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ABSTRACT: 2,2,2-Trifluoroethanol (TFE) effectively destabilizes the otherwise highly stable tetrameric
structure of the potassium channel KcsA, a predominamthelical membrane protein [Valiyaveetil, F.

I., Zhou, Y., and MacKinnon, R. (200Biochemistry 4110771-10777]. Here, we report that the effects

on the protein structure of increasing concentrations of TFE in detergent solution include two successive
protein concentration-dependent, cooperative transitions. In the first of such transitions, occurring at lower
TFE concentrations, the tetrameric KcsA simultaneously increases the exposure of tryptophan residues to
the solvent, partly loses its secondary structure, and dissociates into its constituent subunits. Under these
conditions, simple dilution of the TFE permits a highly efficient refolding and tetramerization of the
protein in the detergent solution. Moreover, following reconstitution into asolectin giant liposomes, the
refolded protein exhibits nativelike potassium channel activity, as assessed by patch-clamp methods.
Conversely, the second cooperative transition occurring at higher TFE concentrations results in the
irreversible denaturation of the protein. These results are interpreted in terms of a protein and TFE
concentration-dependent reversible equilibrium between the folded tetrameric protein and partly unfolded
monomeric subunits, in which folding and oligomerization (or unfolding and dissociation in the other
direction of the equilibrium process) are seemingly coupled processes. At higher TFE concentrations this
is followed by the irreversible conversion of the unfolded monomers into a denatured protein form.

Knowledge on the mechanisms of “in vitro” folding of proteins to classical denaturants, and are thought to have their
integral membrane proteins remains largely as an insuf- own ways to fold and assemble into membramgs (

ficiently documented subjectl{-4). In this regard, two The first membrane protein to be refolded in vitro from a
different groups of membrane proteins had been consid-fully unfolded state was bacteriorhodopsin, a proton pump
ered: those having a predominantly transmembeehelical from the purple membrane of archaebacteria consisting of

secondary structure, such as most receptor, channel, andeven transmembranehelices contained in a single polypep-
transport proteins, and those characterized by membranetide chain 6, 7). Regardless of the complexity of solubili-
spannings-barrels, such as found in the outer membrane of zation and refolding conditions, yields as high as-800%
bacteria. The predominantty-helical membrane proteins are  for refolding of bacteriorhodopsin had been reported, as well
more hydrophobic and quite resistant to chemical denatur-as recovery of retinal binding and proton pumping activity
ation, and generally speaking, it is difficult to define (reviewed in ref2). Nevertheless and despite the obvious
solubilization conditions that allow denaturant removal and interest in bacteriorhodopsin and simiteshelical monomeric
protein refolding {—3). In these proteins, the so-called “two- proteins, the major challenge here is posed by the oligomeric
stage model” remains as the basis to explain the folding membrane proteins, such as most receptors and channels
process: individualo-helices are formed first and then present in eukaryotes, in which the information on their
packed together inside the membrane to form a functional folding and assembly is almost nonexistent. Indeed, the
protein ). On the other hangfi-barrel proteins are usually  bacterial diacylglycerol kinase (DAGK)might be the sole
less hydrophobic, react somewhat similarly to soluble reported example of in vitro refolding of such an oligomeric,
o-helical family of proteins §, 9). Unfortunately, a high-
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native trimer cannot be monitored during the unfolding of raphy column (Amersham Pharmacia Biotech) was employed
the protein, which led the authors to propose that trimer to eliminate the imidazole used to elute the protein from the
dissociation occurs at very low concentrations of the protein Ni2"-NTA agarose column. Protein concentration is always
denaturant used in their studies (SOC8p; Moreover, there  given in terms of KcsA monomers, using a molar extinction
is a high rate of misfolding during refolding from the SDS- coefficient of 34950 M! cm™!, as estimated from the
unfolded state, which is interpreted as a specific feature of extinction coefficients of model compoundalj.

