Fig. 1A).
Circular dichroism (CD) measurements of KcsA in SDS
indicate that it is,50% helical, and highly similar in helical
content to KcsA in dodecylphosphocholine (DPC) and
DM micelles (Fig. 1B). DPC has been acknowledged as a
suitable membrane surrogate in structural studies (Oxe-
noid et al. 2004), and DM is a mild and often-used non-
ionic detergent for stabilization of membrane proteins.
This evidence, togetherwith specific chemical shift changes
in the selectivity filter upon addition of K+ (vide infra),
strongly suggests that KcsA in SDS micelles embodies a
valid representation of the cellular conformation of the
channel.

General approach to backbone assignment of KcsA

As a large protein–detergent assembly, exceeding 100
kDa, backbone assignment of KcsA requires deuteration
of all 13C nuclei, while maintaining full protonation in
backbone amide sites, without which triple resonance
experiments cannot be efficiently acquired (Grzesiek et
al. 1993; Tugarinov et al. 2004). This is typically achieved
by performing expression in D2O-based medium, fol-
lowed by base-catalyzed back-exchange of amide protons
during purification. In cases where this is insuffic-

Figure 1. Biophysical characterization of KcsA. (A) Characterization of SDS-KcsA micelles by size-exclusion chromatography

in conjunction with dynamic light scattering. The angle-dependent light scattering, proportional to protein concentration, is

shown as a function of elution volume in blue. Molar mass values extracted from the analysis of light scattering and refractive

index data for SDS–KcsA eluting between 10.7 and 11.5 mL are displayed in red. The estimated weight of the SDS–KcsAmicelle

is 1156 10 kDa. (B) CD spectra of 25 mM samples of tetrameric KcsA in various detergents. Almost identical curves for KcsA in

SDS micelles at pH 6.0 and 8.0 are shown in black and blue, respectively. The highly similar curves obtained for KcsA in a 4:1

mix of DPC and SDS, and KcsA in DM are shown in red and green, respectively. Predicted helical contents are 47%, 51%, 57%,

and 59% for SDS at pH 6, SDS at pH 8, 4:1 DPC:SDS and DM, respectively.
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ient, denaturation and refolding of the protein may be
used to obtain full protonation of backbone amide sites
(Tugarinov et al. 2004). However, the highly stable KcsA
resisted all attempts at back-exchange of amide protons at
its detergent-embedded core. As a result, KcsA expressed
in D2O-based medium exhibited only 68% of the expected
amide proton cross-peaks. Extended exposure to pH
values as high as 10 and temperatures as high as 75�C,
just under its melting point, failed to introduce protons into
these well-protected sites. While successful refolding of
denatured KcsA into its tetrameric form has been reported
(Valiyaveetil et al. 2002), in our hands, the overall yield of
this process remains insufficient for preparation of NMR
samples.

We resolved this difficulty by treating KcsA as a two-
domain protein, extending the approach posited by Lohr
and coworkers (Lohr et al. 2003). At the basis of this
approach lies the assumption that nonexchangeable pro-
tons will be heavily clustered along the sequence of KcsA.
Accordingly, backbone assignment was performed con-
currently for two samples. The first contained 2H,13C,15N-
labeled KcsA expressed in D2O-basedM9medium, allow-
ing the assignment of the solvent-accessible (exchange-
able) domain of KcsA (KcsAE). The second contained
KcsA expressed in glucose-deficient H2O-based medium
supplemented with 2H,13C,15N-labeled nutrients. This
afforded a 2H(1Ha),U-13C,15N-labeled KcsA sample, for
which all amide sites were fully protonated, side-chain 13C
sites were highly deuterated, and 13Ca sites were fraction-
ally deuterated at a level that varied with amino acid type.
This sample was lyophilized and reconstituted in D2O,
selectively quenching signals arising from the solvent-
accessible domain, and allowing the assignment of the
transmembrane, or core domain of KcsA (KcsATM).
The 1H,15N-TROSY-HSQC (tr-HSQC) “fingerprint”
regions for the two domains are shown in Figure 2.

Although this approach requires the acquisition of
NMR data for both samples, doubling the overall mea-
surement time, these two complementary samples facili-
tated the assignment process by dividing the data into two
self-contained subsets.

Backbone assignment of KcsA

The differences in resonance line width between the
KcsAE and KcsATM domains (Fig. 2) are striking, and
indicate that internal mobility is strongly decreased for
protein segments enclosed in the micelle. An average tC
value of 40 nsec is estimated for the KcsATM domain
on the basis of 15N relaxation measurements, whereas
KcsAE transverse relaxation rates were quite heteroge-
neous and, on average, about twofold lower, indicative
of extensive internal mobility for the KcsAE domain.
These differences in mobility determined the appropriate
strategy for backbone assignment of the two domains. In
the case of KcsAE, line widths were sufficiently narrow
to obtain intra- and inter-residual connectivities for both
13C¢ and 13Ca nuclei. Thus, the assignment of its back-
bone resonances was predominantly based upon corre-
lations of 13C¢ and 13Ca nuclei to their adjacent amide
protons. In contrast, the broader line widths of KcsATM

rendered the out-and-back three-step transfer experi-
ments tr-HN(CO)CA and tr-HN(CA)CO (Salzmann et
al. 1998) inefficient, precluding detection of the inter-
residue connectivities. The intrinsically helical character
of this domain and its favorable dispersion of peaks
in the tr-HSQC spectrum enabled us to complete the
assignment utilizing a set of 15N-separated NOESY ex-
periments. This strategy is demonstrated in Figure 3.
By independent optimization of the assignment strategy
for each domain, an overall assignment level in excess of
97% of native non-proline residues was obtained.

