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ABSTRACT. Moderate concentrations of the alcohol 2,2,2-trifluoroethanol (TFE) cause the coupled unfolding
and dissociation into subunits of the homotetrameric potassium channel KcsA, in a process that is partially
irreversible when the protein is solubilized in plain dodeggyl-maltoside (DDM) micelles [Barrera et al.
(2005) Biochemistry 4414344-52]. Here we report that the transition from the folded tetramer to the
unfolded monomer becomes completely reversible when KcsA is solubilized in mixed micelles composed
of the detergent DDM and the lipids DOPE (1,2-diolesyglycero-3-phosphoethanolamine) and DOPG
(1,2-dioleoylsn-glycero-3-[phosphaac-(1-glycerol)]). This result suggests that lipids may act as effectors

in the tetramerization of KcsA. The observed reversibility allowed the determination of the standard free
energy of the folding reaction of KcsAAG = 30.5+ 3.1 kcatmol~1. We also observed that, prior to the
unfolding of the tetramer, the presence of lower TFE concentrations causes the disassembly of
supramolecular clusters of KcsA into the individual tetrameric molecules. Within the limits of experimental
resolution, this is also a reversible process, but unlike the tetramer to monomer transition from above, the
level of clustering is not influenced by the presence of solubilized lipids. These observations suggest a
distinct role of the lipids in the different in vitro assembly steps (folding/tetramerization and clustering)
of KcsA.

The study of the folding and stability of integral membrane gesting that in the biologically relevant state, KcsA channels
proteins is the focus of an increasing interest. However, may self-interact tightly. Such interaction becomes much
despite recent progress in the field 2), little is still known weaker in detergent solution and indeed, onli0% of the
about the molecular determinants that drive a nascentchannels remain clustered upon purification as a DBM
hydrophobic polypeptide synthesized in the ribosome to solubilized protein 7).
insert into its target lipid membrane and acquire a folded It has been reported that the KcsA tetramer withstands
conformation and, in some cases, to associate with otherhigh concentrations of the commonly used denaturing agents
biomolecules and form supramolecular complexes. As in the SDS (1 M), urea (7 M), guanidine hydrochloride (8 M), and
case of soluble proteins, relatively simple model proteins are guanidine isothiocyanate (5 M) but that it becomes dissoci-
being used to determine the general principles that governated in the presence of a mixture of 49.5% 2,2,2-trifluoro-
the folding of membrane protein8,(4). One such protein,  ethanol (TFE) and 0.5% trifluoroacetic aci®).(A subsequent
the Streptomycesdidanschannel KcsA %), belongs to the  study established that TFE alone is able to unfold Kck@).(
potassium channel superfamily and can be easily expressedVe have recently characterized the TFE-induced unfolding
in Escherichia coli purified, and functionally reconstituted  of KcsA solubilized in the detergent dode@/b-maltoside
into lipid membranes. The crystal structure of Kcs@) ( (DDM) (11). Our conclusion was that the effects on the
shows that the protein is arranged as a homotetramer withprotein structure of increasing alcohol concentrations include
subunits of 160 amino acids, each comprising N- and two successive, protein-concentration-dependent cooperative
C-terminal cytoplasmic domains and two transmembrane transitions. The first of these transitions, occurring with
o-helices connected by a P-loop. It has been recently [TFE]yin the range of 2332% (v/v) (for the different KcsA
assessed, both in vitr@)(and in vivo g), that the membrane-  concentrations employed), leads to the dissociation of KcsA
bound KcsA tetramer further assembles into clusters, sug-into subunits, associated with a significant losselfielical
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structure. This is a partly reversible process, as simple TFEunder vacuum in a Savant Speed Vac concentrator to reduce
dilution in these samples leads to refolding and tetramer- the TFE content. After reduction of the sample volumes to
ization of the protein with an approximately80% vyield 10uL with a 10-min drying step, 1@L of water was added,
and to the recovery of the ion channel activiiyi). On the and samples were run in 10% polyacrylamide gels. Alter-
other hand, the second transition, with [TigEln the range natively, we tried to reduce the TFE concentration of these
of 35—-45%, involves a large increase in helicity and samples by extensive dialysis in DDM-containing buffer.
produces the irreversible TFE-induced denaturation of the However, substantial sample precipitation was observed.
protein. However, the above results were obtained for KcsA Equimolar amounts of KcsA were loaded in all the wells of
solubilized in simple detergent micelles, a milieu that only the gels. Samples were mixed with electrophoresis sample
partially mimics the environment of a cell membrane, where buffer to yield a final concentration of 35 mM Tris, 4%
membrane proteins are in close contact with different types glycerol, 0.01% bromophenol blue, and 70 mM SDS, pH
of lipids and can form supramolecular complexes. Here, we 6.8. After staining by Coomassie Brilliant Blue, the intensity
study the relevance of both binding of lipids and cluster of the bands was measured by densitometry. SBAGE
assembly in the KcsA folding process, to get insights into experiments were run at room temperature, without previous
the role of these lipietprotein and proteifrprotein interac- sample boiling.
tions in the folding and stability of membrane proteins.  Fluorescence Spectroscopy: (A) Emission Fluorescence
Indeed, these studies indicated that the unfolding of the KcsA Spectra.The study of the effect of DOPE/DOPG on the
tetramer to yield partly unfolded monomeric subunits was fluorescence of DDM-solubilized KcsA was performed on
completely reversible when the DDM micelles that solubi- either a SLM Aminco 8000 or a Varian Cary Eclipse
lized KcsA contained small amounts of the lipids DOPE and spectrofluorometer. For experiments on the SLM spectrof-
DOPG. Such complete reversibility allowed the calculation luorometer, the scan rate was 60 nm/min and a 0.5-cm quartz
of the free energy of unfolding, a parameter that has beencuvette was used. For the experiments on the Varian
rarely obtained for oligomeric membrane proteins. We also spectrofluorometer, the scan rate was 600 nm/min, the
observed that the KcsA clusters present in detergent solutionnumber of averaged scans was five, and a 1-cm quartz
can be reversibly disrupted at low TFE concentrations, in a cuvette was employed. Very similar results were obtained
process that is independent of the above unfolding/dissocia-with both spectrofluorometers. In all the experiments, the
tion into subunits of KcsA. excitation wavelength was 280 nm, the measured emission
range was 300400 nm, and the temperature was 5.
MATERIALS AND METHODS Experiments were recorded with polarizers in a cross-oriented
Protein Expression and PurificatiorExpression of the  configuration (Exoq = 90°, Emy = 0°) that provides
wild-type KcsA protein with an added N-terminal Higg maximal suppression of scattering artifactsb)( Buffer
in Escherichia coliM15 (pRep4) cells, and its purification  contribution was subtracted in all cases. The study of the
by affinity chromatography on a Ri—NTA agarose column,  TFE-induced unfolding of KcsA in mixed micelles of DDM
were carried out as reported previoush?), except that a  and DOPE/DOPG (7:3) was performed with both spectrof-
higher DDM concentration was present in the final buffer luorometers. The transition was monitored by following the
(5 mM DDM and 20 mM HEPES, pH 7, containing 100 changes in the intensity-weighted average emission wave-
mM KCI). In addition, a gel-filtration step on a HiTrap length,20(16):
desalting chromatography column was employed to eliminate