this particular proteing). 1-125 KcsA was prepared by chymotrypsin hydrolysis

In 1995, a relatively simple member of the potassium Of wild-type KcsA and characterized by MALDI tryptic
channel superfamily, the so-called KcsA, was identified in Peptide mass fingerprinting as described earlé),(except
Streptomycesidans(10). The ease of heterologous expres- that immobilized agarose-bound chymotrypsin (Sigma), at
sion of KcsA in Escherichia coli its resistance to harsh @ protease to protein ratio of 15 units/mg of KcsA, was used
experimental conditions, and its purification in large quanti- in the experiments. The hydrolysis reaction was stopped by
ties allowed for its crystallization and structural determination €liminating the agarose-bound protease by tabletop centrifu-
using X-ray diffraction methodsl(). KcsA is a homotet- ~ gation. Cleaved fragments were also removed by a gel
ramer in which each subunit is made up of 160 amino acids filtration chromatography step in Sephadex G-25.
defining two transmembrane-helical segments connected ~ Fluorescence For this and all other experiments, the
by a pore region that contains an additional short helix and Protein samples in detergent (DDM) solution were treated
an ion selectivity filter homologous to the more complex With TFE (Merck) at the desired concentrations by mixing
eukaryotic potassium channels. The transmembrane segmerfh€ appropriate aliquots of stock protein and concentrated
M2, nearest to the C-terminus, contributes to the lining of (10x) buffer solutions, distilled water, and TFE to a given
the pore, while the one closest to the N-terminus, M1, is final volume. Fluorescence measurements were taken on a
exposed to the membrane bilay&d). Additionally, the N- SLM 8000 spectrofluorometer equipped with excitation and
and C-termini are included respectively in two relatively large €mission monochromators. The samples were contained in
cytoplasmic domains rich in charged or polar amino acid 0.5 cm path-length quartz cuvettes and thermostated using
residues. These latter domains were not resolved in the crystap Haake water bath. Excitation and emission wavelengths
structure, which accounted only for the membrane-inserted Used in the different fluorescence measurements are given
23-119 amino acids in the KcsA sequendd)( Neverthe- under the corresponding figure legends. Results are expressed
less, electron spin resonance studies provided evidence thal terms of the observed fluorescence intensity at a given
such domains form a fenestrated “hanging basket™-like Wavelength or of the averaged emission intensily) as
structure underneath the membrang)( defined by

Thus, the existing structural information on KcsA, along n n
with the availability of large quantities of the purified protein =S @S,
and the possibility of monitoring its biological function as a Z v Z !
potassium channel upon reconstitution into lipid bilay@®; (
12—-16), makes KcsA a potentially useful experimental wherel; is the fluorescence intensity measured at a wave-
system to undertake studies of folding in vitro of an lengthi; (22). The use of thélCparameter (whose units are
oligomeric and predominantly-helical integral membrane  nm™) is particularly suited to report on spectral shifts
protein. In this respect, however, the same intrinsic resistanceirrespective of any particular wavelength, as it integrates
of KcsA to harsh experimental conditions that facilitated information from the fluorescence intensity emitted at all
some of the previous work on this protein makes folding recorded wavelengths in the spectrum.
studies somewhat difficult because the protein cannot be Circular Dichroism. Far-UV circular dichroism (CD)
unfolded by conventional denaturants such as SDS (1 M), spectra were taken on a Jasco J810 spectropolarimeter at a
urea (7 M), guanidine hydrochloride (8 M), or guanidine 100 nm/min scan rate and ugira 2 nmresolution. The
isothiocyanate (5 M) (re17 and data not shown). Neverthe- samples were thermostated with a Jasco Peltier system and
less, KcsA unfolding and dissociation into subunits can be contained into 0.1 cm path-length quartz cuvettes. The molar
attained in the presence of trifluoroethanol (TFE) or other ellipticity, [®], was calculated as
short alcohols 17—19). In this paper, we are reporting on
the TFE-induced unfolding and dissociation of KcsA and [6] = ©/10c(N — 1)
its in vitro refolding and tetramerization, which includes the

recovery of its characteristic ion channel function. where © is the measured ellipticityt, the path lengthr,

the KcsA molar concentration in terms of KcsA monomers;
MATERIALS AND METHODS andN, the number of amino acid residues.
Fourier Transform Infrared Spectroscopffor infrared
Protein Expression and PurificatiorExpression of the ~ amide | band recordings from KcsA samples, aliquots of
wild-type KcsA protein with an added N-terminal hexahistine KcsA in 20 mM Hepes, pH 7.0, containing 100 mM KClI
tag in E. coli M15 (pRep4) cells and its purification by and 5 mM DDM were washed twice with 2 mL of 1 mM
affinity chromatography on a Ki-NTA agarose column  Hepes, pH 7.0, 10 mM KCI, and 1 mM DDM, and its volume
were carried out as reported previousBOY except that a  was reduced to about 206L by filtration on Vivaspin
higher dodecyl maltoside (DDM) concentration was present concentrators (5000 MW cutoff; Vivascience). The concen-
in the final buffer used with the purified protein (20 mM trated samples were then dehydrated in a Speed Vac Savant
Hepes, pH 7.0, containing 100 mM KCIl and 5 mM DDM). rotary evaporator and resuspended ini2®f DO (or D,O/
Also, a gel filtration step on a HiTrap desalting chromatog- TFE mixtures) to avoid the interference oLb® infrared
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absorbance (1645 crf). The resulting solutions were placed
into a liquid demountable cell equipped with Gatindows

and 50um-thick Mylar spacers and maintained at room
temperature for approximately 40 min to reach equilibrium.
The final KcsA concentration in the cell was approximately
0.65 mM. Infrared spectra were taken in triplicate (600
spectral scans each) in a Bruker IF66s instrument equipped
with a DTGS detector. Buffer contribution was subtracted
from the individual spectra, and spectral noise was reduced
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as described previousl28). The protein secondary structure %00 320 340 360 380 400

was estimated by decomposing the amitiéand into its B Wavelength (nm)

spectral components as reported earli).( 1.04 S
SDS-PAGE. Protein aliquots in the DDM-containing = 0.84 '-‘ OO@OO

media were treated with TFE at different concentrations as 5 e ©

indicated in the legend to Figure 5, then mixed with an equal § 061 o0

volume of electrophoresis sample buffer (20 mM Tris, pH = 0_4:

6.8, 20% glycerol, 0.1% bromophenol blue, and 4% SDS), g i O

and run in 13.5% PAGE in the presence of 0.1% SPS.( Z 0.2 S o™

After Coomassie Brilliant Blue staining, the intensity of the 0.04 ocod‘po ".‘ o0

bands was measured by densitometry. 0 10 20 30 40 50 60

. . . . . . % TFE (viv)
Analytical Ultracentrifugation. Sedimentation velocity

. . . Ficure 1: TFE-induced fluorescence changes in KcsA. (A)
experiments were conducted in a Beckman Optima XL-I' gy orescence emission spectra of wild-type KcsA in the absence

ultracentrifuge (Beckman Coulter) with an An50Ti eight- (a) and in the presence of 30% (v/v) (b) and 40% (v/v) (c) TFE.
hole rotor and double-sector Epon-charcoal centerpieces. Th€B) Changes in the normalized values of the fluorescence intensity

samples were centrifuged at 50000 rpm, 1, and the at 340 nm (closed circles) and the averaged emission intensity (open

absorbance at 280 nm was followed. Differential sedimenta- €ircles) in the 6-60% (v/v) TFE concentration range. For the
experiments shown in the figure, the final KcsA concentration was

tion coefficient distributior_lsc(s), were calcul_ated by I(_east— 0.2 uM and the buffer was 20 mM Hepes, pH 7.0, and 100 mM
squares boundary modeling of sedimentation velocity dataKcl containing 5 mM DDM. The excitation wavelength was 280
by using the program SEDFIT26, 27). The results were ~ nm. Unless indicated otherwise, here and in all other figures the
corrected for the viscosity and density of the different TFE experiments were carried out at 26.

solutions used, to yield thgy,, values. o
connects them (W67 and W68). The spectra of the intrinsic

Electrophysiological Recordings$:or patch-clamp mea- . .
- o fluorescence emitted by both wild-type-160 KcsA and
ts of pot h | activity, the refolded KcsA . LI .
SUrements ol porassitim channe: activity, the retoided 1cs the chymotryptic 125 KcsA, solubilized in buffer contain-

was first reconstituted in asolectin lipid vesicles, as reported . the det . DDM ) bl d sh
previously @0). Giant liposomes (16100 um) were then Ing the detergen , aré superimposaple and show

prepared by submitting a mixture of the reconstituted vesicles ”ﬁ;}“”}a att 3i5 nm, Slnggta*ts't(ljng thﬁt’d'n br(])trt;.prote!ns, mostt
(containing 5Qug of refolded protein) and asolectin vesicles orthe tryptophans are located in a hydropnobic énvironment.

(25 mg of total lipids) to a cycle of partial dehydration/ In the presence C.)f increasing concentrations of TFE (Figure
rehydration 28). Three to six microliters of the resulting 1A), a_reduct|o_n in the fluorescence Intensity and a spectral
giant liposome suspension was deposited onto 3.5 cm PetrireOl shift (maxima at 3.4.0 nm) were 5|m|I§\rIy observed for
dishes and mixed with 2 mL of 10 mM Mes buffer, pH 4, _the two detergent-sol_ubmze_d proteins. Monlton_ng the changes
containing 100 mM KCI for electrical recording (bath in the fluorescence intensity at 340 nm of wild-type KcsA
solution). Patch electrodes were filled with a solution (Figure 1B) revealed that a linear decrease in the fluorescence

containing 10 mM Hepes buffer, pH 7, and 100 mM KCl occurs first, starting at the lowest concentrations of TFE in

(pipet solution). Giga seals were formed on giant liposomes _the titration curves. Such a linear decrease in the protein

with microelectrodes of 710 MQ open resistance. Standard intrinsic fluorescence at low TFE coqcentration is similar to
inside-out patch-clamp recording®} were performed using that seen v_vhen afree tryptophan derivative, trypto_phap octyl
an Axopatch 200A (Axon Instruments) at a gain of 50 mV/ ester 80, in DDM solution, is U.SEd for .the TFE titrations
pA. Recordings were filtered at 1 kHz with an 8-pole Bessel (data not shown), thus suggesting that in KcsA some of the

filter (Frequency Devices). The holding potential was applied tryptophan residues are readily accessible to the solvent even

to the interior of the patch pipet, and the bath was maintained at these low TFE concentrations. The initial linear decrease