Figure 2. TROSY-HSQC fingerprint regions of the two KcsA domains. 1H-15N-TROSY-HSQC (tr-HSQC) fingerprint regions of

the solvent-accessible domain, KcsAE (A), and the transmembrane domain, KcsATM (B). Spectra were acquired using 0.25–0.3

mM samples of tetrameric KcsA samples in 25mMMES (pH 6.0) and SDS at 400–600:1 excess on a Bruker DRX800 spectrometer

equipped with a cryogenic triple-resonance probe. Total acquisition time was 60 (90) min for the KcsAE (KcsATM) domain.
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Figure 4 describes the distribution of KcsA residues
between these two domains. The KcsATM domain is
characterized by amide protons that remain nonex-
changeable, or very slowly exchangeable, over a period

of several weeks in a 99% D2O sample at pH 6 and 323
K. Protein segments included in KcsATM were residues
35–50, 65–79, and 87–111. The first and third segments
roughly correspond to the two transmembrane helices
(TM1 and TM2, respectively) in the KcsA structure, and
the second overlaps with the pore helix and selectivity
filter. All other residues were accessible to solvent, with
backbone amide solvent exchange rates in the 0.001–10
sec-1 range, and comprise the KcsAE domain. Several
residues could be observed in both samples, including
L35, L49-A50, G79, W87-G88, and T107-A111, corre-
sponding to residues located at the boundaries of the
two domains.

The secondary structure of KcsA

Using the well-known correlation between backbone 13C
chemical shifts and secondary structure, the local back-
bone structure of KcsA in SDS micelles could be estab-
lished (Fig. 5). NMR data define four helical segments in
KcsA, connected by loops with extended backbone con-
formation. Strong helical indicators are found for resi-
dues 31–52, 62–73, and 86–115, corresponding to the
positions of TM1, the pore helix, and TM2, respectively.
A fourth helical segment, spanning residues 142–155,
represents an additional helix in the C-terminal cytoplas-
mic domain. The 13C chemical shift helical indicators in
this helix are structurally and statistically significant,
although not as strong as observed for the TM domains.
The four KcsA helices are similarly identified and
located by an analysis of NOE cross-peaks between
adjacent backbone amide protons. The vast majority of
residues in the proposed helical sequences exhibit a
strong 1HN(i)-1HN(i+ 1) interaction, which is charac-
teristic in segments with helical structure. The distinction

Figure 3. Backbone assignment of KcsATM using inter-residual
1HN-1HN connectivities. Strips derived from a 15N-separated NOE-

HMQC spectrum of KcsATM exhibit the characteristic helical 1HN-1HN

NOE pattern that facilitated backbone assignment of this domain. Each

strip represents a single KcsATM amide proton, with 1H and 15N chemi-

cal shift resonances shown below the strips. Off-diagonal cross-peaks

indicate the resonance frequency of the two adjacent amide protons

(dotted boxes), indicating the identity of the neighboring residues. This

“backbone walk” is demonstrated for residues 96–103 in the TM2 helix.

The spectrumwas acquired on a Bruker DRX800 spectrometer equipped

with a cryogenic triple-resonance probe for a sample of 0.25 mM tetra-

meric KcsATM in 25 mM MES (pH 6.0), 600:1 excess SDS, and 99%
D2O, using a mixing time of 70 msec.

Figure 4. Assignment of KcsA resonances. Shown is the sequence of KcsA16–160 used in the current study. Shaded gray residues

have amide protons that are inexchangeable or very slowly exchangeable in D2O, and represent the KcsATM domain. Other

residues are solvent accessible and comprise the KcsAE domain. Residues in open gray rectangles are observed in both samples.

Overhead gray bars indicate the two membrane-spanning helices and the pore helix as seen in the crystal structure (Doyle et al.

1998). The selectivity filter (residues 75–79) is heavily underlined, and residues 114–118, exhibiting a large pH-induced change in

chemical shift, are lightly underlined. The N-terminal His6-tag used for purification is omitted for clarity.
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between structured and disordered segments in the
C-terminal domain (residues 121–160) is particularly
striking. The total helical content of KcsA as determined
by NMR (78 of 152 residues) is consistent with the
results of CD measurements (Fig. 1B).

Rates of exchange of amide protons with the solvent
(HX rates) have been extensively used as a measure of
secondary structure in proteins (Wand and Englander
1996; Maity et al. 2003). These were quantitatively
derived for the KcsAE domain by comparing the amide
proton intensities observed with and without selective
inversion of the H2O resonance prior to acquisition of a
3D-TROSY-HNCO (tr-HNCO) spectrum. At pH 8.0,
residues 121–135 and 142–155 have average exchange
rates of 10.5 (maximum of 36) and 1.5 (maximum of 5)
sec-1, suggesting the presence of a helix in the latter
segment. Similarly, the four N-terminal residues of
KcsA (16–19) and the next six residues (20–25) average
an exchange rate of 2.4 (maximum of 3.9) and 19.5
(maximum of 36) sec-1, respectively. In these segments
the large increase in hydrogen exchange rate of G21 over
that of G18 is particularly striking (Fig. 5). Consistent

with secondary shift data, this suggests the existence of
an additional helix in the N-terminal domain, the major-
ity of which is excluded from the construct used for this
work.