the imidazole used to elute the protein from thé™NiNTA Z|i,1i
agarose column. The presence of lipids associated with A= Q)
purified KcsA was assessed by thin-layer chromatography zli

(TLC) as in ref9, as a band was observed comigrating with
the negatively charged lipid PG. The protein concentration wherel; is the fluorescence intensity measured at a wave-
was determined by absorbance at 280 nm, by use of a molafdength 4. The use of thelAl parameter (expressed in
extinction coefficient of 34 950 Mt-cm™ for the KcsA nanometers) is particularly suited to follow small spectral
monomer, obtained from the molar extinction coefficients changes irrespective of any particular wavelength, as it
of model compoundsl@). Quantitative amino acid analysis  integrates information from the fluorescence intensity emitted
of KcsA samples was performed, and the obtained protein at all the wavelengths recorded in the spectrum.
concentration was compared with that determined by absor- (B) Thermal Unfolding.Thermal unfolding experiments
bance measurements. This allowed the correction of theof KcsA were carried out in the Varian spectrofluorometer
absorbance concentration measurements, by the use of at a temperature up-scan rate of 0@&min. Experiments
correction factor ofx0.78. Corrected concentration values, were performed with a final KcsA concentration of 181,
expressed in terms of KcsA monomers, are given in all cases.whether solubilized in DDM or in mixed micelles of DDM
SDS-PAGE. To study the degree of reversibility of the and DOPE/DOPG (7:3). The excitation wavelength was 280
KcsA-coupled unfolding and tetramer dissociation, aliquots nm and the fluorescence was recorded at 340 nm. The slit
of KcsA (2.5uM) solubilized in DDM, supplemented with  widths for both excitation and emission were 5 nm and the
lipids (Avanti) and at different TFE concentrations, were run integration time was 5 s. The study of the unfolding of
in 13.5% polyacrylamide geld.4). Alternatively, in SDS- tetrameric KcsA was performed with protein in the presence
PAGE experiments to assess the reversibility of the dis- of 16% TFE, where KcsA remains in its native tetrameric
sociation of dimers of tetrameric channels (“clusters”), state (1). The experiment was repeated in the presence of
aliquots of 20uL of KcsA (30 u«M) in the presence of 37%  35% TFE, where KcsA remains as a partly unfolded
TFE, were diluted 2-fold with buffer and partially evaporated monomer. To establish the degree of refolding in the different
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conditions, additional samples of unfolded, monomeric KcsA conditions of each experiment. To compare thealues
(i.e., treated with 35% TFE) were prepared at a KcsA obtained at different TFE concentrations, it was necessary
concentration of 2.2«M, and after 1 min incubation, the to correct for the influence of the TFE on the viscosity (
samples were appropriately diluted with DDM buffer to reach and density §) of the solutions22). Such corrections were
both the protein concentration employed in the unfolding carried out using the program SEDNTERP (http://www.r-
experiments (KcsA, 1.2M) and a final TFE concentration  asmb.bbri.org/) and the results were given as the sedimenta-
of 16% (v/v); then the thermal unfolding experiments were tion coefficients in standard conditionSy . The apparent
performed. mass of the bands was calculated from thg,, value,

(C) Anisotropy MeasurementBluorescence anisotropy assuming a spherical shape for the particles. The KcsA
was recorded in a Perkin-Elmer LS 55 spectrofluorometer. concentration employed in samples of DDM-solubilized
The fluorescence steady-state anisotrdpy,is defined by KcsA was 4uM. In samples of KcsA in mixed micelles,

a7 higher protein concentrations were required to obtain a good
signal-to-noise ratio. Hence, the KcsA concentration used
= ly — Gly @) was 6uM, except in the case of samples at 0% TFE, which
l, + 2Gl, needed a KcsA concentration of L& to reach a similar

signal-to-noise ratio.

wherely andly are, respectively, the parallel and perpen- RESULTS
dicular components of the polarized fluorescence emission,
with excitation polarized vertically. Th& factor, which Initial Exploration of the Effect of Lipids on the Refolding
corrects for the transmissivity bias introduced by the detec- of KcsA.KcsA has been shown to be remarkably stable in
tion system, had a value of 1.15. The excitation wavelength SDS and to migrate as a homotetramer in SIPAGE gels
was 295 nm and the emission wavelength was 340 nm. The(9, 10, 12). Thus, SDS-PAGE provides a simple means to
slits widths were 15 nm for both the excitation and emission study the effects of destabilizing agents such as TFE on the
monochromators, and the acquisition average time was 3 s.oligomerization state of KcsA. However, this is not exempt
The temperature was 2&. Each reported anisotropy value from limitations, as the presence of SDS and its effects on
is the average of 58 independent measurements. KcsA stability make it difficult to compare the electrophoretic

