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Abstract The lack of a membrane environment in membrane
protein crystals is considered one of the major limiting factors
to fully imply X-ray structural data to explain functional proper-
ties of ion channels [Gulbis, J.M. and Doyle, D. (2004) Curr.
Opin. Struct. Biol. 14, 440–446]. Here, we provide infrared spec-
troscopic evidence that the structure and stability of the potas-
sium channel KcsA and its chymotryptic derivative 1–125
KcsA reconstituted into native-like membranes differ from those
exhibited by these proteins in detergent solution, the latter taken
as an approximation of the mixed detergent-protein crystal con-
ditions.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The use of high resolution electrophysiological techniques to

study ion channels has provided a wealth of information on

functional aspects of these important membrane proteins. It

has only been recently that such functional information is

accompanied by structural knowledge, as several prokaryotic

homologues of mammalian ion channels have been purified,

crystallized and their structure solved at high resolution (re-

viewed in [1,2]). Potassium channels have benefited the most

from those studies, as the majority of the structures solved be-

long to this superfamily of ion channels [3–6].

An important application of that knowledge is to use the

solved structures to explain fundamental functional properties

of these prokaryotic ion channels (such as their gating, ion per-

meation or selectivity), as well as those exhibited by their phys-
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DDM, Dodecyl b-DD-maltoside; FT-IR, Fourier transform-infrared
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iologically more relevant but structurally ill-defined

mammalian homologues. This, however, is not exempt of lim-

itations for several reasons. First, essentially static information

(the crystallographic data) is used to explain processes of a dy-

namic nature (for instance, conformational transitions be-

tween closed and open channel states). Second, because

highly mobile protein segments are present in these channels,

specific antibodies or Fab fragments are frequently used to

immobilize them and favor crystallization and structural reso-

lution. This, as MacKinnon himself recognizes [5], might alter

the channel structure to a point in which the X-ray data could

depart from being an accurate representation of the native

conformation. Lastly, the solved structures came from mixed

detergent-protein crystals in which the channels are devoid

of their native membrane environment, which likely modulates

both their structure and function [7,8]. These issues have been

recently reviewed [9] and are probably behind the reasons for

discrepancies, such as that on the mode of action of the voltage

sensor in voltage-dependent potassium channels, which is

extensively publicized [10–12].

Here, we report on low resolution, spectroscopic studies on

the structural differences exhibited by KcsA, the first potas-

sium channel whose high resolution structure was solved [3],

in detergent solution and reconstituted into membranes. We

chose such experimental systems because the detergent solu-

tion of the purified protein might be the closest experimental

system in solution mimicking the mixed detergent-protein crys-

tals used in the X-ray studies. Likewise, reconstitution into a

lipid bilayer imitates the channel�s native, membrane-bound

form. Our results illustrate how just one of the variables com-

mented above, the presence of a native-like membrane envi-

ronment, determines that the structure adopted by the

channel protein departs significantly from those observed in

the crystal-mimicking conditions (detergent solution).
2. Materials and methods

2.1. Protein expression and purification
Expression of the wild-type KcsA protein with an added N-terminal

hexahistine tag in Escherichia coli M15 (pRep4) cells and its purifica-
tion by affinity chromatography on a Ni2+-NTA agarose column
was carried out as reported [13]. The final buffer used with the purified
protein was 20 mM HEPES, pH 7.0, containing 100 mM KCl and
1 mM dodecyl b-DD-maltoside (DDM).
1–125 KcsA was prepared by chymotrypsin hydrolysis of wild-type

KcsA and characterized by MALDI tryptic-peptide mass fingerprint-
ing [13].
blished by Elsevier B.V. All rights reserved.
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Fig. 1. Structural models for KcsA. (A) represents the 23–119
transmembrane segment of the tetrameric KcsA based on the original
X-ray structure (PDB 1BL8) reported by MacKinnon�s group from 1
to 125 KcsA crystals [3]. (B) shows a model for the full-length protein
derived from using the a-carbon trace of KcsA (PDB 1F6G) reported
by Perozo�s group [19] as a template, followed by optimization of the
resulting structure, as reported earlier [13]. The N- and C-termini have
been indicated in the subunit drawn in blue.
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2.2. Reconstitution of proteins into asolectin lipid vesicles
Large unilamellar vesicles of asolectin (soybean lipids, type II-S,

Sigma) were prepared at 25 mg/ml in 10 mM HEPES, pH 7.0,
100 mM KCl (reconstitution buffer) and stored in liquid N2 [14] . Puri-
fied DDM-solubilized protein was mixed with the above asolectin ves-
icles previously resolubilized in 3 mM DDM, at a lipid:protein subunit
molar ratio of 2000:1, for 2 h. Reconstituted liposomes were formed by
removing the detergent by gel filtration on Sephadex G-50 (fine, 15–
20 ml bed volume), previously swollen overnight in buffer without
detergent. The detergent-solubilized lipid/protein mixture (2 ml) was
loaded on top of the column, and the reconstituted liposomes were
eluted in the void volume. The protein-containing reconstituted frac-
tions were pooled and centrifuged for 30 min at 300000 · g. The pellet
was suspended into 1 ml of reconstitution buffer, divided into 100 lg
aliquots and stored in liquid N2 [13].