Protein–detergent interactions

Having analyzed the secondary chemical shifts in KcsA,
we turn our focus to the assembly of detergent molecules,
which surround it and stabilize it in aqueous solution. By
measuring dipole–dipole cross-relaxation between deter-
gent and protein backbone amide protons, NMR can
characterize the spatial organization of micelle-solubilized
KcsA. Considering that identification of individual back-
bone amides required three-dimensional dispersion of
the signals in a tr-HNCO spectrum, we opted for a set
of selective SDS inversion experiments to probe the NOE
interaction between SDS and KcsA, rather than extend-
ing the three-dimensional experiment to four dimensions,
or resorting to reduced-dimensionality experiments. The
selective NOE measurements are carried out by inverting
individual SDS resonances prior to acquisition of the

Figure 5. Backbone NMR data predict the secondary structure of KcsA. Deviations of chemical shifts from random coil values

(based on Zhang et al. 2003) are shown for 13Ca (A) and 13C¢ (B) nuclei along the KcsA backbone. Downfield values (positive

deviations) of the 13C resonance indicate a backbone helical conformation. (C) 1HN(i)-1HN(i+1) NOE connectivities observed in
15N-separated NOE-HMQC spectra of KcsA. Data from several spectra were combined by measuring ratios between cross-peak

and diagonal peak intensities, and classifying these in two categories, corresponding to strong and weak 1HN(i)-1HN(i+ 1)

interactions. (D) HX rates of KcsA amide protons. Exchange rates were measured by comparing the intensity of a given tr-

HNCO peak acquired at 600 MHz with and without a preceding water-inversion peak. KcsATM protons are considered

nonexchangeable on this scale, as designated by the open squares along the axis. No effort was made to exclude the effect of

exchangeable-proton-mediated magnetization transfer, which may increase apparent exchange rates. For example, the elevated

rate observed for T112 is likely the result of fast exchange of its b-OH proton with solvent, followed by NOE magnetization

transfer to its backbone amide. The secondary structure elements in the crystal structure (Doyle et al. 1998) and as determined by

NMR are shown above in filled and open circles, respectively.
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3D-tr-HNCO data set. Inversion pulses afforded a 70%–
80% inversion of the selected detergent proton, whereas
its effect upon nonexcited SDS protons was minimal. The
NOE-related attenuation during a mixing time of 250
msec was measured as the ratio between the intensities
associated with a given tr-HNCO signal in spectra re-
corded in interleaved fashion with and without the inver-
sion pulse.

The 1H SDS spectrum exhibits four signals, corre-
sponding to the C1H2, C2H2, C3–11H2, and C12H3

protons, resonating at 3.8, 1.5, 1.25 (broad), and 0.85
ppm, respectively. Results from the experiment involving
inversion of the downfield protons are difficult to inter-
pret due to overlap with non-negligible levels of Ca pro-
tonation in KcsATM, thereby giving rise to strong in-
traprotein NOEs. The results for selective inversion of
each of the three upfield SDS protons are summarized
in Figure 6. Overall, only moderate attenuation of the HN

magnetization, even after 250 msec, is observed. As
expected, the protein–detergent interaction is strongest
for membrane-buried domains, exhibiting maximum NOE
attenuations of 15%, 30%, and 15%, for inversion of
the C2H2, C

3–11H2, and C12H3 protons, respectively. The
protein–detergent interactions observed for the “outer”
and “inner” transmembrane helices (TM1 and TM2,
respectively) are comparable. In contrast, the entire
C-terminal domain (residues 121–160) is hardly affected
by inversion of detergent protons, indicating that few, if

any, micellar interactions exist for this domain. Notably,
NOE attenuation increases at the N-terminal residues 16–
19, particularly when compared with the C-terminal seg-
ment. Interactions between these residues and the deter-
gent hint once again at the existence of a membrane-
embedded N-terminal helix in full-length KcsA.

A comparison between attenuation maps for different
types of SDS protons is revealing. Generally speaking,
highest attenuation levels are observed for the C3–11H2

protons, making them the most sensitive probe of pro-
tein–detergent interactions. However, since the overlap-
ping C3–11H2 protons span the length of the SDS
monomer, the results for the C12H3 and C2H2 protons
are used to interpret the relative orientation (in the head-
to-tail sense) of the detergent in the protein–micelle
assembly. NOE attenuations for the C3–11H2 and
C12H3 protons are highly correlated for the TM1 and
TM2 helices, whereas for the pore helix it is the attenua-
tions of the C3–11H2 and C2H2 protons that are corre-
lated. These results are summarized in Figure 7,
displaying the results of SDS-inversion experiments jux-
taposed upon the structure of KcsA. The attenuation
maps for C2H2 (Fig. 7A) and C12H3 (Fig. 7C) protons
are highly complementary. Whereas inversion of the
SDS-charged headgroups affects KcsA residues at the
membrane–solvent interface, inversion of the hydropho-
bic tails affects residues in the membrane-spanning
domain. The selectivity filter appears relatively sheltered

Figure 6. Amide proton attenuation due to intermolecular detergent–protein NOEs. Shown is the ratio of the intensity of a

given tr-HNCO correlation in the presence and absence of a selective inversion pulse applied to SDS protons followed by a

mixing time of 250 msec. The figure displays attenuations upon inverting the C2H2 methylene group, resonating at 1.5 ppm (A),

the nine overlapping methylene groups, C3–11H2, resonating at 1.25 ppm (B), and the terminal methyl group, C12H3, resonating

at 0.85 ppm (C). Due to the effective magnetization transfer by intraprotein NOE and in the interests of improved signal-to-

noise, a smoothing function was applied to the three curves where each data point represents a weighted average of a triad of

amide protons, with all data weighted by the inverse of the experimental error squared, and the center proton doubly weighted

with respect to its neighbors. tr-HNCO data were acquired separately for KcsAE and KcsATM at 600 MHz, with total

experimental times of 14 and 60 h, respectively. The secondary structure elements in the crystal structure (Doyle et al. 1998)

and as determined by NMR are shown above in filled and open circles, respectively.
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from detergent NOEs, as expected for this highly buried
sequence. With the exception of N-terminal residues 16–
19, KcsA segments in the extracellular and cytoplasmic
domains are characterized by low attenuation levels in
all experiments, thereby clearly demarcating the mem-
brane interface.