(D) Free Energy Determinatiohe sigmoidal transitions  results with those obtained spectroscopically in the absence
monitoring the TFE-induced conversion from tetramers to of SDS. Also, the protein concentration dependence of the

monomers were fitted to effects of TFE on KcsA requires that the SBBAGE
experiments be conducted at low concentrations used in the
X=Xy + XDe(_AG/ RD)/(1 + el ~ACRD) 3) spectroscopic monitoring of the process. Finally, the presence

of TFE in the electrophoretic samples causes the lighter

whereR is the gas constant, is the temperature in kelvins,  sample components (monomers) to appear as faint bands in
andXy (Xy = an + SN[TFE]) andXp (Xp = ap + Bo[TFE]) the gels or not at all10), particularly at the low protein
are the corresponding fractions of the folded (N) and concentrations used in this work. However, the TFE-induced
unfolded (D) states, respectively, for which a linear relation- dissociation of the KcsA tetramer into monomers has been
ship with denaturant is assumegt, andfp being the slopes  independently assessed by analytical ultracentrifugation
of the folded and unfolded plateaus, respectively. According experiments11). Nevertheless, the TFE-induced disappear-
to the linear extrapolation model®), AG = m([TFE]y, — ance of the KcsA tetramer can be reliably measured by
[TFE]) — RTIn ((nV2~1C"1), whereAG is the standard  densitometry, and in spite of the above limitations, we used
free energy of denaturation in the absence of denatumant, SDS-PAGE in a prospective study to evaluate whether the
is the slope of the curvel@), [TFE] is the denaturant presence of lipids influences the efficiency of KcsA tet-
concentration, [TFE], is the one at the midpoint of the ramerization. Accordingly, samples of DDM-solubilized
transition,n is the oligomeric state of the folded species, KcsA in the presence of a TFE concentration causing full
andC; is the concentration of protein expressed in monomer monomerization [33% TFE (v/v)] were diluted below
equivalents. unfolding-inducing TFE concentrations, with buffer supple-

Solubilization MeasurementsThe turbidity reduction mented with different lipids, namely, DOPC, DOPE, and
caused by DDM solubilization of the liposomes, was DOPG and several of their binary mixtures. All lipids tested
monitored by absorbance measurements at 400 nm. Thewere found to improve moderately the tetramerization
measurements were carried out in a Camspec M350 doubleefficiency with respect to that seen in plain DDM buffer,
beam U\~visible spectrophotomer with 1-cm quartz cu- leading to an increased recovery of the KcsA tetrameric band.
vettes. Experiments were carried out at°Zh Figure 1 illustrates the results obtained for a 7:3 molar

Analytical Ultracentrifugation. Sedimentation velocity = mixture of DOPE and DOPG, which in our hands was the
experiments were conducted in a Beckman Optima XL-I most efficient lipid mixture tested. Moreover, the intensity
ultracentrifuge (Beckman Coulter) with an An50Ti eight- of the recovered tetrameric band seems practically identical,
hole rotor and double-sector Epon-charcoal centerpieceswithin experimental error, to that of the native protein, thus
KcsA samples were centrifuged at 40 000 rpm, at°@0Q suggesting that in DDM-solubilized samples, the TFE-
and the absorbance at 280 nm was followed. Differential induced monomerization of KcsA could be completely
sedimentation coefficient distribution¥s), were calculated  reversed upon removal of TFE when in the presence of
by least-squares boundary modeling of sedimentation velocity DOPE and DOPG. Control experiments showed that the
data by using the program SEDFIZQ; 21). This analysis presence of DOPE and DOPG did not alter the Coomassie
yielded sedimentation coefficients, for the particular staining of the tetrameric band of KcsA (data not shown),
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A mental conditions adequate to attain mixed micelles of
g el detergent and lipid. As we had observed that lipids can
influence the refolding of KcsA, it seemed reasonable to
assume that lipid molecules must be interacting with KcsA
at a given stoichiometry. To determine the minimal amount
of lipid required to saturate such binding to the protein, the
changes in the intrinsic fluorescence of solubilized KcsA
induced by the lipids DOPE/DOPG (7:3) were monitored
(Figure 2A). We observed that at low lipid concentrations,
the intrinsic fluorescence of KcsA increased linearly, reach-
ing saturation at a DOPE/DOPG concentration as low2as
M+ uM. At all the different protein concentrations assayed
(0.2—4 uM), saturation of the binding curves was reached
at DOPE/DOPG molar concentrations that never exceeded
B 15-20-fold the KcsA concentration (data not shown).
Therefore, in order to work in an optimal situation of
17 saturated lipid binding, molar lipid to protein ratios equal or
I greater than 15:1 were employed in all subsequent experi-
ments.
We also performed turbidity experiments to assess whether
] a DDM concentration of 5 mM could solubilize effectively

0,9

0,8 - the lipid vesicles at the lipid concentrations employed in
Figure 2A. Accordingly, we recorded absorbance spectra of
samples with a fixed DOPE/DOPG concentration of a0
(much higher than that required to saturate the KcsA lipid
binding at any of the conditions employed) in the presence

0.6 : i . of increasing concentrations of DDM. We observed that the

Native DDM  DOPE:DOPG presence of small amounts (in the micromolar range) of

FIGURE 1: SDS-PAGE analysis of KcsA tetramerization. (A) Lane  detergent induced an abrupt decrease in the absorbance of
1: Control DDM-solubilized KcsA; at the protein concentration the samples (Figure 2B), likely caused by a reduction in the
used in these experiments (Z81), the characteristic KcsA tetramer  number and/or the size of the liposomesh)( At DDM