at virtual ground. An Ag-AgCl wire was used as the in fluorescence is followed by a sigmoidal-like loss of the

reference electrode through an agar bridge. The data Wereﬂuorescence signal (Figure 1B) which, depending upon the

analyzed with pClamp9 software (Axon Instruments). All pr_otein concentratiqn (see below), occurs at characteristic
meaiurementspwere rF:1ade at roor$1 temperature ) midpoint concentrations of TFE [224% TFE (v/v) for the

conditions used in Figure 1]. Finally, at concentrations of
RESULTS TFE even higher, a second sigmoid-like loss in fluorescence
intensity is observed. This latter process occurs at charac-
In Vitro KcsA Unfolding.The tetrameric potassium channel teristic midpoint concentrations of TFE which were also
KcsA contains five tryptophan residues per subunit, which dependent upon the protein concentration{33% TFE
are located either at the ends of the two transmembrane(v/v) for the conditions used in Figure 1]. The above results
segments (W26, W87, and W113) or at the pore region that suggest that as the TFE concentration is increased, there are



Unfolding and Refolding of KcsA Biochemistry, Vol. 44, No. 43, 20094347

>

0 45 ‘
5 z
> a
s b e 35
L 101 S y
o [1n)
2 E 25
z R
2, -20- a
S 15
x c
5 01 1 10
2960 290 230 230 240 250 log [KcsA] (uM)
B Wavelength (nm) Ficure 3: KcsA concentration dependence of the TFE concentra-
tion midpoints obtained from sigmoidal fitting of the two TFE-
= | 4 induced cooperative transitions illustrated in Figures 1B and 2B.
2 ol-16 16 Data from the fluorescence red shift observed in the averaged
3 emission intensity (open circles) and from the changes in the
§ 28 28 fluorescence emission intensity (open squares), as well as in the
a0l O PR molar ellipticity at 222 nm from the CD spectra (closed triangles),
z " are shown. Lines are mere guides to the eye.
@ L] L]
o [ ] . . . .
* 201 . " tration corresponding to such sigmoidal process [27% TFE
§ |- . (v/v) for the conditions used in Figure 2] was practically
—_— - . . . .
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% TFE (vIv) cooperative transition described above, thus suggesting that

o tryptophan exposure to the solvent caused by increasing TFE
Ficure 2: CD monitoring of the TFE effect on KesA. (A) Far-UV g accompanied by a loss ofhelical secondary structure.
circular dichroism spectra of wild-type KcsA in the absence (a) Similar effects of TFE in inducing the unfolding of different
and in the presence of 35% (v/v) (b) and 65% (v/v) (c) TFE. (B) g 9

TFE concentration-dependent changes in the molar ellipticity at Proteins have bf?en reported e|SeWh@19‘(33)- o
222 nm of KcsA in the 870% TFE (v/v) concentration range. Use of even higher TFE concentrations in the CD titration

The insets show the sigmoid fittings of the two cooperative experiments revealed that a second sigmoid-like transition

transitions observed. For simplicity, the transitions were considered occurs with a TFE concentration midpoint of approximately
as not overlapping. The error introduced by this approximation does

not affect the overall conclusions. In the experiments chosen for 49% (V/v) for the conditions shown in Figure 2. Here, a
this figure, the KcsA concentration was®1 and the buffer was ~ decrease rather than an increase in the molar ellipticity at
as indicated in the legend of Figure 1. 222 nm is observed, which indeed goes beyond the initial
value exhibited by the native protein (spectrum “c” in Figure
two subsequent cooperative structural rearrangements in2A). This is consistent with the well-known induction of
which different populations of previously buried tryptophan helical structure by high concentrations of TFE, which has
residues become exposed to the solvent. Similar observationgeen reported for many proteins and peptidad, @5).
regarding the occurrence of the two cooperative processesNevertheless, the adoption of a given structure under these
from above were also made by monitoring the spectral red conditions of high concentrations of TFE is not straightfor-
shift in terms of the averaged emission intensity (Figure 1B). ward and seems to be strongly dependent on protein
Also, no significant differences were found in these experi- concentration. For example, the amideband in Fourier
ments when +125 KcsA was used instead of wild-type transform infrared spectra (FTIR) of samples at similarly high
KcsA (data not shown). TFE concentrations, but taken at approximately 0.65 mM
The effects of TFE on wild-type KcsA and-1125 KcsA KcsA (within the usual range of protein concentrations used
were also studied by following the far-UV CD spectra at in FTIR, but much higher than those used in the fluorescence
different TFE concentrations (Figure 2A). Again, essentially and CD experiments), shows a maximum at 1645 %tm
identical results were obtained with the two proteins which, indicative of the predominance of nonordered protein
in the absence of TFE and as expected from the structuralstructures. Moreover, heating of these samples in the FTIR
information available 11, 12), exhibited CD spectra char- sample cell results in the appearance of absorbance bands
acteristic of a predominantly-helical secondary structure at 1686 and 1620 cm (characteristic of intermolecular
with minima at 208 and 222 nm. Thus, we followed the protein aggregates) which do not appear in the absence of
changes in the molar ellipticity at 222 nm to illustrate the TFE except at very high temperatures (not shown).
effects of increasing concentrations of TFE on the CD spectra  Within the 0.2-10.0uM KcsA concentration range used
(Figure 2B). It should be noticed that the presence of here, the above CD and fluorescence experiments reveal a
increasing TFE in these experiments does not result in protein concentration dependence (Figure 3), which is to be
significant changes in the absorbance of the protein samplesexpected both for the unfolding of oligomeric protei$,(
This precludes a major scattering contribution to the observed37) and for an intermolecular protein aggregation process.
CD spectra. Similarly to the fluorescence results from above, Figure 3 also shows that, for the same protein concentrations,
a biphasic behavior was observed. The first phase consistedhe values of the TFE midpoints for the two cooperative
of a progressive loss @f-helical features in which the molar  transitions do not depend on whether CD or fluorescence
ellipticity at 222 nm increases up to a maximum (spectrum monitoring is used in the experiments.
depicted as “b” in Figure 2A) in a sigmoid-like manner. For Micellar Disruption by TFE Previous studies on protein-
any given protein concentration, the midpoint TFE concen- free DDM micelles in TFE-water mixtures revealed that