2.3. Fourier transform-infrared spectroscopy
For infrared amide I 0 band recordings from detergent-solubilized

KcsA samples, aliquots of KcsA in 10 mMHEPES, pH 7.0, containing
100 mM KCl and 1 mM DDM were washed twice with 2 ml of 1 mM
HEPES, pH 7.0, 10 mM KCl, 1 mM DDM and its volume reduced to
about 200 ll by filtration on Vivaspin concentrators (5000 MW cut off;
Vivascience). The concentrated samples were dehydrated in a speed-
vac Savant rotary evaporator and resuspended in 20 ll of D2O to
avoid the interference of H2O infrared absorbance (1645 cm�1). The
samples of KcsA reconstituted into asolectin vesicles were submitted
to al least two centrifugation–resuspension cycles in D2O buffers of
identical saline composition as those in H2O.
The resulting samples from either detergent-solubilized or reconsti-

tuted KcsA were placed into a liquid demountable cell equipped with
CaF2 windows and 50-lm thick Mylar spacers and maintained at room
temperature for approximately 3 h to reach equilibrium [15]. The final
amount of protein in the spectrometer cell was approximately 400 lg
for each sample.
Infrared spectra were taken in triplicate (600 spectral scans) in a Bru-

ker IF66s instrument equipped with a DTGS detector. Buffer contribu-
tion was subtracted from the individual spectra and spectral noise was
reduced as described previously [16]. The protein secondary structure
was estimated from the IR spectra by decomposition of the amide I 0

band into its spectral components [17].
For temperature-dependent studies, the samples were submitted to

heating cycles at each at the indicated temperatures. Each step in such
heating cycles include (i) a step-like increase in temperature, (ii) an sta-
bilization period of the sample (or plain buffer) in the IR cell at each
temperature and (iii) a period of spectral acquisition. The duration
of a complete heating cycle was of approximately 2.5 h.
3. Results and discussion

KcsA from Streptomyces lividans is a relatively simple mem-

ber of the potassium channel superfamily [18]. The ease of het-

erologous expression of KcsA in E. coli, its resistance to harsh

experimental conditions and its purification in large quantities

allowed for its crystallization and structure determination

using X-ray diffraction methods [3]. KcsA is a homotetramer

in which each subunit is made up of 160 amino acids defining

two transmembrane a-helical segments (Fig. 1) connected by a

pore region that contains an additional short a-helix and an

ion selectivity filter homologous to the more complex eukary-

otic potassium channels. The transmembrane segment M2,

nearest to the C-terminal, contributes to line the pore, while

the one closest to the N-terminal, M1, is exposed to the mem-

brane bilayer [3]. Additionally, the N- and C-termini are in-

cluded in two cytoplasmic domains, rich in charged or polar

amino acids. These domains were not solved in the crystal

structure, which accounted only for the membrane-inserted

23–119 amino acids in the KcsA sequence. Nevertheless, elec-

tron spin resonance studies predicted that such domains con-
tribute additional a-helical motifs to the protein and form a

fenestrated ‘‘hanging basket’’-like structure underneath the

membrane [19] (Fig. 1).

Fig. 2 shows infrared amide I 0 bands of both, detergent-solu-

bilized andmembrane reconstitutedKcsA samples. The amide I

band (called amide I 0 when taken in aD2Omedia) comprises the

1600–1700 cm�1 spectral region and results primarily from

stretching vibrations of C‚O groups in peptide bonds [20].

The exact frequencies of such vibrations depend on the nature

of the hydrogen bonding involving the C‚O groups, which in

turn, is determined by the particular secondary structure

adopted by the protein [21]. Thus, the amide I band contour rep-

resents the composition of overlapping spectral components of

characteristic frequencies, which are assigned in H2O and in

D2O to different secondary structural motifs in both soluble

and membrane-bound proteins [22]. In agreement with the

abundance of a-helix in the protein�s crystal structure, the amide

I 0 band of the wild-type, 1–160 KcsA in detergent solution

(Fig. 2A) is clearly centred at 1655 cm�1, indicating that helical

structures are indeed predominant under those conditions.