(T) is the only significant band to be seen in the gels upon : . ; )
Coomassie staining. The intensity of this control tetrameric band concentrations near the detergent critical micelle concentra

is essentially identical to that in the presence of TFE concentrationsion, 0.16 mM @5), a second phase of solubilization was
up to 12% (v/v) (not shown). M denotes the position in the gel observed, characterized by the presence of a small shoulder,

where KcsA monomers would be expected to appear. Lane 2:which has been reported to indicate the onset of solubilization
DDM-solubilized KcsA in the presence of 33% TFE (v/v), which (96 Finally, a stabilization of the absorbance was observed

causes complete dissociation into subunits of the KcsA tetramer. C .
The band arising from the KcsA monomers is not observed under above 1.52 mM DDM, indicating the minimal detergent

these conditions because its detection is hampered by the presencéoncentration required to completely solubilize the liposomes.
of TFE (10, 11). Lane 3: DDM-solubilized KcsA was first treated ~ This observation confirmed that at 5 mM DDM, the usual

with 33% TFE as in lane 2 and then diluted with DDM buffer to  detergent concentration in our experiments, the added DOPE/

a final TFE concentration of 10% (v/v) to allow reassociation of popg (7:3) li mes were full lubiliz nd hom _
the KcsA subunits back into tetramers. Lane 4. Sample prepared OPG ( .'3) posomes were Tufly So ubilized and homoge
neous mixed micelles were formed.

as in lane 3 but in the presence of DOPE/DOPG (7:3) at a molar . . - ) .
lipid to KcsA ratio of 1000:1 in the dilution buffer to assess lipid Unfolding of KcsA in Mixed MicellesChanges in the
effects. All wells were loaded with the same amount of KcsA. (B) protein intrinsic fluorescence were used to monitor the TFE-
J]Zefirr;;fcetrilgri]tyocf)fttef:?a?ﬁéP?gggv\é\l?esddiiteergaG‘S% R\y ?eer\;vsailtsorggtti% :tre]?j induced unfolding of KcsA solubilized in mixed micelles.
by comparison with lane 1. The experiment wag performed four Final concentrations for all components W_ere/ZNS KesA,
times in different gels, with different protein and lipid stocks. The © MM DDM, and 50uM DOPE/DOPG (Figure 3A). The
normalizations were made to lane 1 of each of the gels, and theaddition of TFE up to 40% (v/v) resulted in a sigmoidal
standard deviation bar is shown. decrease of the fluorescence intensity (data not shown) and
in a small spectral red shift. In contrast to that seen for KcsA
and therefore, its SDSPAGE quantification is not affected  solubilized in plain DDM micelles, the red shift caused by
by the presence of lipids. Interestingly, the two lipids the TFE in the mixed micelles was completely reversed upon
employed were shown to favor membrane association anddilution, as the normalized spectrum of a sample of KcsA
tetramerization of KcsA in an in vitro translation stu@ay. at 10% TFE, fully overlapped with that of a sample unfolded
Optimization of a Mixed Micelle Systefrhe above results  with 30% TFE and subsequently diluted with buffer to 10%
prompted us to characterize in more detail the unfolding and TFE (Figure 3B). Additional experiments allowed us to
refolding of KcsA solubilized in a mixed micelle system establish that very similar results were obtained in unfolding
composed of DDM and DOPE/DOPG (7:3). The use of titrations performed either with native KcsA or with unfolded
mixed micelles, where both lipids and protein are completely KcsA (in 30% TFE) that had been diluted to 5% TFE (Figure
solubilized by the detergent, allows us to overcome important 3C). These results suggest that the TFE-induced unfolding
spectroscopic artifacts derived from the presence of lipid of KcsA was indeed fully reversible in mixed micelles of
vesicles. Accordingly, we decided to determine the experi- DOPE/DOPG (7:3) and DDM. Accordingly, the obtained

Fraction of tetramer

0,7 4
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Ficure 2: Optimization of mixed micelle conditions. (A) Fluorescence spectra of samples of KcsAu@)LSolubilized in 5 mM DDM,

were recorded in the presence of increasing concentrations of DOPE/DOPG (7:3). The changes in the fluorescence intensity (arbitrary
units) at 335 nm are shown. Excitation wavelength was 280 nm. The line drawn is a mere guide to the eye. (B) DDM solubilization of
DOPE/DOPG liposomes. The physical state of liposomes of DOPE/DOPG (7:3) was assessed at increasing concentrations of DDM following
the turbidity of the samples, by measurement of the absorbance at 400 nm. Lipid concentration was. 0@ buffer was 20 mM

HEPES, pH 7, and 100 mM KCI. All experiments were carried out at@5

Fluorescence Intensity

fluorescence unfolding transitions were fitted to an equation of the two former samples), a full recovery of the sigmoidal
describing a two-state reversible transition (eq 3) where the transition was seen in the mixed micelle DOPE/DOPG (7:
native tetramer is converted to unfolded monome@. (It 3) samples (Figure 4B), which was not observed for KcsA
should be noted that the assumption of full reversibility of solubilized in plain detergent micelles. These results agree

the unfolding/refolding process is a strict requirement for

with previous data that show only partial reversibility of the

this analysis. Then, data such as that shown in panels A andcoupled unfolding and monomerization of KcsA when

C of Figure 3 were independently fitted to eq 3 and found
to yield similar values for both, native and refolded KcsA

solubilized in DDM (11). Taken together with the results
shown in Figure 3, these observations indicate that indeed,

(see caption). In particular, the native KcsA samples shown the presence of DOPE and DOPG (7:3) in the micelles makes

in panel A vyielded [TFE]}, = 23.7% (v/v) andm = 2.7
kcakmol~1-M~%, while those from panel C were [TFg]=
25.3% (v/v) andm = 2.4 kcatmol M~ Finally, the

the folded tetramer to unfolded monomer transition fully
reversible, in agreement with the preliminary SBFFAGE
estimates in Figure 1.

estimated values for the refolded samples, included also in  KcsA Clusteringlt has been recently reported that KcsA

panel C, were [TFE] 26.1% (v/iv) andm = 2.1
kcakmol~1-M~2. All these results were used to calculate an
averaged value for the stability of the KcsA tetrameG

= 30.5 + 3.1 kcatmol™! (see Materials and Methods).
Interestingly, the [TFE], value obtained here for KcsA in
mixed micelles was slightly lower than that determined for
KcsA in plain DDM micelles under comparable conditions
[28.7% TFE (1)], suggesting that the presence of the
solubilized lipids makes the tetrameric protein slightly more
susceptible to TFE.