14348 Biochemistry, Vol. 44, No. 43, 2005 Barrera et al.

A A % TFE
12 § 0 1020 2530 3234 36 40 60
; =
4 } °
LY o
20.8 o T
§ A‘a.
2 §
E04- "]
0.
B M
o 4 A 0o
00 23%m¢ B
0 10 20 30 40
% TFE (viv) L
100 S0 o %
[ <
o 80 2 06
3 2 t
360, £ 04
9 AA [ ) E
240 '_AA . 8 02 {'
T 1, " e 0.0 . .
a . . —
20 R TINE) 0 10 20 30 40 50 60
OO;-A °* .o % TFE (viv)
0 . . - .
0 200 40 60 Ficure 5: SDS-PAGE analysis of the dissociation of wild-type
% TFE (vIv) KcsA into its constituent subunits by increasing concentrations of

FIGURE 4. TFE-induced protein changes vs micellar disruption. TFE. KcsA samples, at a protein concentration g8, in 20 mM

(A) Changes in the normalized values of the KcsA fluorescence Hepes buffer, pH 7.0, and 100 mM KCI containing 5 mM DDM
intensity at 340 nm in the presence of increasing TFE and at were treated with TFE during 30 min to the final TFE concentrations
different concentrations of DDM: 1 mM (open squares), 10 mM (v/v) given in the figure, then mixed 1:1 (by volume) with
(closed circles), 25 mM (closed triangles), and 50 mM (open electrophoresis sample buffer (20 mM Tris, pH 6.0, containing 20%
diamonds). The KcsA concentration wag®l. (B) TFE-induced glycerol, 4% SDS, and 0.1% bromophenol blue), and deposited
micellar disruption as monitored by the changes in the fluorescenceinto the wells of an 13.5% acrylamide gel. Panel A shows a
emission at 430 nm of 2.6M DPH. The excitation wavelength ~ representative Coomassie Blue stained gel in which the tetrameric
was 360 nm. All samples were prepared at an identical KcsA (T) and monomeric (M) forms of KcsA are indicated. Panel B shows
concentration of 0.2M in 20 mM Hepes buffer, pH 7.0, and 100 the results (mean and standard deviation) obtained from densito-
mM KCI containing 5 (open diamonds), 10 (closed squares), 20 metric analysis of several gels on the disappearance of the tetrameric
(open triangles), or 62 (closed circles) mM DDM. KcsA species.