K+-induced chemical shift changes
in the KcsA selectivity filter

The KcsA selectivity filter uses a coordinated array of
backbone carbonyl oxygens and side-chain hydroxyl
groups of residues 75TVGY79G to selectively stabilize in-
coming K+ ions as they traverse the membrane (Doyle
et al. 1998). Titration of tetrameric KcsA in SDS micelles
with KCl affects the chemical shifts of residues
73ATTV77G, a segment that forms the two “inner” coor-
dination sites (of four) for K+. The largest difference is
observed for the backbone amide of V76, whose 15N
chemical shift changes by about 1.4 ppm (Fig. 8A). Addi-
tional residues affected by the presence of K+ include L41
and A42 of the TM1 helix and A98 of TM2. Overall, the
results indicate an equilibrium between K+-bound and
K+-deficient states, which, for conditions at which
NMR data were acquired, is governed by a dissociation
constant of KD ,3mM (Fig. 8B). For V76, an additional
13 Hz 15N line broadening is observed at the midpoint of
the titration relative to the endpoints (Fig. 8A), which,
using standard equations for two-site exchange, indicates
an exchange rate kex<104 s-1.

Recently solved channel structures have established
that the filter is electrostatically driven to adopt an
alternative conformation in the absence of K+, and
that residue V76 is most affected by this change (Zhou

et al. 2001; Zhou and MacKinnon 2003). Furthermore,
comparable KD values for K+ high-affinity sites have
been reported in previous physiological (LeMasurier
et al. 2001) and structural (Zhou and MacKinnon 2003)
titration studies. Therefore, our NMR results strongly
suggest that the functionality of the channel is preserved
in SDS micelles.

pH-induced changes in KcsA

KcsA exhibits pH-dependent gating, shifting to the open
state in bilayers when its cytoplasmic face is exposed to
pH values below ,5 (Cuello et al. 1998; Heginbotham
et al. 1999). It is therefore interesting to follow pH-in-
duced changes in KcsA chemical shifts in an attempt
to account for this gating mechanism on the molecular
level. The KcsA backbone chemical shifts were reas-
signed for samples in 20 mM Tris (pH 8.0) buffer and
compared with values observed in 25 mMMES (pH 6.0).
Weighted chemical shift deviations (D=sqrt((dH)

2+(dN/
5)2)) in the tr-HSQC spectra are summarized in Figure 9.
Most changes in chemical shift found in the C-terminal
cytoplasmic domain can be attributed to local electrostatic
effects of charged residues affected by the pH change. An
important exception in this regard is the change observed
for residues 114–117 at the cytoplasmic end of the TM2
helix. Equally interesting are the smaller, yet significant
chemical shift changes in the KcsATM domain, despite its
being sheltered from the macroscopic environment by the
SDS micelle. Notably, these changes cluster in the TM1
helix; of the eight residues exhibiting the largest chemical
shift changes (>0.07 ppm), and which are unaffected by
local electrostatic effects, six are located in this domain.
Residue T75 of the selectivity filter shows considerable

Figure 7. Structural representation of detergent-protein NOE magnetization transfer. The results of the intermolecular NOE

experiments for inversion of C2H2 protons (A), C3–11H2 protons (B), and C12H3 protons (C) are mapped upon the crystal

structure of residues 23–119 of KcsA (Doyle et al. 1998). Only two diametrically opposed subunits of the tetramer are shown for

clarity. Residues colored red to green represent a gradual scale of weakening intermolecular interactions.
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pH-induced chemical shift change as well. In both KcsAE

and KcsATM, the changes in backbone 13C chemical shifts
are relatively small, exhibiting RMS values of 0.2 and 0.1
ppm, respectively. The small nature of the chemical shift
changes indicates that the KcsA time-averaged structure
undergoes minimal change in the range of pH values
studied.

Discussion

Large membrane proteins pose great difficulties for
high-resolution NMR methods. Stringent demands are
placed upon sample stability and global tumbling times,
requiring extensive optimization of sample conditions.
Because of the necessity for solubilization of the protein
by detergent, correlation times are increased beyond

those expected for the naked protein, making the acqui-
sition of triple-resonance spectra a challenging and time-
consuming process. The protein of interest in this work,
KcsA, presents attractive features as a target for struc-
tural studies, because as a heat-resistant homotetramer,
its spectra are considerably simplified relative to single-
chain proteins of the same size. On the other hand, it
is also mostly helical, representing a class of proteins
that typically exhibits less chemical shift dispersion and
which often proves more difficult to NMR. In this work,
we have shown backbone assignment to be possible for
tetrameric KcsA in SDS micelles at 323 K, providing a
stepping stone to study its structure and dynamics under
different conditions, as well as its interaction with deter-
gent molecules.

Comparison with KcsA structures

A comparison of our secondary chemical shift, amide
proton NOE connectivities, and hydrogen-exchange
NMR data with the crystal structure reported for residues
23–119 of KcsA (Doyle et al. 1998) reveals excellent
agreement. The three previously identified structural ele-
ments of KcsA, the TM1, pore, and TM2 helices are
located in the crystal structure at residues 27–51, 62–74,
and 86–112. NMR Ca secondary chemical shifts identify
these structural elements at residues 31–52, 62–73, and
86–115, respectively. The R27AAGA31 segment preceding
the TM1 helix shows slow HX rates and strong sequential
amide NOEs, suggestive of a helical conformation for this
region too. Ala and Gly residues within the transmem-
brane helices tend to have smaller 13C secondary chemi-
cal shifts than other residues, possibly accounting for the
modest secondary chemical shifts seen in this region.
The unusually elevated apparent HX rate of residue
T112 is likely to be an artifact resulting from OH-
mediated intraresidue NOE attenuation.