In order to further confirm the reversibility of the tetramer
to monomer transition, we studied the thermal unfolding
profiles from both native and refolded KcsA samples. Also,
in order to account for a possible role of lipids in the
unfolding/refolding equilibrium, these experiments were
performed with KcsA solubilized either in DDM micelles
or in the mixed micelle system. Figure 4A shows that KcsA
solubilized in plain DDM micelles and in the presence of
16% TFE (v/v) (see caption to Figure 4), where the protein
is in the tetrameric state (see Figure 3A andlrBfundergoes
a sigmoidal loss of fluorescence with temperature, with a

forms supramolecular assemblies or clusters into which its
ion channel electrophysiological properties are significantly
changed 7, 8). For KcsA reconstituted into asolectin lipid
vesicles, a high proportion of the KcsA tetramers assemble
into these clusters, while in detergent solution, only a small
percentage of the KcsA channelsi0%) remain as such
(7). However, neither the previous KcsA unfolding studies
(9—11, 28) nor the present fluorescence spectral measure-
ments of KcsA solubilized in mixed micelles at different TFE
concentrations (Figure 3A) have detected any distinct transi-
tion that could be ascribed to the possible TFE-induced
dissociation of KcsA multimers into individual KcsA tet-
ramers. This could be due to several reasons: (i) the process
is not experimentally detectable, because either the cluster
rupture is spectroscopically silent, or the percentage of KcsA
channels that is forming part of these supramolecular
structures is too low; (ii) the TFE disrupts the multimers in
a linear, noncooperative fashion; or (iii) the cluster dissocia-
tion occurs concomitantly with the tetramer unfolding.

In order to gather more information on this subject, we
monitored the TFE-induced unfolding of KcsA by means of

midpoint at around 70C. As expected, when the experiment a different spectroscopic variable, the intrinsic fluorescence
was performed with a sample treated with 35% TFE, which anisotropy,[il] which is highly sensitive to changes in the

causes the unfolding and the dissociation into monomers ofdynamics of the indole moiety of the tryptophan residues in
the tetrameric KcsA, no sigmoidal transition was observed, the protein. Again, these experiments were carried out on
indicating that the folded core of the protein had been lost. KcsA solubilized both in plain detergent micelles and in the
Nonetheless, when a concentrated sample was first treatednixed micelles defined above. For the DDM-solubilized

with 35% TFE and then diluted to lower the TFE concentra- KcsA (Figure 5A), we observed that the anisotropy changes
tion to 16% (and to a protein concentration identical to that monitored clearly the tetramer to monomer transition, with
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V 338 o %0 the protein solubilized in (A) plain detergent micelles and in (B)
bt o © © mixed micelles of DDM and DOPE/DOPG (7:3). Thermal unfolding
337y © of the following samples was studied: tetrameric KcsA in 16%
336 TFE (@), unfolded and monomeric KcsA in 35% TFB), and
0 10 20 30 40 KcsA samples that were first unfolded in 35% TFE and subse-
%TFE, viv quently diluted to 16% TFEX) to assess the degree of refolding.

Final KcsA concentration was 1M in all cases, and the lipid
concentration was 2GM. The fluorescence intensity is given in
arbitrary units. The use of 16% TFE is particularly suited for these
)experiments, as it reduces the observed thermal midpoint to more
amenable values (e.g., in the absence of TFE the midpoint is near
100 °C) without causing dissociation of the tetramer.

Ficure 3: Unfolding and refolding of KcsA in mixed micelles.
Samples of KcsA in mixed micelles composed of DDM (5 mM)
and DOPE/DOPG (5&M), were incubated with different TFE
concentrations and the fluorescence spectra were recorded. (A
Fluorescence intensity-weighted average emission waveldigth,

at increasing TFE concentrations. The line corresponds to the fitting

to eq 3, according to ref8. KcsA concentration was 2 /M. (B) : . . . .
The emission spectra of KcsA in the presence of 10% TFE (v/v) tion appearing at lower TFE concentrations, with an esti

(folded KcsA, solid line) and 30% TFE (viv) (unfolded KesA,  mated [TFE] of 12.2% TFE (v/v). As circular dichroic
dotted line) are shown. Also, the spectrum of a KcsA sample first results have shown that the secondary structure of KcsA
treated with 30% TFE and then diluted 3-fold in buffer to allow remains constant in the -®20% TFE range 1), this
refolding is depicted (dashed line). The spectra have been normal-y,ansition must be monitoring the conversion between two

ized to the intensity maxima in order to facilitate spectral shape . . .
comparison. The spectrum of KcsA in the absence of TFE was KcsA states with a very similar helical structure. Although

very similar to that obtained at 10% TFE (v/v) and is not shown hot too relevant to the main goals of this report, the transition
here for the sake of clarity. (C) TFE-unfolding titration of refolded leading to the irreversible denaturation of the unfolded KcsA
KcsA. Samples of KcsA first treated with 30% TFE (v/v) and then monomers, which occurs at higher TFE concentrations

diluted with buffer to reduce the denaturant concentration to 5% {[TFE]y of ~45% TFE (v/v) (1)}, could also be detected