to totally disrupt the micelles at each of the detergent con-
TFE stabilizes the detergent as a monomer in the aqueousentrations used in the studies. Therefore, we concluded that
solution by increasing its critical micellar concentration as the sigmoidal transitions obtained in the KcsA intrinsic
the TFE concentration increases (data not shown). Thereforefluorescence and CD experiments from above truly report
there is the possibility that rather than reporting exclu- on cooperative protein structural rearrangements induced by
sively on a true TFE-induced protein structural rearrange- TFE, which are not a direct consequence of micellar
ment our results from above might partly be reflecting the disruption.
exposure of the protein to the aqueous environment upon Dissociation of KcsA into Its Constituent SubunkKssA
micellar disruption by TFE. To check this possibility, has been shown to be remarkably stable in SDS and to
additional TFE titration experiments were carried out at a migrate mostly as a homotetramer in SBISAGE gels as
fixed concentration of KcsA and at different DDM concen- long as the samples for electrophoresis are not heated at high
trations. Figure 4A shows that, regardless of the DDM temperaturesl(s, 20, 39). Thus, SDS-PAGE provides a
concentration used in these experiments, the observedsimple means to study the effects of destabilizing agents such
midpoints for the TFE-induced cooperative protein unfolding as TFE on the oligomerization state of KcsA (Figure 5A). It
processes remain unaltered. Conversely, micellar disruptionshould be noticed that the presence of TFE in the electro-
caused by increasing TFE was found to be strongly depend-phoretic samples causes the lower molecular weight sample
ent on the detergent concentration (Figure 4B). For thesecomponents to appear as faint bands in the gel or to not
latter experiments we also used samples containing a constanappear at all 19), and under these conditions, only the
concentration of KcsA and different DDM concentrations disappearance of the KcsA tetramer rather than monomer
and DPH as a probe38). DPH was chosen for these appearance could be reliably measured by densitometry
experiments because it is highly fluorescent in hydrophobic (Figure 5B). Nonetheless, as reported by oth#&8s and also
environments, such as that provided by the mixed detergentin our own experience, the presence of the monomer under
micelles, whereas it is weakly fluorescent in aqueous media.these conditions can be evidenced by eliminating the TFE
Serial additions of TFE to a sample containing DPH from the samples prior to gel electrophoresis.
incorporated into the KcsADDM mixed micelles (Figure The SDS-PAGE results indicate that TFE, at concentra-
4B) caused a steep linear decrease in the fluorescencdions apparently higher than that corresponding to the first
intensity of the probe, until it reached a point with minimum cooperative unfolding process observed in the fluorescence
fluorescence. The fluorescence decrease monitors micellarand CD measurements from above, causes the dissociation
breakdown, while the first point with the minimum fluores- of the tetrameric KcsA. Again, results very similar to those
cence indicates the minimum TFE concentration necessaryshown on Figure 5 were obtained wher125 KcsA was
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= an SDS-PAGE analysis of a typical KcsA refolding experiment
0.08 at 5 uM protein concentration. Lane 1 shows the characteristic
' tetrameric KcsA that has not been submitted to treatment with TFE.
Lanes 2 and 3 show how the tetramer species disappeared
completely from identical aliquots of KcsA as a consequence of
0'000 1 2 3 4 5 6 treatment with TFE at 35% (lane 2) and 50% (lane 3) (v/v). Lanes
S 4 and 5 result respectively from diluting the samples from lanes 2

and 3 to a final TFE concentration of 10% (v/v). The reappearance
Ficure 6: Differential sedimentation coefficient distributions of  of the tetrameric species can be observed in the dilution from the
KcsA in the presence of TFE. lllustrative sedimentation coefficient 35% sample (lane 4) but not from the 50% sample (lane 5).
profiles derived from sedimentation velocity experiments carried Equivalent amounts of the KcsA protein were loaded into each well
out with KcsA in the presence of 12% (panel A) and 24% (panel in the electrophoresis gel. Panel B shows the normalized fluores-
B) TFE (v/v). After correction for the viscosity and density of the cence spectra of KcsA at a final protein concentration ofidvb
different TFE solutionssygw values for the different populations  in 4% (solid line) and 32% (dashed line) TFE (v/v). The spectrum
shown in the figure were 5.4 S (panel A) and 2.0 and 5.9 S (panel of the latter sample upon dilution to a final concentration of 4%
B). The KcsA concentration was BM. The temperature was  TFE (v/v) (gray line) is also shown to illustrate the recovery of the
21°C. fluorescence spectral shape upon refolding.

used instead of wild-type KcsA, except that the molecular (Figure 6B), such “tetrameric” species is accompanied by a
weights of the tetramer and the monomer in the proteolyzed lighter one, whose corrected sedimentation coefficient yields
1-125 KcsA were those expected from the chymotrypsin an apparent molecular mass practically identical to that of
cleavage (not shown). Nonetheless, there are many reasonthe KcsA monomer, 19 kDa. From a series of similar
why the SDS-PAGE results cannot be strictly compared to experiments carried out in the presence of increasing
those from the fluorescence and CD measurements. Forconcentrations of TFE, the estimated TFE concentration
instance, the electrophoresis analysis introduces an importantidpoint for the tetramer to monomer conversion was
additional component in the media (the detergent SDS), approximately 25% (v/v), which for the protein concentration
which is not present in the spectroscopic measurements. Alsoused in these studies is practically identical to those
dilution of the TFE concentration with electrophoresis sample determined from the fluorescence and CD measurements
buffer of the TFE-treated samples might cause the “effective” from above.