Upon reconstitution into the asolectin lipids (Fig. 2B), however,

a shoulder at 1630 cm�1 becomes more prominent, indicating

that the protein in the membrane-bound form increases its b-
sheet contents. Quantitative estimates on the protein�s second-
ary structure were obtained by decomposition of the amide I 0

band into its spectral components [17] and confirm that indeed,

the changes in spectral shape between detergent-solubilized and

membrane-reconstituted samples are primarily due to an in-

crease in the latter of the b-sheet spectral component at

1631 cm�1 (Fig. 2C). Previous reports using the full-length pro-

tein in transmission and attenuated total reflectance Fourier



Fig. 2. Representative amide I 0 band profiles in the infrared spectra of DDM-solubilized (A) and asolectin-reconstituted (B) wild-type KcsA, and
DDM-solubilized (D) and asolectin-reconstituted (E) 1–125 KcsA. All panels include (i) the recorded amide I 0 band spectral envelope (continuous
line), (ii) the component bands obtained by decomposition of the amide I 0 band [17] and (iii) the reconstruction of the amide I 0 band from the
observed spectral components (dashed line). Band assignments are: 1657 cm�1 to a-helix; 1665 and 1690 cm�1 to b-turns; 1631 and 1625 cm�1 to
intramolecular and intermolecular vibrations of b-sheets, respectively; 1644 cm�1 to non-ordered conformations, including open loops [31]. Panels C
and F show, respectively, the estimated secondary structural elements (in percentages) for the wild-type (C) and 1–125 KcsA (F) in the detergent-
solubilized (open bars) and membrane-reconstituted (closed bars) forms. Results in the latter panels are given as means ± S.E., n = 3.
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transform-infrared spectroscopy (FT-IR) experiments yield

comparable secondary structure estimates, but did not show

any significant differences between detergent-solubilized and

membrane reconstituted samples [15,23].
Fig. 2D, E and F show experiments similar to the above, but

obtained with the 1–125 KcsA chymotryptic derivative, the ac-

tual protein from which the X-ray crystals were made [3]. The

a-helical spectral component at 1657 cm�1 in the detergent-
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solubilized 1–125 KcsA (Fig. 2D) is even more conspicuous

than in the wild-type protein, suggesting that the a-helical con-
tents in the transmembrane region of the protein is higher than

that in the whole 1–160 protein sequence. Again, a shoulder at

approximately 1630 cm�1 is detected upon membrane reconsti-

tution of the 1–125 KcsA protein (Fig. 2E) although now spec-

tral shape differences between the detergent-solubilized and

membrane-bound forms are not as large as they were in the

wild-type protein. This indicates that the overall structural

rearrangement seen in the wild-type protein upon reconstitu-

tion includes events within the 1–125 sequence which contain

the predominantly transmembrane region and the N-terminal

cytoplasmic domain. Estimates of the secondary structure in

the detergent-solubilized and reconstituted 1–125 KcsA sug-

gest that the observed spectral shape differences came now

mainly from comparable alteration of both, b-structure
(1630 cm�1) and non-ordered (1644 cm�1) spectral compo-

nents (Fig. 2F).

The amide II band in a protein�s infrared spectrum (centred

at 1547 cm�1) results primarily from NH bending vibrations in

the peptide backbone [22,24]. Its residual intensity remaining

after extensive D2O exchange arises from non-exchangeable

NH groups and therefore, it reports on the inaccessibility of

the protein core to the solvent due to tertiary structure. In this

respect we found that the residual amide II band (normalized

to the amide I 0 band intensity to correct for possible differences

in protein concentration) from the 1–125 KcsA samples were

always more intense that those from wild-type 1–160 KcsA,

suggesting that the more a-helical 1–125 protein, having a

higher relative contents of transmembrane components, is less

accessible to the deuterium exchange than its wild-type coun-

terpart (not shown). Additionally, the rate and extent at which

the residual amide II band disappears during thermal denatur-

ation of a protein (as the non-accessible NH protons in the na-

tive protein become now exposed) (Fig. 3A) have been taken as

an indication of the temperature-induced loss of tertiary con-

tacts [25], which usually occurs at temperatures well below that

corresponding to the loss of the protein secondary structure.

Fig. 3B illustrates the loss of the residual amide II band as
Fig. 3. Analysis of the residual amide II infrared band of KcsA. (A) illustra
region in a reconstituted, wild-type KcsA sample. (B) shows the loss of the 15
(s) and asolectin reconstituted (d) wild-type KcsA samples, as well as those
1–125 KcsA. Data are expressed as the differential absorbance value resulting f
from those obtained as the temperature is increased. Three different series of
the temperature is increased in experiments using detergent-

solubilized and membrane-bound forms of both, wild-type

and 1–125 KcsA. It is observed that the 1–125 KcsA exchanges

deuterium as efficiently in the detergent-solubilized and recon-

stituted forms, suggesting that the protein�s tertiary structure is
similarly compact in the two environments provided. This

seems not to be the case, however, for the wild-type KcsA pro-

tein which exchanges somewhat more efficiently in the mem-

brane-bound than in the detergent-solubilized form, thus,

suggesting that the 126–160 protein segment becomes more

accessible to the solvent upon reconstitution into membranes.