(v/v) were used in these experiments. The resasafe compared b S he fl . but it wil
with those obtained for a TFE titration of native KcsA samples PY monitoring the fluorescence anisotropy, but it will not

under otherwise identical condition®); KcsA concentration was ~ be considered any further in this paper (data not shown).
0.4 uM. Buffer was 20 mM HEPES and 100 mM KClI, pH 7. When the experiment was performed with KcsA solubi-
S Noncorrecied Specira for the experiments n panels A and ¢ 2c0 In mixed micelles of DOM and DOPE/DOPG (7:3),
were obtained on difFf)erent spectrofluo?ometers (SLIF\)/I Aminco 8000 a_n an!sotropy p_roflle was obtalned.w_here. the tWC.) relevant
and Varian Cary Eclipse, respectively), which accounts for the sigmoidal transitions could also be distinguished (Figure 5B),
observed differences in thigOvalues. Fitting of the curve in panel ~ although the plateau between the two transitions was shorter
A, performed with different slopes in the unfolded plateau, is than that seen in the plain DDM micellar system. The
provided as Supporting Information. determined [TFE], values [9.0%t 0.5% TFE (v/v) for the

first transition and 26.6%t 1.1% TFE (v/v) for the
a [TFE}L, of 29.6%=+ 0.9% TFE (v/v), a value very similar  monomerization transition] were lower than those determined
to that previously determined by changes in fluorescence for the DDM-solubilized samples, again suggesting that the
intensity,[A[] and circular dichroism1(l). However, unlike TFE resistance of KcsA is somewhat reduced by the presence

those studies, we observed an additional cooperative transi-of the DOPE/DOPG mixture.
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0.147 008 A 6C), being no longer present at 18% TFE (Figure 6D). As
%0 these two TFE concentrations correspond to the midpoint
0.127 000 o and the higher plateau of the first anisotropy transition,
0104 004 ‘e respectively (Figure 5A), these results indicate that the
A T 2 anisotropy is indeed monitoring the disruption of KcsA
v 0.081 m..’:“ channel clusters, which exist mainly in the form of dimers
0.06. L, under our detergent-solubilized conditions.
..0‘ 010 / These experiments were also performed with KcsA solu-
0.04 ..." 22: bilized in mixed micelles of DDM and DOPE/DOPG (7:3)
002"" e (Figure 6E-H). In the latter samples, the sedimentation
o 10 20 30 40 profile obtained in the absence of TFE was similar to that
%TFE, viv of the DDM-solubilized KcsA. Accordingly, the band
B corresponding to the dimer of tetramers ha&@, value
0127 oo eos, 00 comparable to that observed for the solubilized protein. The
0104 005 o® area of this band was also similar under the two conditions
"] ooa o studied (see, for comparison, panels B and F of Figure 6),
0.08] oo ..' with the observed minor differences being smaller than the
S K experimental error. This suggests that the presence of lipid
Y 0064 o ij molecules in the solubilization medium does not modify
o 00e / significantly the tendency of the KcsA tetramer to self-
0.041 o 008 associate into clusters. At 12% TFE, a reduction was
sece®’® - observed in the area of the bands corresponding to such
0.02 R A clusters of KcsA, which were again no longer detectable at

0 10 20 30 40

—— 18% TFE (Figure 6H). Taken together, the anisotropy and
(] , Viv

FiURE 5: KesA fluorescence anisotropy changes in th analytical ultracentrifugation results indicate that the su-
IGURE 0. ges In the presence H i H

of TFE. (A) DDM-solubilized KcsA and (B) KesA solubilized i Prarcuameric assemblies of KCsA are disassembled at low
mixed micelles of DDM and DOPE/DOPG (7:3) were employed T_FE concentrafuons and_ thaf[ the TI_:E resistance of th_ese
at a protein concentration of 1,8/. The lipid to protein ratio was ~ higher-order oligomers is slightly higher when KcsA is
15:1. Fittings of the experimental data to a two-state model (eq 3) solubilized in plain detergent micelles than in mixed micelles.
for the cluster disassembly (upper left inset) and the tetramer Rgersibility of Cluster AssemblyThe sedimentation

dissociation (lower right inset) processes are shown in each panel. P : : :
Experiments were recorded at 26. Excitation wavelength was equilibrium technique could not be satisfactorily employed

295 nm, and emission wavelength was 340 nm. Buffer was 100 {0 assess the reversibility of the KcsA cluster disassembly,
mM KCl and 20 mM HEPES, pH 7. The results are the average of as it requires high protein concentrations to yield accurate

three independent experiments. results. Therefore, in spite of its limitations, we decided to
use SDS-PAGE, as it has been reported that electrophoretic
To assess whether this new transition at low TFE bands of molecular mass higher than the tetramer can also
concentrations was indeed monitoring the disruption of the be observed?, 12). Accordingly, different KcsA samples
KcsA clusters, we performed analytical ultracentrifugation were loaded in a 10% polyacrylamide gel, specially suited
experiments at different TFE concentrations. Sedimentationto study heavier protein species. It was observed that, in
velocity experiments of DDM-solubilized KcsA in the addition to the band corresponding to the tetramer, with an
absence of TFE (Figure 6A) showed a profile with a major apparent molecular mass of 60 kDa, a less intense band of
band sedimenting at 6.6 S. This value corresponds to anapproximately 120 kDa was present in the DDM-solubilized
apparent molecular mass of 109.3 kDa, which is compatible KcsA, likely corresponding to a “dimer” of KcsA tetramers
with the mass of a KcsA tetramer, 76.4 kDa (160 amino (Figure 7, lane 1). We also observed a diffuse band with a
acids plus 12 additional N-terminal amino acids of thegHis mass slightly higher than that of the tetramer. This is
tag, per monomer), bound to a reasonable number of DDM reminiscent of the observation in KcsA electrospray ioniza-
molecules 7). This band showed a shoulder at I tion mass spectrometry experiments (ESI-M2) ©f a peak
values, likely derived from the presence of a small population with a mass slightly higher than that of the KcsA tetramer.
of KcsA monomer 7, 12). We also observed a second band, Itis conceivable that this electrophoretic band could perhaps
with a Sow value of 10.5 S, and a tiny but highly arise from KcsA tetramers forming a stable complex with
reproducible band with & of 14.4 S (see inset). The other bacterial component8(Q).
calculated molecular masses, 217.8 and 349.9 kDa, respec- As expected, none of the above bands were observed in
tively, suggest that these populations could correspond tothe gel at TFE concentrations leading to the dissociation into
the supramolecular assembly of two and three KcsA channelssubunits of the KcsA tetramer [37% TFE (v/V)] (lane 2).
(i.e., KcsA clusters). When the experiment was performed Interestingly, dilution of the TFE concentration in the
in the presence of 6% TFE (v/v) (Figure 6B), we observed previous sample below 5% TFE (by dilution and partial
that the sedimentation coefficient of all the bands was vacuum drying), leads not only to the reappearance of the
lowered, likely due to the ability of the TFE to partly tetrameric KcsA band but also to an important recovery of
sequester the detergent micelles that surround the transmemthe 120 kDa band (lane 3). Unfortunately, the extent of the
brane regions of the protein, reducing then the apparent massecovery cannot be quantified accurately, since after the
of the complex 7). Interestingly, at 12% TFE (v/v), the area  drying step a substantial pellet was observed in the samples
of the bands assigned to the KcsA clusters decreased (Figurgéhat could not be solubilized by the SDS-containing sample
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Ficure 6: Differential sedimentation coefficient distributions of KcsA in the presence of TFE. (Upper row) KcsA solubilized in DDM, in