TFE concentrations to be indeed overestimated, particularly In Vitro Refolding of KcsAA previous attempt to refold
when the dissociation process is partly reversible, as happeng FE-unfolded KcsA has been reportet7). In that work,

to be the case here (see below). Because of these and othenonomeric KcsA prepared by treatment with 50% TFE
limitations, additional analytical ultracentrifugation experi- acidified with 1% trifluoroacetic acid could only be refolded
ments were conducted in which both the media componentsto tetrameric KcsA with a low efficiency (2080%) and only
and the protein concentration were comparable to those usedipon reconstitution into lipids. In our hands, we also found
for the fluorescence and CD measurements. Figure 6 showghat indeed, at TFE concentrations above the TFE midpoint
sedimentation velocity results obtained at different TFE for the second cooperative event (i.e., higher than 45%;, see
concentrations. For instance, at 12% (v/v) TFE, where KcsA above), the DDM-solubilized KcsA dissociates irreversibly.
is fully folded (Figure 6A), there is a single sedimenting Conversely, treatment with TFE at concentrations not
species which, after correcting for the differences in viscosity exceeding those at which the first cooperative transition is
and density produced by the presence of TFE, has ajust completed and in which KcsA is both unfolded and
sedimentation coefficient which, assuming a spherical shapedissociated into subunits makes it possible that KcsA can
and a protein partial specific volume of 0.73 ¥g) corre- be successfully reassembled into tetramers by simple 3-fold
sponds to an apparent molecular mass ranging from 80 toor higher dilution of the TFE denaturant in the usual
100 kDa. This fits fairly well to the theoretical molecular detergent-containing TFE-free buffer, as seen by SDS
mass of 76 kDa for the KcsA tetramer (160 amino acids per PAGE (Figure 7A). The extent of tetramer recovery was
monomer for the native protein, plus 12 additional N-terminal quantified by densitometry of the bands corresponding to
amino acids containing the polyhistidine tag) bound to a tetrameric KcsA, resulting in an approximately 80% vyield
reasonable number of DDM molecules. At 24% TFE (v/v) under these experimental conditions.
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that KcsA refolding includes the recovery of its biological
activity.

DISCUSSION

Fluorescence and CD monitoring of the effects of increas-
ing concentrations of TFE on the tetrameric potassium
channel KcsA shows a first protein concentration-dependent,
cooperative transition which, depending on the protein
concentration, occurs in the 230% (v/v) TFE concentration
range and involves an increased exposure of tryptophan
residues to the solvent and a important loss of the protein

helical structure. Such observations support the notion that

_________ a TFE-induced cooperative unfolding of the oligomeric KcsA
+150mv occurs at those TFE concentrations. Because of the similarity
Qmv between the TFE concentration midpoints determined by

fluorescence and CD measurements, such unfolding seem-
ingly follows a simple, two-state transition under equilibrium
conditions, in which the native tetrameric folded protein, N,
is converted into a partially unfolded product, U. Subse-
guently, increasing the TFE concentration even further{35
45% (v/v), depending on the protein concentration] leads to

FiGURE 8: Electrophysiological recordings of the refolded KcsA. a second cooperative event in which the partly unfolded
Representative patch-clamp recordings in excised membrane patches - . .

from reconstituted asolectin giant liposomes prepared from refolded Protein, U, is converted into what we would call a TFE-
KcsA (treated with 35% TFE at a KcsA concentration ofiM, denatured state, D, which might correspond to either a highly
then diluted to a final 12.5% TFE concentration, and used for folded final product with an abnormally high helical content,
reconstitution). (A) Typical voltage ramp obtained fren200 to a5 seen by CD at low protein concentrations, or a nonordered,
200 mV. (B) Membrane potential pulses-8150, 0, and-150  niermolecular aggregate as seen by FT-IR measurements

mV. The zero current level at each voltage is indicated by a dotted . . .
line. at high protein concentrations.

It should be noticed that, in parallel to the occurrence of
The refolding process was further followed by comparing the above protein-related events, there is also disruption of
the fluorescence spectra of the unfolded and refolded formsthe DDM—protein mixed micelles caused by the stabilization
of KcsA (Figure 7B). Because the refolded samples are of detergent monomers in solution as the TFE concentration
diluted 3-6-fold with respect to the unfolded samples, we is increased. Depending on the detergent concentration,
use normalized spectra in Figure 7B to facilitate comparison complete micellar disruption may occur either before or after
among the different samples. It is observed that the charac-the production of the unfolded state, U, but in any case it
teristic red shift referred to in Figure 1 for the fluorescence does not affect the observed cooperative protein unfolding,
emission spectra of the TFE-unfolded samples is almostand thus, it could be ignored for the purpose of reporting on
completely reversed in the refolded samples, in which the the occurrence of protein events.