Such an enhanced solvent accessibility and loss of tertiary con-

tacts occur with no apparent cooperativity and at temperatures

lower than those corresponding to the loss of secondary struc-

ture, as monitored by the temperature dependence of the

amide I 0 band described below.

The thermal dependence of the amide I 0 band (Fig. 4A) has

been used to assess the stability of the protein secondary struc-

ture. Thermal denaturation results in amide I 0 band widening

and other spectral changes, including the appearance of

components at 1620 and 1684 cm�1, which are related to

aggregation of thermally denatured proteins [26]. KcsA is

remarkably stable in all cases and temperatures above 100 �C
are needed for thermal denaturation. Fig. 4B shows that the

secondary structure of the 1–125 KcsA protein is similarly sta-

ble in the detergent-solubilized or membrane-reconstituted

forms. In either condition, this protein exhibits a midpoint

temperature for the thermal denaturation process around

109 �C. On the other hand, the wild-type KcsA in the deter-

gent-solubilized form is more stable than the 1–125 KcsA in

either of the two conditions from above, and shows a midpoint

temperature for the denaturation process at approximately

113 �C. Such increased stability, which seems partly attribut-

able to the 126–160 protein segment present in the wild-type

KcsA, is even further increased upon reconstitution, in which

the midpoint denaturation temperature reaches values as high

as 117 �C. This suggests that it is not only the presence of the

126–160 segment, but also the different environment provided

by the reconstituted membrane, what confers increased
tes the temperature-dependent changes in the 1570–1520 cm�1 infrared
47 cm�1 absorbance maximum with temperature for DDM-solubilized
corresponding to DDM-solubilized (,) and asolectin reconstituted (.)
rom subtracting the amide II band taken at 20 �C in each of the samples
samples were used in these studies yielding essentially identical results.



Fig. 4. Temperature dependence of the amide I 0 band of KcsA. (A) illustrates the temperature-dependent changes in a wild-type KcsA reconstituted
sample taken as an example. Temperatures of spectral acquisition are indicated. (B) shows the temperature dependence of the spectral changes seen in
all samples in terms of the normalized 1620–1654 cm�1 absorbance ratio. Numbers within the panel indicate the estimated midpoint temperatures for
thermal denaturation of the proteins in the different experimental conditions. Symbols are: DDM-solubilized (s) and reconstituted wild-type KcsA
(d); DDM-solubilized (,) and reconstituted 1–125 KcsA (.). Error bars from three different experiments are smaller than the size of the symbols
used in the drawing.
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thermal stability to the wild-type protein secondary structure.

Previous SDS–PAGE studies on thermally induced

dissociation into subunits of the tetrameric KcsA [13,27,28]

did not clearly established a stabilizing role for the 126–160

protein segment, but definitively identified the lipids also as

stabilizers of the tetrameric assembly in both, wild type and

1–125 KcsA [13].

In summary, we have used the wild-type and the 1–125 chy-

motryptic derivative of KcsA to illustrate how important fea-

tures of these proteins such as their secondary structure,

accessibility to the solvent and thermal stability become altered

under experimental conditions trying to imitate crystal-like or

native-like environments. The reasons for structural alteration

in the different experimental conditions (protein crystals, deter-

gent solutions, reconstituted membranes and so on) are likely

to be found both, in specific interactions with specific compo-

nents present in some of the experimental systems under study

(protein-lipid interactions in membranes or antibody interac-

tions in the mixed detergent-protein crystals), as well as in

the different packing constrains imposed or in the need for

shielding exposed hydrophobic residues. These latter aspects

might be particularly important in this case as it is known that

the hydrophobic thickness of the transmembrane portion of

KcsA is about 37 Å, while that of a typical biological mem-

brane is about 27 Å [29]. In spite of such differences, KcsA is

known to maintain an efficient hydrophobic matching when

reconstituted into bilayers with very different chain lengths

[30] and thus, it is expected that the tilt angle of the transmem-

brane helices of KcsA, which is about 25� with respect to the

normal to the membrane in the crystal structure, increases

much further when membrane-bound to accommodate to the

bilayer thickness. Such an increased tilting and the resulting

stretch imposed on the protein might partly be responsible

for the differences observed here in protein structure and

stability. Circumstances such as the above might also be appli-

cable to other membrane proteins besides KcsA and therefore,

caution must be exercised when trying to rigorously extrapo-

late X-ray high resolution structural data to explain experi-

mental results obtained under physiological-like conditions.
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