the presence of (A) 0%, (B) 6%, (C) 12%, and (D) 18% TFE (v/v). (Lower row) KcsA solubilized in mixed micelles of DDM and DOPE/
DOPG (7:3) in the presence of (E) 0%, (F) 6%, (G) 12%, and (H) 18% TFE (v/v). The indiSatgdalues were obtained after viscosity

and density corrections (see Materials and Methods). The insets in panels A and E zoom on the higher sedimentation coefficient components
of these samples. The DDM concentration was 5 mM, and in the mixed micelles samples, a lipid to protein ratio of 23:1 was used. The
confidence levelF-ratio) employed in the sedimentation coefficient distribution analysis was higher than that used previpuslgrtier

to increase the reliability of the results. This made bands accounting for a low percentage of the total signal appear flattened. The temperature
was 20°C.

1 2 3 ratio in the refolded KcsA samples is comparable to that

observed in the native protein, suggesting that the disas-

182» sembly of the KcsA clusters is indeed a reversible process.
116m DISCUSSION

The preliminary exploration by SDSPAGE of the re-
8om versibility of the KcsA unfolding by TFE revealed that the
presence of lipids increased the efficiency of tetramer
refolding upon TFE dilution (Figure 1). In the presence of

64p DOPE/DOPG (7:3) in particular, the intensity of the elec-
- —— trophoretic band corresponding to the tetramer was very
Sl similar to that of the native protein, suggesting that a

complete refolding had been attained under these conditions.
E[Gggﬂra%%shﬁﬁﬁglgggbgz Xf ECEAA C#}ZI%: é?gisriiwsbelybalfr?ge This observation seems reminiscent of that of van Dalen et
corresponds to the KcsA tetramerf Lgng 2: DDM-solubilized KcsA al. (23) Wlt.h an in vitro membra}ne insertion and assembly
in the presence of 37% TFE (v/v), which causes all bands to @55y, which showed that the highest level of KcsA tetramer
disappear. Lane 3: KcsA samples first treated as in lane 2 andinsertion into liposomes is obtained with the mixture DOPE/
then diluted 2-fold in DDM buffer, partially evaporated under DOPG (7:3). Such mixture somewhat resembles the phos-
yacuurm, ng‘g/d(i\'/l;\t/‘idF‘)"(’)iltha‘éV?tl‘;rmt%;edgl‘;e( {gﬁ/;';v%rfé”g'sggri‘ﬁiﬂggé pholipid composition of the inner membrane of the strains

0 . 0 H

experiments. The positi)c/)ns )cl)f proteig size markers (in kilodaltons) Streptomyces ambofauer@l) and Streptomyces_hygro-
are shown on the left. scopicug32), where the main components are PE50%),

and negatively charged phospholipids40%) (the lipid
buffer (see Materials and Methods). Sample precipitation alsocomposition of S. lividans appears not to have been
precluded other detailed quantitative studies, such as analysigletermined).
of the effect of lipids in the reassembly of the dimers of = Here we have carried out the characterization of the
KcsA channels. Nevertheless, in spite of the lack of quantita- unfolding and refolding of KcsA in mixed micelles of DDM
tive sample recovery, the results show that the refolded KcsA and DOPE/DOPG (7:3). We favored this alternative over
obtained after removal of the TFE is still able to assemble the classical reconstitution of the protein into lipid bilayers,
into supramolecular, SDS-resistant dimers of channels, whichas the use of mixed micelles has several experimental
are considered the building blocks of the larger KcsA advantages: (i) the samples are transparent, which facilitates
clusters. In fact, comparison of the relative intensities of the the use of spectroscopical methods, while the reconstituted
bands at 60 and 120 kDa in lanes 1 and 3 shows that theirsamples are somewhat cloudy and scattering artifacts are
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sometimes difficult to avoid; (ii) there are no turbidity
changes associated with the addition of TFE, while the
solubilization of liposomes by TFE is accompanied by a
marked reduction in sample turbidityl@, in a process

Biochemistry, Vol. 47, No. 7, 20082131

From this viewpoint, the lipid could be considered as an
effector in the tetramerization of KcsA, similarly to that
described for the light harvesting complex of photosystem
II, where PG is required for the formation of functional

somewhat comparable to the complex detergent-inducedtrimers @0). In order to test this hypothesis, we submitted

phase change from bilayer to detergent-solubilized phos-

pholipids @3, 34); and (iii) in mixed micelles, as the protein
is not inserted into a lipid bilayer, the interpretation of the

KcsA samples to extensive dialysis in buffer containing
DDM, in an attempt to remove the KcsA-bound lipid.
Unfortunately, the lipids could not be removed by this

results is more straightforward, as the results of the effects procedure, as assessed by TLC of the dialyzed samples (data

of lipids are not influenced by other lipid-related changes

not shown), and thus the direct effect of the native KcsA-

such as the physical properties of the membrane bilayer, suchbound lipid in the refolding of KcsA could not be addressed.

as the lateral pressurg§, 35).