fluorescence spectra are practically undistinguishable from  The effects of TFE on the dissociation into subunits of
those of native KcsA. Although not shown by the normalized the tetrameric KcsA have been monitored both by SDS
spectra, such a recovery of the spectral shape is accompanie AGE and by analytical ultracentrifugation. Estimates of the
by an increase in the fluorescence intensity, which also goesTFE concentration midpoints for the dissociation process as
back to values very similar to those seen in the native protein. gptained from the SDSPAGE experiments might be mis-
This is to conclude that in vitro refOlding of KcsA tetramers |eading for several reasons. These include the presence of
in detergent solution from TFE-unfolded KcsA monomers sps in the media or the dilution of the TFE-treated samples
is indeed a very efficient process. with electrophoresis sample buffer prior to the electrophoresis
In an attempt to determine whether the refolded KcsA run. On the other hand, the analytical ultracentrifugation
recovers the characteristic ion channel activity of the native experiments, which are obtained under experimental condi-
protein, the refolded samples were also reconstituted intotions comparable to those used in the fluorescence and CD
giant liposomes made from asolectin lipids to assess potas-monitoring, indicate that, in the absence of SDS, KcsA
sium channel activity in excised membrane patches by patch-dissociation occurs at TFE concentrations very similar to
clamp methods. Figure 8 shows that, similarly to the previous those causing the first cooperative transition detected in the
report mentioned abové 1) on the low efficiency and lipid-  above fluorescence and CD studies. Moreover, dissociation
requiring refolding of KcsA, the refolded KcsA reconstituted of KcsA into subunits under these conditions received
into an artificial membrane shows nativelike, potassium chan- additional support fromtH 1D NMR measurements that
nel activity, including frequent events of coupled gating, a showed that different resonance signals from KcsAy(/5
characteristic feature of native KcsA when reconstituted into were narrower in the presence of 30% TFE than in its
giant liposomes (manuscript in preparation). Furthermore, absence (data not shown), as expected for species of lower
the probability of finding active versus silent patches in the molecular mass. All of the above data suggest that tetramer
refolded preparations was similar to that found for the native, dissociation and protein unfolding are linked, coupled
untreated protein. Thus, these observations strongly suggesprocesses. Such conclusion seems reminiscent of that found




Unfolding and Refolding of KcsA Biochemistry, Vol. 44, No. 43, 20094351

in a somewhat simpler system, the T1 or prime tetramer- absence of any added lipids. Furthermore, we also observed
ization domain of Shaker B, an eukaryotic potassium channel, that use of high TFE concentrations comparable to those used
in which folding and tetramerization are also couplég)( by Valiyaveetil and co-workersl{) leads to production of
Finally, the observation of KcsA monomers at the above TFE the D state, whose refolding is indeed absolutely irreversible
concentrations supports the assignment of the observed partlyn detergent solution. Nonetheless, preliminary evidence from
unfolded product in solution, U, to a KcsA monomer. our laboratory indicates that the already high yields of

Previous studies of unfolding of KcsA by increasing refolding in detergent solution observed in our studies can
concentrations of TFEL, 19) reported that an irreversible  be increased even further, to virtually 100%, in the presence
dissociation and unfolding of KcsA, followed by SBS of specific lipids in the refolding media (manuscript in
PAGE and CD, respectively, occurred at TFE concentrations preparation), leading to the conclusion that lipjrotein
significantly lower than those reported here. This apparent interaction is not a strict requirement for the refolding of
discrepancy is mostly due to the fact that those authors usedKcsA, but it definitively has a role in optimizing the process
sodium-containing buffers in their measurements, instead ofto make it virtually quantitative.
the potassium-containing buffers used in this work. The  In summary, we have reported that, besides the irreversible
presence of sodium and/or lack of potassium is known to denaturation of the protein (the D state) induced by high
lead to functional collapse of most potassium chann&ls ( concentration of TFE, the TFE-induced interconversion
42), and indeed, we have found that sodium ions greatly between the N and the U states in plain detergent solution
destabilize the structure of KcsA (manuscript in preparation), seems to obey a simple, highly reversible two-state transition
so that the protein in sodium buffers is much more under equilibrium conditions, in which the native tetrameric
susceptible to the presence of TFE. KcsA protein is converted into partly unfolded monomers

A particularly interesting contribution of this work is that  and vice versa in such a way that unfolding and dissociation
decreasing the TFE concentration by simple dilution from into subunits (in the N to U direction) or refolding and
the U, but not from the D state, results in the highly efficient tetramerization (in the U to N direction) are seemingly
refolding of the protein. Such a refolding process includes coupled. The similarities observed in these studies between
the reappearance of the characteristic tetrameric form ofwild-type and 1125 KcsA indicate that the 126160
KcsA, suggesting that, similarly to the observations on the C-terminal segment of the protein does not play a significant
apparent coupling between KcsA unfolding and dissociation, role in these processes. More studies are now in progress to
refolding and tetramerization of KcsA might also be coupled complement these equilibrium observations by exploring the
or, at least, occur concomitantly. Moreover, following kinetics and thermodynamics of the unfolding and refolding
reconstitution into giant liposomes, the refolded KcsA processes.
exhibits nativelike ion channel activity, which means that
protein refolding restores also its biological activity. ACKNOWLEDGMENT
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