The cytoplasmic N- and C-terminal segments of KcsA
represent obvious putative sites for binding cellular fac-
tors that regulate channel opening. Therefore, structural
elements in these regions are of great interest, particu-
larly since previously they were removed in order to
obtain sufficiently diffracting crystals. In a site-directed
spin-labeling (SDSL) study of full-length KcsA (residues
1–160) in liposomes (Cortes et al. 2001), N-terminal
residues (1–20) were found to form a helix that enters
the membrane at residues 15–16 and is linked by a dis-
ordered loop of 5–6 residues to the TM1 domain. In our
study, both secondary shifts and HX rates suggest that
residues 16–19 form a helical turn, whereas the following
residues are disordered. We conclude, therefore, that the
helical character of native KcsA residues is preserved in
our shorter construct. In contrast, SDSL and NMR data
provide conflicting views regarding secondary structure

Figure 8. K+-titration of the KcsA channel in SDS micelles. (A)

Region of the 1H-15N-tr-HSQC spectrum of tetrameric KcsA in 200

mM SDS and 25 mM MES (pH 6.0) in 99% D2O acquired on a

DRX800 spectrometer at 323 K. Spectra at 0, 1, 3, and 7 mM KCl

are shown in blue, green, yellow, and red, respectively. Residues A73,

T75, and V76 of the selectivity filter and its environment (red labels)

exhibit chemical shift changes, while other residues (black labels) are

unaffected by the change in K+ concentration. (B) Titration curve

following the chemical shift of the V76 backbone 15N, which exhibits

the largest K+-induced change. The best fitted curve assuming (to a

first-order approximation) a bimolecular reaction between tetrameric

channel and K+ ion corresponds to a KD of 36 0.5 mM.
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in the C-terminal domain. The spin-labeling study
predicts the C-terminal region to contain two helical
stretches, spanning residues 129–148 and 154–160,
whereas our NMR data locate a single C-terminal helix
at residues 142–155, and residues 124–137 and 156–160
appear to lack any significant structure. Notably, the
SDSL study was performed at low pH (,4) and in
liposomes, rather than a strongly anionic detergent. A
recent study established structural differences between
KcsA solubilized in native-like membranes and deter-
gents (Encinar et al. 2005). Nevertheless, it is noteworthy
that the sequence of the helical segment proposed in our
NMR results is amphiphilic, making it conducive to the
formation of a tetrameric helical bundle. In this assem-
bly, residues L144, F148, L151, M154, and L155 would
create the hydrophobic surface of the helix facing inward
to the fourfold symmetry axis. R147 is the only residue
opposing such an arrangement, but it is conceivable that
with moderate distortions in the helices, its relatively
long side chain allows the guanidino group to reach the
solvent. The opposite face of the helix is rich in charged
Asp and Arg residues, which could stabilize this region
in the aqueous environment. Although we cannot unam-
biguously establish the presence of a tetrameric arrange-
ment for the C-terminal helix from the data at hand,
we would expect lower transverse 15N relaxation rates
than observed for this helix and the unstructured
region preceding the helix if it were monomeric. There-
fore, our results appear more compatible with at least
partial occupation of a parallel four-helical bundle
arrangement.

Residue-specific modulation of secondary chemical
shifts in the membrane environment

With the increasing available volume of backbone 13C
chemical shift data for proteins, secondary chemical
shifts are a primary source of structural information
used in numerous structure determination algorithms
(Kuszewski et al. 1995; Cornilescu et al. 1999; Wishart
2001). However, data on the behavior of chemical shifts
in membrane proteins lags behind the abundant in-
formation available for their soluble counterparts. The
backbone assignment of KcsA helps to address this
paucity of data. Although based upon limited data (a
total of 60 residues), a characteristic pattern of residue-
specific secondary shift magnitudes appears evident.
This is best appreciated by comparing 13Ca chemical
shifts in the three buried KcsA helices to average helical
values (as opposed to random coil values) (Zhang et al.
2003). Analysis shows that the largest deviations are
observed for the b-OH-substituted residues Ser (3) and
Thr (4), averaging downfield shifts of 2.4 and 1.2 ppm,
respectively, and the b-branched residues Ile (2) and Val
(12), averaging downfield shifts of 1.6 and 0.9 ppm (the
number of averaged residues appears in parentheses).
Similar effects are observed when analyzing the chemical
shifts of the transmembrane helical residues in diacylgly-
cerol kinase (DAGK) (Oxenoid et al. 2004).

Notably, the four amino acids whose chemical shifts
are most affected in membrane helices also experience
the largest downfield shift when moving from random
coil to helical conformation (Zhang et al. 2003). This

Figure 9. pH-induced changes in KcsA backbone chemical shifts. Chemical shifts of the 1H-15N backbone moiety at pH 6.0 and

8.0 are compared. The y-axis represents a weighted change in chemical shift D, defined as D=sqrt[(dH)
2 +(dN/5)

2], with dH and

dN representing the changes in chemical shift of amide 1H and 15N, respectively, between the two pH values. Experimental

uncertainty in D is #0.01 ppm. Overhead triangular markers designate residues with pH-dependent electrostatic characteristics

that may exert a local effect upon chemical shift. Dark triangles represent His residues (excluding the first five residues of the