In the presence of increasing TFE concentrations, we
observed that the tetrameric KcsA solubilized in mixed
micelles of detergent and DOPE/DOPG unfolded in a
sigmoidal fashion (Figures 3 and 5B). This is similar to that
previously reported for KcsA solubilized in plain detergent
micelles (1). However, in contrast to that previous report,
the refolding in the mixed micelle system was seemingly
quantitative (Figures 3 and 4B). This allowed the fitting of

Monitoring the effects of TFE on KcsA by fluorescence
anisotropy allowed the detection of an additional cooperative
transition at low TFE concentrations. This transition went
unnoticed when other spectroscopic parameters, such as
fluorescence intensity or circular dichroisiif, were used
in the monitoring of the process, and thus it is to be expected
that it relates to the conversion between KcsA states with
very similar secondary structure and solvent exposure but
subjected to different dynamics. Furthermore, analytical

the tetramer to monomer transition to a two-state equation ultracentrifugation results for KcsA solubilized in DDM and

describing the unfolding/refolding equilibrium process, which
yielded a value for thé\G of the KcsA tetramer of 30.5
3.1 kcatmol™1. Such a value cannot be compared with that

in mixed micelles showed that the protein sedimented
predominantly as a tetramer, although a small populations
of higher order clusters (mostly ensembles of two tetrameric

of other tetrameric helical membrane proteins because, toKcsA molecules) were also detected, accounting~&0%

the best of our knowledge, KcsA is the first such protein for

of the total KcsA population (Figure 6 and ré&jf. These

which the AG value has been determined. However, the supratetrameric assemblies were disrupted within the low
stability of KcsA can be compared with those of soluble TFE concentration range causing the anisotropy transition
tetrameric proteins that also unfold through a two-state from above, and therefore, we attributed such transition to
mechanism. For instance, the stability of proteins of a similar the disassembly of the small population of clusters into
size to that of KcsA, such as transthyreti®6( and the individual KcsA tetramers. This process occurs similarly in
chaperone SecBB{) (with monomers of 127 and 154 amino KcsA solubilized in plain DDM micelles or in mixed
acids, respectively), is only slightly lower (29.1 and 27.9 micelles, as the percentage of the tetrameric KcsA able to
kcalmol™?, respectively) than that of KcsA. In the case of dimerize into clusters in DOPE/DOPG mixed micelles was
the p53 tetramerization domain, with monomers of 56 amino the same, within the error, as that in the DDM-solubilized
acids, the free energy of unfolding is 32.5 keabl™* (27). protein. This is in stark contrast to the high levels of protein
Then, the determined stability of KcsA seems similar to that self-assembly observed in KcsA reconstituted in giant
of tetrameric water-soluble proteins of similar size. This is liposomes, resulting in large (up to micrometer-size) clusters
not unprecedented, as similar conclusions were extracted in(7). Taken together, these observations suggest that the role
the case of the monomeric membrane protein OmpA, a of the lipid molecules as effectors is restricted to the
[-barrel porin 88). formation of KcsA tetramers from unfolded protein subunits,
The obtained refolding results must be interpreted bearing while the formation of larger clusters of channels seems to
in mind that when KcsA is purified in DDM (see Materials require that lipids are present in the form of a well-defined
and Methods), the protein is not lipid-depleted. In fact, a bilayer. In regard to the possible proteilipid interactions
lipid molecule tentatively identified as PG is observed in involved, it could be of interest to note that at a TFE
the crystal structure of KcsA at each monomeronomer concentration of 18% (v/v), which causes the complete
interface, in the vicinity of Trp 87 9, 39). ESI-MS disassembly of the clusters into individual KcsA tetramers,
experiments also show that the interaction of KcsA with PG the S values of the tetramer in mixed micelles was 4.8 S,
molecules is very strong, while the interaction with PE and while that in the DDM-solubilized protein was 5.4 S. This
PC is less stable2@). Phosphate quantification analysis of difference can be explained by the tight binding of lipid
KcsA samples purified by a protocol very similar to that molecules to KcsA, assuming that the association of the lipid
employed here, established that KcsA contains approximatelydoes not cause important changes in the overall shape of
0.7 mol of phospholipid/mol of KcsA monomer, indicating  the protein 41). This is due to the fact that the partial specific
that, on the averagey1 out of 4 of the lipid-binding sites  volume of the phospholipids [0.98 éfg for DOPE and 0.91
in KcsA is empty 0). As we have observed that the presence cm®/g for DOPG @2)] is higher than that of KcsA (0.74
of lipids increases the refolding efficiency of KcsA, it is cm®/g). Hence, the KcsA-bound lipid molecules have a
tempting to hypothesize that the high refolding level (80%) buoyancy effect and reduce the density of the complex.
observed for the DDM-solubilized KcsA (i.e., in the absence  The [TFE},, of the transitions associated with the dis-
of addedlipids), may be due to, or at least favored by, the sociation of both the dimer of tetramers and the individual
lipid that copurifies with KcsA. Thus, lipid molecules present KcsA tetramers seemed to be lower in mixed micelles than
in the mixed micelles would bind to the empty lipid binding in detergent micelles. This occurred at all the different KcsA
sites, enabling more KcsA monomers to refold into tetramers. concentrations employed (data not shown) and could be
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related to previous results showing that the secondaryvalues, resulting in an upper plateau with a slope either
structure of KcsA is slightly different in its solubilized and positive or negative, or let free to fluctuate, showing that
lipid-reconstituted forms43). This suggests that the binding the obtained\G values were similar in all cases, indicating
of lipid molecules could induce a conformational change in that the free energy value determined in the paper is not
KcsA, leading to a reduction of its resistance to TFE. importantly influenced by the slope of the “unfolded” plateau.
Alternatively, it could be argued that the small observed This material is available free of charge via the Internet at
differences in tetramer stability could be due to changes in http://pubs.acs.org.
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