His6 tag), and open triangles represent the acidic residues Asp and Glu. While the pKa of the acidic residues is below five, this

value may be elevated by the negatively charged headgroups of SDS, a possibility supported by the correlation between chemical

shift change in the C-terminal domain and the location of these residues. Of the residues lacking a His/Asp/Glu neighbor,

residues F114 and V115 represent the largest observed chemical shift change.
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suggests that the lipophilic environment is amplifying
effects exerted upon helices in soluble proteins as well.
Formation of hydrogen bonds between b-OH groups
and the carbonyl in the preceding turn of the helix is
favored in both aqueous (Gray and Matthews 1984) and
membrane-spanning (Chamberlain and Bowie 2004) a-
helices. We propose that as this interaction becomes
more dominant in the lipophilic environment, the result-
ing equilibrium shift accentuates the “helicity effect” and
accounts for the larger downfield deviation observed.
This consideration also correctly predicts a more pro-
nounced effect upon Ser compared with Thr residues.
Since the Ser side chain, lacking the b-substituent, would
have more conformational freedom prior to the forma-
tion of the b-OH hydrogen bond, the relative effect of
the hydrophobic environment upon its chemical shift
would be greater.

Cross-relaxation effects and structural characterization
of SDS–KcsA mixed micelles

Detergents and lipids are an inseparable part ofmembrane
protein structure. Previous structural studies have focused
upon this key participant in the membrane protein assem-
bly by monitoring the appearance of NOESY cross-peaks
between various detergent andprotein protons (Fernández
et al. 2002; Rooslid et al. 2005), the relaxation-enhanc-
ing effects of spin-labeled detergent molecules (Hilty et al.
2004), or estimating detergent–protein cross-relaxation
(Ulmer and Bax 2005). Here, we study the assembly of
SDS molecules around the KcsA tetramer by following
the attenuation of amide proton signals resulting from an
inversion of specific detergent proton populations. The
slow NOE buildup between SDS and KcsA implies that
while effective correlation times tint for the SDS–KcsA
interaction are longer than the vtint =1 limit (tint >200
psec), they aremuch shorter than the overall tumbling time
of the KcsA-containing micelle. Notably, the NMR spec-
trum shows narrowSDS resonances, with relaxation prop-
erties not measurably affected by the KcsA, indicative
of rapid exchange between monomeric SDS, free SDS
micelles, and KcsA-containing micelles. The detergent
must therefore be treated as a highly fluid medium, and
NOE attenuations are a function of both the occupancy
and residence time of detergent at the protein interface. In
contrast, intraprotein NOEs between amide protons are
governed by the long protein tC and build up far more
rapidly, particularly in helical domains, and result in spin
diffusion. The slow SDS–KcsA NOE buildup makes the
use of short mixing times (#20 msec) that would avoid
such spin diffusion impractical. Intraprotein NOEs ac-
count for the comparable attenuation observed for the
two TM domains. Although the “inner” helix (TM2) is
less exposed to the environment, one in every three to four

residues does interact with detergent protons, and the
attenuation then rapidly propagates by spin diffusion in
the slow tumbling KcsATM domain. Since the relation tint
<< tC generally holds for large membrane proteins, pro-
tein–detergentNOESmaybe better suited formapping the
exposure of protein segments, rather than particular resi-
dues, to detergent.

Despite these limitations, a clear structural picture
emerges from our results. The data in Figure 7 can be ex-
plained by a population of SDS molecules oriented
parallel (or antiparallel) to the TM helices, “hugging” the
surface of the membrane-spanning domains. This would
account for the observed distribution of C2H2 - and C12H3

-induced attenuations along the TM domains. In fast
exchange with this population must be additional SDS
molecules oriented perpendicularly to the channel fourfold
axis, with their hydrophobic tails contacting KcsA, since
two SDS molecules fail to span the entire membrane
(Fig. 10). In this hemitoroidal arrangement, the micelle
optimally covers the surface of KcsA, while the interface
between the hydrophobic detergentmolecules and the aque-
ous environment is minimized. To relate this macromo-
lecular assembly with the physical parameters of KcsA, we
model the channel as an open-ended cone, with a height of
34 Å and base diameters of 47 Å and 25 Å for the extra-
cellular and cytoplasmic sides, respectively. These dimen-
sions include an additional 2 Å on either side of the
backbone to account for the spatial requirements of the
hydrophobic side chains. Assuming the SDS hydrocarbon

Figure 10. Assembly of the KcsA-containing SDS micelle as suggested

by cross-relaxation attenuation maps. Shown is a cross-section through

the KcsA-containing SDS micelle defined by the pore helices of two

diametrically opposed KcsA subunits. The TM1 (residues 27–51), TM2

(residues 86–112), and pore helices (residues 62–74, numbers not

shown) of the emphasized subunits are shown in light blue, purple,

and pink, respectively. The distant subunit is shown in gray, and the

front subunit is omitted for clarity. SDS molecules (drawn to scale) are

black, with the anionic head groups represented by large open circles,

and the C2 and C12 carbons highlighted as filled squares and circles,

respectively. Attenuation originating from inversion of C12 protons is

most significant for KcsA residues at the center of the TM1 and TM2

helices, and the C-terminal end of the pore helix. Attenuation originat-

ing from inversion of C2 protons is most pronounced for residues of the

pore helix and for residues at both ends of the TM helices.
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chains occupy a cylinder 16 Å long and with a 4.3 Å
diameter, we calculate that ,190 SDS molecules are
required to fulfill the hydrophobic requirements of KcsA,
and estimate the total micellar molecular weight at ,122
kDa. This number agrees well with the results of DLS
measurements, which predict a molecular weight of
1156 10 kDa, as well as the KcsATM correlation time of
40 nsec at 323K, which corresponds to amolecular weight
of ,120 kDa.

Conformational changes associated with gating in KcsA

The pH dependence of ion conductance through the
potassium channel has been a heatedly debated subject
in recent years (Cuello et al. 1998; Heginbotham et al.
1999; Zakharian and Reusch 2004). The biological sig-
nificance of a pH-gating mechanism is not clear, in view
of the fact that intracellular pH must be closely controlled
(Corvini et al. 2000). It is assumed that the pH change
mimics the action of a cellular effector, which binds to the
cytoplasmic domain of the channel. Since KcsATM is
devoid of residues with pH-dependent electrostatic char-
acteristics, and presumably insulated by the hydrophobic
interior of the micelle from the macroscopic pH, changes
in chemical shift clustered in the TM1 helix may reflect
structural differences between high- and low-pH states of
the channel. Notably, some—but not all—of the changes
observed when moving from pH 8 to pH 6 are echoed in
the KCl-titration. This suggests the K+- and pH-induced
changes in KcsATM and the selectivity filter may be
structurally related.

Because of their unique side-chain pKa, histidine resi-
dues are often involved in pH-dependent conformational
changes. The crystal structure of KcsA23–119 (Doyle et al.
1998) suggests a single possible long-range histidine inter-
action, residue H25, which precedes the TM1 domain
packing against residues 114–118 at the base of the
TM2 helix of the adjacent subunit. This segment has
been postulated to represent a binding site for cellular
modulators of channel activity (Cortes et al. 2001).
Indeed, chemical shift changes in this segment represent
the only effect observed in the C-terminal region unac-
counted for by local electrostatic changes. The NMR data
suggest that conformational changes at the convergence
of the four subunits could be propagated to the TM1
helix and influence the flux of K+ ions through the chan-
nel by a mechanism yet to be uncovered. Although chemi-
cal shift changes in TM1 are not consistent with a
large-scale conformational change in KcsA, it should be
noted that we have not monitored these changes at lower
pH values, since SDS-solubilized tetrameric KcsA loses
its thermostability at such conditions. Chemical shift
changes at pH 6 may therefore reflect only a small altera-
tion in the equilibrium between two channel states, merely

hinting at the magnitude of the effect expected when the
channel moves to a fully open state.

Materials and methods

Expression and purification of KcsA

The forward primer 5¢-CACCCATATGCATCATCATCATC
ATCATCTTCTG-GGCCGTCACGG and reverse primer
5¢-GGATCCTCATTATTAACGACGGTTATC-GTCAAGC
ATACGTTCCAGACGG were used to amplify the region
encoding amino acids 16–160 of KcsA (sequence numbering
follows Doyle et al. 1998) and cloned into pET100/D-TOPO
vector (Invitrogen). Subsequently, the insert was isolated by
digestion with NdeI and BamHI restriction endonucleases and
cloned into pET11a vector (Novagen). The resulting construct
containing a 6-histidine tag preceding the N terminus of
KcsA16–160 was verified both by DNA sequencing and mass
spectrometry.

Expression of KcsA followed general guidelines previously
proposed (Gardner and Kay 1998). OverExpress C41(DE3)
Escherichia coli cells (Avidis) (Miroux and Walker 1996) con-
taining the KcsA plasmid were cultured in a modified M9
medium (Cai et al. 1998) at 37�C until an OD600 of 0.6 was
reached. Cells were then transferred into a D2O-based M9
medium containing 4 g/L 13C-glucose and supplemented with
1 g/L 2H,13C,15N-labeled Isotec medium (Sigma-Aldrich) and
grown to OD600 of 0.8. Isopropylthiogalactoside (IPTG) was
added to a final concentration of 1 mM and shaking was
continued for 16 h at 27�C. For expression of KcsA with
amide protonation in the transmembrane domains (KcsATM),
the D2O-based medium was replaced by a glucose-deficient
H2O-basedM9 medium containing 4–7 g/L 2H,13C,15N-labeled
Isogro medium (Isotec).

Purification of tetrameric KcsA followed the general proto-
col previously outlined by Shimada and coworkers (Takeuchi
et al. 2003) with minor modifications. After harvesting, cells
were lysed by sonication in buffer containing 20 mM Tris (pH
8), 150 mM KCl, 150 mM NaCl, 20 mM imidazole, and 5 mM
benzamidine. KcsA was extracted for 60–90 min at 4�C using
20 mM DM, and the suspension was clarified by centrifuga-
tion. The supernatant was loaded on a Ni++-charged HiTrap
Chelate column (Amersham Biosciences) and eluted using 400
mM imidazole in Tris (pH 8) buffer containing 5 mM DM.
KcsA was concentrated to 1–1.5 mL in a Centriprep YM10
device (Millipore) and fractionated on a size-exclusion column
(Superdex 200 16/60, Amersham Biosciences) equilibrated with
25 mM N-morpholino-ethane-sulfonate (MES) buffer at pH
6.0 (20 mM Tris at pH 8.0 for samples at pH 8) and 10 mM
sodium dodecyl sulfate (SDS). For preparation of samples in
other detergents, KcsA in SDS buffer was pooled and concen-
trated before reloading again on the same size-exclusion col-
umn, equilibrated with appropriate buffer and appropriate
detergent. KcsA in SDS micelles was concentrated using Cen-
triprep and Amicon Ultra devices (Millipore) to volumes of
300–700 mL for NMR measurements.

Sample preparation

NMR measurements were recorded at concentrations of 0.25–
0.35 mM tetrameric KcsA (1.0–1.4 mM monomeric concentra-
tion) in 25 mM MES (pH 6.0) or 20 mM Tris (pH 8.0) and a
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100–200:1 excess of detergent over monomer. Samples with
amide protonation in the solvent-accessible domains (KcsAE)
were prepared in 93% H2O, 7% D2O. Samples with amide
protonation in the transmembrane domains (KcsATM) were
lyophilized once and dissolved in 99.9% D2O.

NMR measurements

All NMR measurements were conducted at 323 K. Sample
stability at elevated temperatures was verified using SDS–poly-
acyrlamide gels and by NMR. Data were collected on DRX600
and DRX800 Bruker spectrometers using cryogenic triple-reso-
nance probeheads equipped with z-axis pulsed field gradients.
Triple resonance, TROSY versions (Salzmann et al. 1998)
of the HNCO, HN(CO)CA, HN(CA)CO, and HNCA experi-
ments for purposes of backbone assignment were carried
out for 2H,13C,15N-labeled KcsAE at 600 MHz field using a
TROSY (tr) block similar to that suggested by Pervushin and
coworkers (Pervushin et al. 1998) optimized for water suppres-
sion on cryoprobes (A. Bax, unpubl.). Triple-resonance experi-
ments were typically acquired with 32–36 complex points and
an acquisition time of 20.2–22.8 msec in the 15N dimension,
and 512 complex points and an acquisition time of 63.2 msec in
the observed dimension. Experiments with 13CO (13Ca) evolu-
tion were acquired with 32–40 complex points and 21.2–26.5
(7–7.5) msec acquisition time. 3D 1H-15N NOESY-HMQC and
15N HMQC-NOESY-HMQC spectra were acquired at 800
MHz field with mixing times of 70–80 (250) msec for KcsATM

(KcsAE) samples, respectively. These were acquired with 40–50
complex points and an acquisition time of 19–23.7 msec in the
15N {F2} dimension, and 512 complex points and an acquisi-
tion time of 45.9 msec in the observed dimension. Experiments
with 1HN (15N) evolution were acquired with 72 (50) complex
points and an acquisition time of 13.6 (23.6) msec. NOESY
experiments utilized a selective E-BURP first 1H pulse to mini-
mize excitation of solvent and detergent protons.
To overcome the poor dispersion of 1H-15N signals for KcsAE,

protein–detergent NOE attenuations and hydrogen-exchange
rates were measured using three-dimensional tr-HNCO-based
experiments. In the case of protein–detergent dipolar interac-
tions, SDS protons were selectively inverted using an IBURP2
sequence (Geen and Freeman 1991) and a 40-msec selective
pulse, and allowed a 50–250 msec mixing time preceding the tr-
HNCO sequence. This was repeated for each of the four distinct
proton chemical shifts in the 1D spectrum of SDS. The SDS-to-
protein NOE effect increases steadily with mixing time, and the
highest signal-to-noise data, collected at 250 msec, were used for
analysis. For estimating hydrogen-exchange rates of SDS-KcsA
in 20 mM Tris (pH 8.0), the H2O protons were selectively
inverted prior to the tr-HNCO sequence, with radiation damp-
ing suppressed using a weak 1 G/cm gradient throughout a mix-
ing time of 25 msec. In all experiments, a reference spectrum,
in which the inversion pulse was replaced by an appropriate
delay, was acquired in interleaved fashion, and care was taken
to purge steady-state 15N magnetization.
K+-titration of KcsA was performed by successively adding

aliquots of a 50 mM KCl solution in 100 mMMES (pH 6.0) in
99.9% D2O to a NMR sample of 0.18 mM tetrameric KcsA
(determined by absorbance at 280 nm) in 200 mM SDS and 25
mM MES (pH 6.0) in 99% D2O. A 1H-15N-tr-HSQC (108
complex points and 50-msec acquisition time in the 15N dimen-
sion, total measurement time of 100 min.) was acquired at K+

concentrations of 0–9 mM on a DRX800 Bruker spectrometer

at 323 K. Peak position for the amide 15N of residue V76 was
used to estimate the K+-binding constant.

Data analysis

In all NMR experiments, FIDs were weighted by sine square
and sine functions (both shifted 72� and truncated at 168�), in
acquisition and evolution dimensions, respectively, and Four-
ier transformed. All spectra were processed and examined
using the NMRPipe/NMRDraw software package (Delaglio
et al. 1995). Backbone assignment was performed with the aid
of in-house scripts. The dipolar interaction between protein
and detergent protons was qualitatively assessed using the
ratio of tr-HNCO peaks in the interleaved inversion and refer-
ence spectra. Solvent exchange rates for amide protons were
estimated in a similar fashion, and this intensity ratio was used
to calculate exchange rates assuming a mono-exponential
recovery curve.

CD measurements

CD spectra of KcsA (at 25 mM monomeric concentration)
were recorded in various buffer/detergent mixtures on a
JASCO J-700 spectropolarimeter using a 0.05-cm path length
cell at 25�C. Quantitative evaluation of secondary structure
from the CD spectrum was carried out using the program
CDNN (www.bioinformatik.bio-chemtech.uni-halle.de/cd_
spect/index.html).

Dynamic light scattering measurements

Light scattering data were obtained using an analytical Super-
dex-200 column 10/30 (Amersham Biosciences) with in-line
multiangle light scattering (DAWN EOS, Wyatt Technology,
Inc.) and refractive index detectors (OPTILAB DSP, Wyatt
Technology, Inc.) and processed using the Astra V 5.1.3.0
software. Samples of 150–300 mg of protein in 125 mL of either
20 mM Tris-HCl (pH 8) or 25 mM sodium phosphate (pH 6)
containing 10 mM SDS were applied to the pre-equilibrated
S200 column running at a flow rate of 0.5 mL/min at room
temperature and eluted with the same buffer.
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